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The Wutai-Hengshan region in the northwestern domain of Taihang Mountains (TM) occurs along the
Trans-North China Orogen (TNCO) that amalgamates the Western and Eastern Blocks of the North
China Craton (NCC). The metamorphic basement in the region is composed of ca. 2.5 Ga
granite-greenstone belts within which the Mesozoic magmatic suites are widely emplaced, associated
with polymetallic mineralization. The timing, origin and evolution of the magmatic rocks in the
Wutai-Hengshan region provide important clues to evaluate the timing, mechanism and process of the
destruction of the NCC. In this study, we report new zircon U–Pb and in-situ Hf isotopic data on
some of the Mesozoic intrusions associated with Au–Ag–Cu–Mo mineralization from this region. The
results show that magmatism and metallogeny in the Yixingzhai and Boqiang-Gengzhuang mining
regions occurred during 142–130 Ma, starting with felsic granite porphyry with Mo–Cu mineralization,
and intermediate magma associated with gold mineralization. The emplacement of magma and mineral-
ization in Diaoquan mining region occurred about 132–130 Ma, with the intermediate magma emplaced
earlier than felsic magma. The in-situ Hf isotopic data indicate that most of the felsic magma was
produced by partial melting of the lower crust, and that the intermediate magma witnessed intrusion
of mafic magma derived from mantle with magma mixing in different proportion. The process of crystal-
lization differentiation played an important role in the formation of Diaoquan complex intrusion.

The magmatism and metallogeny in the Wutai-Hengshan region were coeval with the craton destruc-
tion of the NCC. The Mesozoic magmatism and metallogeny in this region during 142–130 Ma con-
tributed to the destruction of the stable cratonic architecture of the NCC. The mafic lower crust was
modified by magma derived from mantle during this process. The regional geodynamics associated with
these processes are correlated to the subduction of the paleo-Pacific oceanic lithosphere.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

It has been widely accepted that the Precambrian architecture
of the North China Craton (NCC) has been partly destroyed during
Mesozoic and Cenozoic (e.g. Menzies et al., 1993; Griffin et al.,
1998; Xu, 2001; Wu et al., 2003, 2005, 2006; Yang et al., 2007;
Zheng et al., 2007; Chen et al., 2008a; Chen, 2010). Numerous
petrological, geochemical and geophysical studies have shown that
the eastern part of NCC lost 60–100 km thick old sub-continental
lithospheric mantle (Menzies et al., 1993; Griffin et al., 1998; Fan
et al., 2000; Xu, 2001; Gao et al., 2002), the features resulting from
which are manifested as abundant volcanism, extensive structural
deformation, high surface heat flow, and low seismic wave veloci-
ties in the upper mantle (Chen, 2010; Chen et al., 2008b; Yang
et al., 2007; Zheng et al., 2007; Wu et al., 2005; Gao et al., 2002;
Xu, 2001; Griffin et al., 1998; Menzies et al., 1993). The mechanism
and timing of craton destruction in the NCC are topics of debate.
Delamination (Deng et al., 2004, 2007; Wu et al., 2003), and
thermo-mechanical and chemical erosion (Xu, 2001; Zhang et al.,
2002; Xu et al., 2003, 2004) are among the major models proposed
to explain the process of destruction. Some workers suggest that
the destruction processes continued for more than 100 million
years (e.g., Xu et al., 2009), whereas others proposed that the major
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phase of destruction took place during the Jurassic (e.g., Gao et al.,
2004) or Cretaceous (e.g., Wu et al., 2005; Zhu et al., 2012) within a
short period.

Magmatism and related metallic mineralization are keys to
evaluate geodynamic processes (e.g., Menzies et al., 1993; Deng
et al., 2004; Hou et al., 2004; Mao et al., 2005; Mo et al., 2006;
Luo et al., 2006; Pirajno et al., 2011; Zhang et al., 2011; Dharma
Rao et al., 2012; Chen et al., 2007; Hu et al., 2009; Li et al., 2013,
2014a, b; Zhai and Santosh, 2013), and have been used to probe
the history of major changes in lithospheric architecture (e.g.,
Zhai et al., 2002; Zhu et al., 2009, 2012; Chen et al., 2009; Gao
et al., 2009; Zhang et al., 2011). Inhomogeneous thinning of the
lithosphere under the central NCC was inferred from detailed
investigations of metallogeny in the Taihang Mountains (TM) in
the central NCC by Li et al. (2013, 2014b). The
Wutaishan-Hengshan region, located in the central part of the
NCC, marks the transition zone between the thinned eastern cra-
tonic lithosphere and the stable western lithosphere. Mesozoic
intrusive and volcanic rocks are widely distributed in this region,
and are associated with Au, Ag, Mo and Cu polymetallic mineral-
ization, providing important targets for studying the destruction
of the NCC.

