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A B S T R A C T

In the East Qinling orogenic belt, central China, there are numerous Mo deposits with over 6 Mt Mo metal. The
giant Nannihu, Shangfanggou and Yuchiling porphyry Mo deposits are hosted in porphyry stocks associated with
the Heyu batholith, whereas the giant Donggou porphyry Mo deposit is hosted in a stock associated with the
Taishanmiao batholith. Zircon grains from the Heyu batholith have concordant 238U/206Pb ages scattered from
150 ± 3 to 130 ± 2Ma with an age interval of nearly 20m.y., whereas ore-hosting granitic porphyry stocks
from the Nannihu, Shangfanggou and Yuchiling deposits have 206Pb/238U ages ranging from 151 ± 1 to
135 ± 1Ma, 143 ± 1 to 132 ± 1Ma, and 143 ± 5 to 131 ± 5Ma, respectively. It is likely that the Heyu
batholith has a prolonged history of incremental assembly and the ore-bearing granitic porphyry stocks may
have originated from the same magma reservoir and emplaced in different stages. Likewise, zircon grains from
the Taishanmiao batholith have concordant 238U/206Pb ages spanning in a period from 130 ± 2 to 111 ± 3Ma,
whereas those from the Donggou granitic porphyry stock have 238U/206Pb ages ranging from 125 ± 2 to
110 ± 3Ma, nearly coeval with the Taishanmiao batholith. The molybdenite Re-Os model ages for each deposit
are coincident with relatively young zircon 238U/206Pb ages of the host stock, indicating that Mo mineralization
is likely related to late-stage magmatism. Zircon grains from the batholiths and granitic porphyry stocks have
εHf(t) ranging from −10 to −30, TDM2 ages from 1.6 to 2.5 Ga and δ18O from +5.0 to +8.7‰, which are taken
to suggest the involvement of the subducted continental crust of the Yangtze Block in the source. We thus
propose that the extensive Mo mineralization in the East Qinling porphyry Mo belt is genetically related to the
prolonged granitic magmatism in the Late Mesozoic and a Mo-rich source that was related to the subducted
continental crust of the Yangtze Block stagnating beneath the southern margin of the North China Craton.

1. Introduction

The East Qinling orogenic belt is the most important porphyry Mo
ore belt in China, which hosts numerous Mo deposits with more than 6
Mt Mo metal. Most of the Mo deposits are porphyry-type and geneti-
cally associated with Late Mesozoic granitic porphyries in the southern
margin of the North China Craton, which were formed under an in-
tracontinental orogenic regime. A genetic link of spatial- and temporal-
associated porphyry Mo mineralization and Late Mesozoic granite
magmatism in the East Qinling porphyry Mo belt has been investigated
over the past decade (Bao et al., 2014, 2017; Gao et al., 2015; Li et al.,
2007, 2017; Luo et al., 1991; Mao et al., 2008; Yang et al., 2013b; Ye
et al., 2008a; Zhang et al., 2014b). The source of Mo and factors con-
trolling the accumulation of large amounts of Mo are two major

debated issues. Ore metals of porphyry Mo deposits are generally
considered to have been originated from the same source as the host
granite porphyry (e.g., Halter et al., 2005; Hedenquist and Lowenstern,
1994; Pettke et al., 2010), however, the source of Late Mesozoic
granites that host porphyry Mo deposits in the East Qinling orogenic
belt remains enigmatic. Many researchers considered that Late Meso-
zoic granites in the East Qinling orogenic belt were mainly derived from
partial melting of the lower crust or Archean and Paleoproterozoic
basement of the North China Craton, based on that the granitic rocks
have whole-rock Nd model ages and zircon Hf model ages similar to the
crystallization ages of the basement of the North China Craton (e.g., Li
et al., 2012; Wang et al., 2013b, 2015, 2016a; Zhu et al., 2010, 2013).
However, some researchers argued that many of these Nd and Hf model
ages are substantially younger than the crystallization ages of the
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basement and the mantle was isotopically enriched in the Late Meso-
zoic. They considered that Late Mesozoic granites were likely origi-
nated from the subducted continental crust of the Yangtze Block that
was stacked beneath the southern margin of the North China Craton
(e.g., Bao et al., 2009, 2014, 2017; Chen et al., 2013, 2015; Liu et al.,
2015). Therefore, it is crucial to decipher the source of Late Mesozoic
granites and to examine the factors that control Mo mineralization in
the East Qinling orogenic belt.

Evidence from field observation, geochronology and geochemistry
of many plutons indicates that they may have been constructed in-
crementally by amalgamation of pulses of magma over a period lasting
for tens of thousands of years, or even millions of years (Coleman et al.,
2016; Davis et al., 2012; Farina et al., 2012; Kaiser et al., 2017; Miller,
2008). For instance, the Tuolumne Intrusive Suite in California, U.S.A.,
was assembled over a period of at least 10m.y. (Coleman et al., 2004).
Porphyry ore mineralization related to granitic magmatism is com-
monly related to multiply replenishment of subvolcanic porphyry, vein
opening and prolonged magmatic-hydrothermal processes (Rezeau
et al., 2016; Sillitoe and Mortensen, 2010; von Quadt et al., 2011).
There are four giant porphyry Mo deposits distributed closely in the
East Qinling orogenic belt, including the Nannihu deposit with the ore
reserve of 1.337 Mt at 0.096% Mo, Shangfanggou deposit of 0.726 Mt at
0.134% Mo, Yuchiling deposit of 0.55 Mt at 0.057% Mo, and the
Donggou deposit of 0.708 Mt at 0.097% Mo (Li et al., 2003, 2007; Mao
et al., 2008). The host granitic porphyry stocks of the deposits are
spatially related to the Heyu and Tianshanmiao batholiths. It is worthy
to evaluate the link between porphyry Mo mineralization and the life
span of host granitic porphyry stocks and batholith, and figure out the
factors controlling the Mo enrichment.

Zircon is ubiquitous in granitic rocks and is resistant to hydro-
thermal alteration even at high temperatures (Valley et al., 1994).
Zircon Hf and O isotopes and U/Pb ages can provide robust constraints
on the origin and crystallization history of granites (Hawkesworth and
Kemp, 2006; Kemp et al., 2007; Valley et al., 1994; Zhu et al., 2017). In
this study, we carried out in situ U/Pb and Hf-O isotope analyses for
zircon crystals from the Heyu batholith and related Nannihu and
Shangfanggou ore-bearing granitic porphyries were carried out. On the
basis of the new data set, combined with literature data, we discussed
the crystallization history and possible sources of Late Mesozoic gran-
ites and factors controlling the Mo mineralization in the East Qinling
orogenic belt.

2. Geological background

2.1. Tectonic outlines

The East Qinling orogenic belt is part of the Central China orogenic
belt which is bounded by the North China Craton to the north and the
Yangtze Block to the south. The Central China orogenic belt extends
more than 4000 km from the West Kunlun orogenic belt in the west,
through the Qilian, West Qinling, and East Qinling, to the Dabie-Sulu
orogenic belt in the east (Dong and Santosh, 2016; Meng and Zhang,
2000; Wu and Zheng, 2013) (Fig. 1). The East Qinling orogenic belt
consists of four terranes, from north to south, including the southern
margin of the North China Craton, the North Qinling and the belts, and
the northern margin of the Yangtze Block (Dong et al., 2011; Shi et al.,
2013; Wu and Zheng, 2013).

The southern margin of the North China Craton is separated from
the North Qinling belt by the Machaoying fault in the south. The
southern margin of the North China Craton has a major period of crustal
growth in Neoarchean (2.5–2.8 Ga) (Diwu et al., 2013; Wang and
Zhang, 2016; Yang et al., 2009). The Taihua Group in the basement is
overlain by Proterozoic volcanic and sedimentary sequences and is
composed of Archean amphibolite- to granulite-facies metamorphic
rocks and Paleoproterozoic TTG gneisses. Preserved magmatic zircons
from amphibolite- to granulite-facies metamorphic rocks were dated to

be 2.5–2.7 Ga with two-stage Hf model age (TDM
2) of 3.0 to 3.2 Ga

(Huang et al., 2010; Wang and Zhang, 2016), whereas those from the
TTG gneisses have ages of 2.3–2.5 Ga and TDM

2 of 2.6–3.2 Ga (Huang
et al., 2012; Wang et al., 2012; Xu et al., 2009; Yu et al., 2013). The
mafic to felsic volcanic rocks of the Xiong’er Group in the overlying
sequences formed in 1.75–1.80 Ga (Cui et al., 2011; He et al., 2009;
Wang et al., 2010b; Zhao et al., 2004).

The North Qinling is composed of a Mesoproterozoic basement and
overlying Neoproterozoic to Paleozoic volcanic-sedimentary sequences.
The Mesoproterozoic basement consists of gneiss, amphibolite and
marble of the Qinling Group (Shi et al., 2009; Wan et al., 2011; Yang
et al., 2010). The overlying Neoproterozoic sequence is mainly com-
posed of the meta-basalts and meta-sedimentary rocks of the Kuanping
Group (Diwu et al., 2010; Shi et al., 2009; Zhao et al., 2015). The
Kuanping Group was the reworking products of the early Paleoproter-
ozoic (∼2.0–2.5 Ga) and the late Paleoproterozoic (∼1.7 Ga) crust
(Zhu et al., 2011). The overlying Paleozoic sequence is mainly com-
posed of the meta-volcanic rocks and sedimentary rocks of the Er-
langping Group.