In this paper, we present new felid observations, LA-ICP-MS zir-
con U–Pb chronology, and in-situ Hf isotope data from different
intrusions in the Yixingzha gold, Boqiang-Gengzhuang Mo–Cu–
Au and Diaoquan Ag–Cu deposits. Combined with previous dating
and Hf isotope data from the eastern NCC, we discuss the timing,
origin and geodynamic setting of magmatism and metallogeny in
the Wutai-Hengshan region and their implications for the destruc-
tion of NCC.

2. Geological setting

The NCC is one of the fundamental Precambrian nuclei of Asia,
traditionally divided into three segments as the Eastern Block, the
Western Block and the Trans-North China Orogen (e.g. Zhao et al.,
2002; Kröner et al., 2005; Kusky et al., 2003; Trap et al., 2009)
(Fig. 1). The Trans-North China Orogen (TNCO) trending approxi-
mately N–S along the central part of the NCC defines a major
Paleoproterozoic belt of subduction–accretion–collision along
which the Western and Eastern Blocks were amalgamated (Zhao
and Zhai, 2013; Yang and Santosh, 2014 and references therein).
The Wutai-Hengshan region is located at the center of North
China Craton (CNCC), along the Trans-North China Orogen
Fig. 1. a. The location of the North China Craton. (b) Tectonic map of the North China
thickness beneath the NCC (after Zhu et al., 2011). The red box shows the study area.
(Fig. 1), to the west of the Taihang Mountains (TM). The Great
Hinggan Range–Taihang Mountain gravity lineament (HTGL, e.g.,
Griffin et al., 1998) passes through eastern part of this region
(Fig. 1c). The thickness of lithosphere in this region ranges from
about 100–160 km, thinner than the Western Block but thicker
than the Eastern Block.

The metamorphic basement formed during the Neoarchean to
Paleoproterozoic, and is dominantly composed of ca. 2.5 Ga green-
stone belt (Zhai and Santosh, 2011; Santosh, 2010), together with
tonalite–trondhjemite–granodiorite (TTG) gneisses and granitoids
of the Wutai, Hengshan and Fuping complexes in the TNCO (e.g.,
Zhao et al., 2001). The Wutai complex is composed mainly of
greenschist facies mafic to felsic bimodal volcanic rocks, siliciclas-
tic sedimentary rocks, VMS and BIF (Polat et al., 2005), intruded by
the ca. 2.5 Ga TTG suites (Guan et al., 2002; Kusky and Li, 2003; Liu
et al., 2004). The high-grade gneissic terranes of the Hengshan and
Fuping Complex are located to the northwest and the southeast of
Wutai complex. The Hengshan Complex is composed mainly of
2.7–2.5 Ga amphibolite to granulite facies orthogneisses (Zhao
et al., 2002). The major rocks types in the Fuping Complex are
TTG gneisses, mafic granulites, amphibolites, monzogranites and
granodiorites (Zhao et al., 2002). Paleoproterozoic Hutuo group
metasedimentary rocks cover the Wutai Complex with an angular
unconformity in the southwest. The NCC witnessed a prolonged
stage of quiescence during Mesoproterozoic to Mesozoic, with
deposition of sedimentary cover rocks on the metamorphic base-
ment. During Mesozoic, widespread tectonic and magmatic activ-
ity occurred, leading to hydrothermal mineralization and
formation of volcanic-sedimentary basin.

The intensity of magmatism shows a gradual decrease from east
to west. Volcanic rocks occur only in the eastern part of the Tanghe
fault. The intrusive rocks can be divided into two groups. The first
group is composed of hypabyssal rocks, which shows a close rela-
tionship with the Au–Ag–Cu–Mo–Fe–Mn mineralization in this
region (Fig. 2), including quartz porphyrite, granite porphyrite, fel-
site, diorite, granodiorite, monzonite, and diorite pophyrite. The
second group is represented by plutonic rocks, including biotite
granite and adamellite. The several NW and NE faults are consid-
ered to be the channels of hypabyssal magma emplacement, and
control the Mesozoic magmatism and mineralization (Fig. 2).