The South Qinling consists of Paleoproterozoic to Neoproterozoic
basement and overlying Sinian to Triassic sedimentary rocks (Meng and
Zhang, 2000). The Paleoproterozoic basement is composed of dioritic-
granitic gneisses of the Douling Complex. Preserved magmatic zircons
from the gneisses were dated to be 2.47–2.51 Ga with TDM

2 of
2.95–3.30 Ga (Hu et al., 2013). Neoproterozoic basement is composed
of metamorphosed volcanic-sedimentary sequences of the Wudang
Group. The South Qinling experienced multistage crustal growth and
reworking in two periods of 1.5–1.8 Ga and 2.3–2.5 Ga (Hu et al., 2016;
Ling et al., 2010; Zhang et al., 2016; Zhu et al., 2009, 2014).

The northern margin of the Yangtze Block is composed of
Neoarchean to Paleoproterozoic basement and overlying
Mesoproterozoic to Paleozoic sequences. The basement consists of TTG
gneiss, migmatite, amphibolite and sedimentary rocks of the Kongling
Group (Li et al., 2014; Ling, 1996; Yin et al., 2013). Overlying se-
quences consist of Meso- and Neo-proterozoic greenschist facies meta-
morphosed mafic and granitoid intrusions, and the Sinian to middle
Triassic clastic-limestone (Dong and Santosh, 2016). The northern
margin of the Yangtze Block experienced an important period of crust
growth in Neoproterozoic (Liu et al., 2008; Wang et al., 2010a, 2013a;
Yang et al., 2016; Zhao et al., 2011).

2.2. Late Mesozoic magmatism related to Mo mineralization in the East
Qinling

The East Qinling orogenic belt experienced five stages of magma-
tism in Mesoproterozoic, Neoproterozoic, Paleozoic, the Early Mesozoic
and Late Mesozoic (e.g., Bao et al., 2008, 2015; Dong et al., 2016; Wang
et al., 2013c; Zeng et al., 2013). Major Mo mineralization is temporally
associated with Late Mesozoic granitic magmatism in the belt (e.g., Bao
et al., 2017; Li and Pirajno, 2017; Mao et al., 2011), forming giant
porphyry Mo deposits including Nannihu, Shangfanggou, Yuchiling and
Donggou. The host granitic porphyry stocks of the Nannihu, Shang-
fanggou and Yuchiling deposits are spatially and temporally associated
with the Heyu batholith, whereas the granitic porphyry stock hosting
the Donggou deposit is associated with the Taishanmiao batholith.

2.2.1. Heyu batholith and related granitic porphyry stocks
The Heyu batholith has an outcrop area of ∼784 km2 and is the

largest Late Mesozoic granitic body in the East Qinling orogenic belt
(Fig. 2). It intrudes the metamorphic rocks of the Taihua Group and the
volcanic rocks of the Xiong'er Group. Zircon grains from the batholith
have 206Pb/238U ages of 150–134Ma (Bao et al., 2014; Gao et al., 2010,
2009; Li et al., 2012; Zhu et al., 2013). The central part of the batholith
is capped with rhyolite and andesite of the Xiong'er Group. The bath-
olith is composed of medium- to coarse-grained biotite monzogranite in
the central part and coarse-grained to pegmatitic biotite monzogranite
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in the margin. However, the composition and texture of the rocks are
transitional from the central part to margin. Coarse-grained and peg-
matitic biotite monzogranite contain 20–40% K-feldspar phenocryst
with grain size ranging from 4×6 cm to 8×12 cm. Medium- and
coarse-grained biotite monzogranite contain 1–15% phenocrysts, which
are mainly euhedral orthoclase and perthite with grain size from
0.8×1.0 cm to 1.5× 2.5 cm.

Extrusive lobes of the Heyu batholith intrude the Neoproterozoic
Luanchuan Group, forming a number of granitic porphyry stocks (Bao
et al., 2014; Wang et al., 2006), with zircon 206Pb/238U ages of
150–134Ma (Bao et al., 2014; Cheng et al., 2013; Li et al., 2015, 2013a;
Wang et al., 2016b; Xiang et al., 2012). Ore-bearing granitic porphyry
stocks are commonly small with outcrop areas less than 0.1 km2. They
are mainly composed of porphyritic biotite monzogranite and

syenogranite with 5–50% phenocrysts. The phenocrysts include quartz,
K-feldspar and plagioclase and show micrographic texture. Accessory
minerals include apatite, magnetite, titanite, sphene, monazite, zircon
and fluorite.

Ore bodies of the Nannihu and Shangfanggou deposits are hosted in
granitic porphyry stocks and hornfels and skarn around the stocks.
Major ore types include disseminated and veinlet-like ores. The ores are
composed of molybdenite, sheelite, magnetite, pyrite, pyrrhotite and
chalcopyrite, with minor sphalerite. Gangue minerals include quartz,
garnet, diopside, fluorite and calcite. Molybdenite occurs as thin flakes
in ores.

Ore bodies of the Yuchiling deposit are mainly hosted in the granitic
porphyry, and locally in the cryptoexplosive breccia and adjacent
monzogranite of the Heyu batholith. Major ore types include veinlet,

Fig. 1. A simplified geological map showing the distribution of Late Mesozoic granite plutons and major Mo deposits in the Qinling-Dabie orogenic belt (modified after Luo et al., 1991).

Fig. 2. A simplified geological map showing the distribution of the Heyu and Taishanmiao batholiths and related granitic porphyry stocks in the East Qinling orogenic belt.
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disseminated and breccia ores. The ores are mainly composed of mo-
lybdenite and pyrite, chalcopyrite, galena and scheelite. Gangue mi-
nerals include K-feldspar, plagioclase, and quartz, minor sericite,
muscovite, biotite, fluorite, and chlorite. Molybdenite occur as flake
and lamellate in the veinlet and disseminated ores, or films in breccia
ores.

Molybdenite from the Nannihu and Shangfanggou deposits have Re-
Os model ages ranging from 139.3 ± 2.3 to 146.5 ± 2.3Ma and
141.8 ± 2.1 to 145.4 ± 2.0Ma, respectively, whereas molybdenite
Re-Os model ages for the Yuchiling deposit range from 134.3 ± 2.0 to
141.8 ± 1.6Ma (Li et al., 2013a; Mao et al., 2008; Xiang et al., 2012;
Zhang et al., 2014b).

2.2.2. Taishanmiao batholith and related granitic porphyry stocks
The Taishanmiao batholith outcrops in an area of 290 km2 (Gao

et al., 2014; Ye et al., 2008b). Zircons from the batholith have
238U/204Pb ages ranging from 125 ± 1 to 113 ± 1Ma (Gao et al.,
2014; Wang et al., 2016a; Ye et al., 2008b). A branch of the batholith
extends 7 km to the northeast, forming a granitic porphyry stock with
an outcrop area of 0.01 km2 that hosts the Donggou Mo deposit (e.g.,
Dai et al., 2009; Ye et al., 2008b). Zircons from the stock have
206Pb/238U ages ranging from 118 ± 1 to 112 ± 1Ma (Dai et al.,
2009; Gao et al., 2014; Wang et al., 2016a; Ye et al., 2008b). The ore
bodies of the deposit occur in the contact zone between the stock and
the volcanic rocks of the Xiong'er Group.

The Taishanmiao batholith consists of fine- to coarse-grained sye-
nogranite in the southern part which changes gradationally to the fine-
grained porphyritic syenogranite in the northern part. Porphyritic
syenogranite dikes intrude the central and southern part of the bath-
olith. Syenogranite and porphyritic syenogranite have similar mineral
assemblages. Syenogranite shows equigranular texture and is composed
of 45–65% K-feldspar, 10–15% plagioclase, 25–30% quartz and 2%

biotite. Porphyritic syenogranite contains ∼40% phenocrysts and
∼60% groundmass. The phenocrysts include quartz, K-feldspar and
plagioclase. The groundmass is composed of subhedral perthite, plagi-
oclase and quartz.

Ore-bearing granitic porphyry shows porphyritic texture and is
composed of ∼10% phenocrysts and ∼90% groundmass. The pheno-
crysts include quartz and perthite. Groundmass is composed of perthite,
quartz, plagioclase and minor biotite. Accessory minerals include
magnetite, anatase, sphene, rutile and zircon.

Major ore types of the Donggou deposit include veinlet and dis-
seminated ores. Ore minerals include molybdenite with minor pyrite,
chalcopyrite, galena, sphalerite, and scheelite. Gangue minerals are
mainly quartz, alkali-feldspar, plagioclase, biotite and minor chlorite,
epidote, sericite, and fluorite. Molybdenite in the veinlet and dis-
seminated ores appears as subhedral flakes and bent scales.
Molybdenite from the ores yielded the Re-Os model ages of
117.5 ± 0.8 to 115.5 ± 1.7Ma (Li et al., 2017; Ye et al., 2008a).

3. Analytical methods

Zircon grains were separated from fresh or weakly altered rock
samples that were collected from the Heyu batholith and the Nannihu
and Shangfanggou granitic porphyry stocks. Zircon grains were sepa-
rated using conventional heavy liquid and magnetic techniques, and
purified by handpicking under a binocular microscope. They were
mounted in epoxy resin, then polished to expose the grain centers and
coated by gold. Transmitted and reflected light micrographs as well as
cathodoluminescence (CL) images were obtained for the polished zircon
grains in order to reveal their internal structure and external mor-
phology, and guide the selection of potential analytical spots for
oxygen, U/Pb, and Lu-Hf isotopic analyses. The CL images were made
using a JEOL JXA-8100 electron microprobe equipped with Gatan

Fig. 3. CL images, U/Pb ages and O-Hf isotopic compositions for zircon grains from the Heyu batholith and Shangfanggou granitic porphyry stock.
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Mono CL3 system at the Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences (GIGCAS).

Most zircon grains in this study are clear, colorless, and euhedral.
Only magmatic zircon crystals showing oscillatory zoning without in-
herited cores in CL images were selected for the analyses of U/Pb ages,

and O and Lu-Hf isotopes.

3.1. Zircon U/Pb age analyses

Zircon grains were dated using an Agilent 7500a ICP-MS coupled
with a Resonetics RESOlution M-50 193 nm laser-ablation system in
GIGCAS. Details on operation conditions for the laser ablation system
and the ICP-MS instrument and data processing are described by (Li
et al., 2000; Liang et al., 1999). All analyses were carried out at an
energy of 80mJ, with a beam diameter of 31 μm and a repetition rate of
10 Hz. Helium was used as carrier gas to enhance the transportation
efficiency of the ablated material. A TEMORA 1 (417Ma) sample was
used as zircon standard (Black et al., 2003). Integration of background
and analytical signals, and time-drift correction and quantitative cali-
bration for trace elements, were undertaken by using the GLITTER 4.0
algorithm (Macquarie University). The analytical data were reduced,
calculated, and plotted by using the Isoplot 3.0 programs of Ludwig
(2003).

3.2. Zircon O isotope analyses

Zircon O isotopic compositions were analyzed by using the Cameca
IMS 1280HR ion microprobe in GIGCAS. The detailed analytical pro-
cedures were similar to those described by Li et al. (2010a). The mea-
sured oxygen isotopic data were corrected for instrumental mass frac-
tionation by using the Penglai (δ18OVSMOW=5.3‰) zircon standards
(Li et al., 2010b). The internal precision of a single analysis generally

Fig. 4. U/Pb Concordia for zircon grains from the Heyu batholith (a and b) and Nannihu (c) and Shangfanggou (d) granitic porphyry stocks (data point error ellipses are 2σ).

Fig. 5. Plot of U/Pb age versus εHf(t) for the zircon from the Heyu and Taishanmiao
batholiths and coeval granitic porphyry stocks (Data from this study and Bao et al., 2014;
Cheng et al., 2013; Dai et al., 2009; Gao et al., 2014; Li et al., 2012; Wang et al., 2016a;
Yang et al., 2013a).
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was better than 0.20‰ (1σ) for the 18O/16O ratio. The external preci-
sion, measured by the reproducibility of repeated analyses of Penglai
and Qinghu standards (Li et al., 2013b), is 0.32‰ (2σ, n= 20). The
instrumental mass fractionation factor is corrected using 91,500 zircon
standard with δ18OVSMOW=9.9‰ (Wiedenbeck et al., 2004).

3.3. Zircon Lu-Hf isotope analyses

Zircon Lu-Hf isotopic compositions were analyzed using a Neptune
Plus multiple-collector inductively coupled plasma mass spectrometer
with RESOlution M-50-LR laser ablation (ArF-excimer 193-nm wave-
length) in GIGCAS. The Penglai zircon grains were selected as reference
material (Li et al., 2010b) with the precision of 0.282882 ± 0.000006
(2σ, N= 56). The analytical procedures follow those described by Wu
et al. (2006b). In the experiment, helium was used as the abrasion
material carrier gas, and the diameter of the laser beam spot is 33 μm
with energy of 80mJ and repeat frequency of 8 Hz.

4. Results

4.1. Zircon U/Pb ages

Zircon grains from the Heyu batholith have concordant U/Pb ages
scattered in a range of more than ∼10m.y. on the Concordia (Fig. 4a
and b). The grains from a pegmatitic biotite monzogranite sample that
was collected in the margin of the batholith (sample HY-4) have con-
cordant 206Pb/238U ages ranging from 128 to 156Ma, which yield a
weighted mean 206Pb/238U age of 134 ± 3Ma (MSWD=9.6). The
grains from a coarse-grained biotite monzogranite sample collected in
the central part of the batholith (sample HY-14) have concordant
206Pb/238U ages ranging from 132 to 158Ma, which yield a weighted
mean 206Pb/238U age of 144 ± 3Ma (MSWD=7.2).

Zircon grains from the granitic porphyry stocks that host the
Nannihu and Shangfanggou deposits also have scattered ranges of U/Pb
age (Fig. 4c and d, Table S1). The grains from a granitic porphyry
sample of the Nannihu deposit (HN1401) have 206Pb/238U ages ranging
from 136 to 151Ma, with a weighted mean 206Pb/238U age of
144 ± 3Ma (MSWD=4.4). The grains from a granitic porphyry

sample of the Shangfanggou deposit (SF1404) have 206Pb/238U ages
ranging from 138 to 151Ma, with a weighted mean 206Pb/238U age of
145 ± 3Ma (MSWD=4.9). The large age ranges for the Heyu bath-
olith and Nannihu and Shangfanggou granitic porphyry stocks obtained
in this study are consistent with those reported in the literature (e.g.,
Guo et al., 2009; Li et al., 2012; Zhu et al., 2013).

4.2. Zircon O isotopic compositions

Zircon grains from the Heyu batholith and the Shangfanggou ore-
bearing granitic porphyry have δ18O ranging from +5.0 to +8.7‰
(Fig. 3 and Table S2), and nearly 50% of the grains have δ18O close to
the mantle value of 5.3 ± 0.6‰ (Valley et al., 2005). The gains from
the Heyu batholith have δ18O varying from+5.0 to+8.6‰, whereas
those from the Shangfanggou ore-bearing granitic porphyry have δ18O
ranging from +5.0 to +8.7‰, identical to those for the Heyu batholith
(Fig. 3).

4.3. Zircon Lu-Hf isotopic compositions

Zircon grains from the Heyu batholith have εHf(t) values ranging
from −52 to −3.8. Two-stage Hf model ages (TDM2) were calculated to
be in a range from 1.4 to 3.4 Ga. Zircon grains from the Shangfanggou
ore-bearing granitic porphyry have εHf(t) values ranging from −47 to
−10, with calculated TDM2 from 1.8 to 3.3 Ga (Figs. 5, 6a, b and Table
S3). Most zircons from the batholith and ore-bearing granitic porphyry
have εHf(t) ranging from −10 to −30 and TDM2 from 1.6 to 2.5 Ga
(Figs. 5 and 6).

Zircon grains from the Taishanmiao batholith have εHf(t) values
ranging from −21 to −2.1, with calculated TDM2 from 1.3 to 2.5 Ga,
whereas those from the Donggou ore-bearing granitic porphyry have
εHf(t) from −19 to −3.8 and TDM2 from 1.4 to 2.3 Ga (Dai et al., 2009;
Gao et al., 2015; Yang et al., 2013a) (Figs. 5, 6b and d). Overall, nearly
90% of zircon grains from the Taishanmiao batholith and Donggou ore-
bearing granitic porphyry have TDM2 from 1.6 to 2.3 Ga (Fig. 6).

Fig. 6. Histograms of two-stage Hf model ages for the zircons from the Heyu (a) and Taishanmiao (b) batholiths and coeval granitic porphyry stocks (c and d) (Data from this study and
Bao et al., 2014; Cheng et al., 2013; Dai et al., 2009; Gao et al., 2014; Li et al., 2012; Wang et al., 2016a; Yang et al., 2013a).
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5. Discussion

5.1. A genetic link between batholith and ore-bearing granitic porphyry
stocks

Zircon grains from the Heyu batholith and Nannihu and
Shangfanggou ore-bearing granitic porphyry stocks have similar, scat-
tered ranges of 206Pb/238U ages, indicating that they are coeval and
have similar history of crystallization. They also have similar εHf(t)
values of −10 to −30 and TDM

2 of 1.6 to 2.5 Ga (Figs. 5 and 6), in-
dicating that the Heyu batholith and two ore-bearing granitic porphyry
stocks are comagmatic in origin. Likewise, the Taishanmiao batholith
and Donggou ore-bearing granitic porphyry stock have comparable
ranges of 206Pb/238U ages, and εHf(t) and TDM2 ages (Dai et al., 2009;

Gao et al., 2014; Wang et al., 2016a; Yang et al., 2013a; Ye et al.,
2008b) (Figs. 5b, 6c and d). Most zircon grains from the batholith and
stock have εHf(t) values of −10 to −20 and TDM2 of 1.6 to 2.2 Ga,
indicating that the Taishanmiao batholith and Donggou granitic por-
phyry stock are also comagmatic in origin.

A consanguinity between batholith and coeval ore-bearing granitic
porphyry is also supported by similar Sm-Nd isotopic compositions of
the rocks. The rocks from the Heyu batholith have εNd(t) values ranging
from −18 to −10, with calculated two-stage Nd model ages in a range
of 1.9–2.4 Ga. The rocks from the Nannihu and Shangfanggou ore-
bearing granitic porphyry stocks have εNd(t) values of −16 to −13 and
two-stage Nd model ages of 2.0–2.3 Ga (Bao et al., 2014; Gao et al.,
2010). Likewise, the rocks from the Taishanmiao batholith have εNd(t)
values of −16 to −10 and two-stage Nd model ages of 1.8 to 2.3 Ga,

Fig. 7. Harker plots for the Late Mesozoic batholiths and coeval granitic porphyry stocks (Data from Bao et al., 2014; Dai et al., 2009; Gao et al., 2014; Yang et al., 2013a).
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similar to εNd(t) of −17 to −13 and two-stage model ages of 2.0 to
2.4 Ga for the Donggou ore-bearing granitic porphyry stock (Dai et al.,
2009; Gao et al., 2014; Yang et al., 2013a).

The rocks of the Heyu batholith and Nannihu and Shangfanggou
ore-bearing granitic porphyry stocks are calc-alkaline and metalumi-
nous to peraluminous, whereas those from the Taishanmiao batholith
and Donggou ore-bearing granitic porphyry stock are high-K calc-

alkaline and peraluminous (Bao et al., 2014; Gao et al., 2010, 2014;
Wang et al., 2016a; Yang et al., 2013a; Zhu et al., 2013). The samples
from two batholiths and ore-bearing granitic porphyry stocks show
linear trends of major oxides against SiO2 on the Harker plots (Fig. 7).
The samples from ore-bearing granitic porphyry stocks overall have
SiO2 higher than the batholiths, indicating that the ore-bearing granitic
porphyries may represent the evolved end-members of the batholiths.

5.2. A protracted crystallization history of batholith and ore-bearing
granitic porphyry stocks

Zircon grains from the Heyu batholith and Nannihu and
Shangfanggou ore-bearing granitic porphyry stocks have a range of
concordant 206Pb/238U ages over 10m.y. (Fig. 4), which is a common
feature for the granitic plutons elsewhere in the East Qinling orogenic
belt and the whole Qinling-Dabie orogenic belt (e.g., Bao et al., 2014;
Dai et al., 2009; Guo et al., 2009; Han et al., 2013; Li et al., 2012;
2013a; Wang et al., 2016a; Ye et al., 2008a; Zhu et al., 2013). This may
imply that both batholiths and granitic porphyries in the East Qinling
orogenic belt were constructed by multiple pulses of magma emplace-
ment (Figs. 9 and 10).

Incremental growth of granitic plutons has been eventually re-
cognized in diverse scales and tectonic environments. Protracted zircon
crystallization and incremental assembly are common features in
granitic plutons (Claiborne et al., 2010; Coleman et al., 2004; Davis
et al., 2012; Heinonen et al., 2016; Kaiser et al., 2017; Matzel et al.,
2006; Miller, 2008; Miller et al., 2007, 2011; Rezeau et al., 2016;
Walker et al., 2007; Wiedenbeck et al., 2004). The youngest zircon age
was usually suggested to be a proxy for the crystallization age of a
pluton (Schaltegger et al., 2009). However, age brackets based on in-
dividual magmatic zircon grains may be more informative, and a pro-
longed crystallization history recorded in zircon may indicate a long
lifetime of the magma reservoir from which porphyries and ore fluids
were extracted (von Quadt et al., 2011). Zircon U/Pb ages that are
dispersed out of analytical error may have been resulted from high-
temperature fluctuation in a long-lived magmatic system (Miller, 2008;
Miller et al., 2007; Walker et al., 2007). The longevity of porphyry ore
systems may reflect the multiple intrusions that intermittently re-
plenished porphyry stocks and contributed to the formation of giant
magmatic-hydrothermal ore deposits (Sillitoe and Mortensen, 2010;
von Quadt et al., 2011). Therefore, protracted magmatism is probably a
key prerequisite for porphyry deposits (Rezeau et al., 2016). In the East

Fig. 8. Plots of δ18O(Zircon)‰ versus age (a) and εHf(t) (b) for the zircon from the Heyu
batholith and Shangfanggou granitic porphyry stock.

Fig. 9. Age spectra of zircon U/Pb ages for the Heyu batholith, and Nannihu,
Shangfanggou and Yuchiling granitic porphyry stocks and Re-Os model ages of Mo de-
posits (Data from Bao et al., 2014; Li et al., 2003, 2005, 2012, 2013a; Xiang et al., 2012;
Zhang et al., 2014ba).

Fig. 10. Age spectra of zircon U/Pb ages for the Taishanmiao batholith and Donggou
granitic porphyry stock and Re-Os model ages of Mo deposit (Data from Gao et al., 2014;
Li et al., 2017; Yang et al., 2013a; Ye et al., 2008a, 2008b).
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Qinling orogenic belt, the Re-Os model ages of molybdenite of Mo de-
posits are consistent with the younger ends of the age brackets for each
of the host ore-bearing granitic porphyry stocks, indicating that the Mo
mineralization likely occur concurrently with the late-stage magmatism
in different stocks. We therefore consider that a protracted history of
the Late Mesozoic batholiths and granitic porphyries in the East Qinling
orogenic belt is likely a key factor controlling the formation of giant
porphyry Mo deposits in the belt.

5.3. Source rocks of Late Mesozoic granitic magmatism

The Late Mesozoic batholiths and ore-bearing granitic porphyry
stocks in the East Qinling orogenic belt have whole-rock εNd(t) and
zircon εHf(t) values significantly higher than that of the basement in the
southern margin of the North China Craton (e.g., Wang et al., 2010b; Yu
et al., 2013). Many researchers therefore considered that they were
likely derived from remelting of the Taihua Group and Xiong'er Group
with the input of depleted mantle and/or juvenile crust (e.g., Li et al.,
2012, 2015; Zhu et al., 2010). However, the addition of juvenile crust
into the HFSE-enriched crust will have little effect on the isotopic sig-
nature of the resultant magma (Kirkland et al., 2013). There are a few
lines of evidence indicating that the lithospheric mantle beneath the
North China Craton was isotopically enriched before ca. 110Ma in the
Late Mesozoic (e.g., Meng et al., 2015; Wu et al., 2006a; Xu et al., 2004;
Zhang and Sun, 2002); the Mesozoic mafic dikes in the southern margin
of the North China Craton are isotopically enriched (Wang et al., 2008a,
2008b), and ∼148Ma mafic dikes in the study area have εNd(t) values
of −6.6 to −7.0 (Bao et al., 2014). The early Cretaceous calc-alkaline
basalts and mafic dikes in the North China Craton have 87Sr/86Sri of
0.706 to 0.710, εNd(t) of −1.7 to −17.5 and εHf(t) of −18.0 to −2.8
(Meng et al., 2015; Zhang and Sun, 2002). If the whole-rock Nd isotopic
compositions of Late Mesozoic granites in the southern margin of the
North China Craton can be produced by the mixing of the mantle with
εNd of −7 and the basement of the Taihua and Xiong’er Group rocks
with εNd of −25 to −50, the proportion of the mantle will exceed that
of the crust in the modeling (Diwu et al., 2013; Guo et al., 2009; Ni
et al., 2012). This is actually impossible in terms of major oxide con-
tents of the rocks. Therefore, it is unlikely that the Taihua and Xiong’er
Group rocks are the source of the Late Mesozoic granites in the southern
margin of the North China Craton in the East Qinling orogenic belt. On
the contrary, Late Mesozoic granitic rocks have whole-rock Nd isotopic
compositions and zircon Hf isotopic compositions similar to those for
the subducted continental crust of the Yangtze Block (Lu et al., 2004).
As the crust of the northern margin of the Yangtze Block grew pre-
dominantly in Neoproterozoic (Wang et al., 2013a; Yang et al., 2015,
2016; Zhang et al., 2016) and contains voluminous Neoproterozoic
volcanic rocks (Dong et al., 2012), melting of the crust of the Yangtze
Block may account for the low δ18O (5.0–8.7‰), highly negative εHf(t)
(−10 to −30) and old TDM

2 (1.6–2.5 Ga) of the Late Mesozoic granites
in the southern margin of the North China Craton (Fig. 8). Therefore, it
is likely that the Late Mesozoic granites in the southern margin of the
North China Craton may have been derived from recycled, subducted
continental crust of the Yangtze Block (Bao et al., 2014, 2017).

The Yangtze Block consists of the lower Cambrian Mo-rich black
shales that contain>100 ppm Mo (Jiang et al., 2009; Xu and Li, 2015;
Xu et al., 2011). The Yangtze Block was supposed to have subducted
underneath the southern margin of the North China Craton in Triassic.
We therefore consider that melting of the Mo-rich black shales could
activate and release Mo, forming extensive Mo mineralization hosted in
Late Mesozoic granites in the East Qinling porphyry Mo belt (Bao et al.,
2009, 2014, 2017; Zhang et al., 2014a).

6. Conclusions

The Late Mesozoic batholiths and ore-bearing granitic porphyries in
the southern margin of the North China Craton have a geochemical

affinity to the crust of the northern margin of the Yangtze Block, in-
dicative the involvement of subducted Mo-rich crustal materials of the
northern margin of the Yangtze Block. The ore-bearing granitic por-
phyries and coeval batholiths were constructed through incremental
assembly and have protracted history of crystallization over 10m.y.,
which is crucial to the exsolution of magmatic hydrothermal fluids and
extraction of ore metals.
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