Gold mineralization is widely distributed in Wutaishan-
Hengshan region, including the Neoarchean–Paleoproterozoic
metamorphic Au deposits and Mesozoic magmatic hydrothermal
Au deposits, with the latter being much larger than the former in
Craton (modified after Zhai and Santosh, 2011). (c) The distribution of lithosphere



Fig. 2. Geological map of the Wutai-Hengshan region (modified after BGSP, 1989).
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scale and intensity of mineralization. The Au mineralization mainly
occurs in the western part of the study area, whereas in the eastern
part, Ag is the major mineralization (Fig. 2). The porphyry types,
skarn, auriferous quartz veins types of deposits are the major
mineralization types. Among these, the Yixingzhai Au deposit,
Boqiang-Gengzhuang Cu–Mo–Au deposits, and Diaoquan
Ag–Cu–Au deposit are the important deposits in this region.

3. Ore mine geology

3.1. Yixingzhai gold deposit

The Yixingzhai gold deposit is located in the southern part of
the Hengshan Complex. The Mesoproterozoic-Paleozoic carbonate
sedimentary cover has been mostly eroded in the mine area, the
relicts of which occur only in the southwest and the top of the col-
lapsed breccia pipe (Fig. 3). The Yixingzhai pluton is the main host
rock of the gold veins. The TTG gneisses of the basement were
intruded by a series of NW trending meta-dolerite dikes (Li and
Qian, 1995). The NW trending Yixingzhai fault, Longshan fault
and the broadly N–S (345–355�) trending secondary faults are
the main structures controlling magma intrusion and ore mineral-
ization, among which the N–S trending faults are the main host for
the auriferous quartz veins (Jing, 1985, 1992; Li and Li, 1997; Ye
et al., 1999; Zhang et al., 2003; Li et al., 2014b).
The Mesozoic intermediate-acidic hypabyssal rocks and
sub-volcanic acidic rocks related with Au and Mo mineralization
are widely distributed in mine area. The Sunzhuang pluton is the
largest intrusive body with an exposed area of about 4 km2, located
in the central-southern part of the mine area, and is mainly com-
posed of quartz monzonite (Fig. 6a and b), with closely related gold
mineralization (Li et al., 2014b). A porphyritic granite intrusion to
the west of this pluton carries stockwork quartz veins (Fig. 6c). The
granite porphyry, quartz porphyry, diabase and diorite porphyry
occurring as stocks and dikes, are widely distributed in the mining
area. There are also 4 sub-volcanic pipes, named Hewan,
Nanmenshan, Tietangdong and Jinjiling cryptoexplosive breccia
pipes, located into the north of the Sunzhuang pluton. Among
these, the Hewan cryptoexplosive breccia pipe is composed of
breccia-bearing granite porphyry, and cut by quartz porphyry, with
molybdenite mineralization occurring at the outside of contact
zone. The Nanmenshan cryptoexplosive breccia pipe is composed
of quartz porphyry and skarn with breccia, magnetite, and specu-
larite with the gold mineralization in the skarn, suggesting the
interaction of magmatic fluid reacting with the collapsed carbon-
ate from cover layer. The Tietangdong cryptoexplosive breccia pipe
is mainly composed of breccia rocks, which is cemented by skarn
and granite porphyry, and cut by quartz porphyry and diorite por-
phyry. Magnetite and specularite ore bodies occur at the top and
gold mineralization occurs within the space of its ring fracture.



Fig. 3. Geological map of the Yixingzhai gold deposit (modified after Jing, 1985).
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The Jinjiling cryptoexplosive breccia pipe is the smallest one, com-
posed of skarn with breccia. Quartz porphyry occurs underground,
with gold mineralization in skarn and Mo mineralization around
the quartz porphyry.

There are more than 15 auriferous quartz veins in the
Yixingzhai gold deposits. Among these, No. 5 vein is the largest
one, with a length of more than 2000 m and carry 60% of the total
gold reserves. According to the mineral assemblage and
cross-cutting relations, the main mineralization process can be
divided into four stages as follows quartz-sericite stage, mainly
composed of quartz, sericite and disseminated pyrite, containing
traces of gold; quartz-pyrite stage, which is the main mineraliza-
tion stage, mainly composed of quartz, and cubic pyrite, with brec-
ciated ore; quartz-polymetallic stage, which marks an important
mineralization stage, composed of quartz, pyrite, chalcopyrite,
arsenopyrite, chalcocite, sphalerite and galena; and calcite stage,
composed of calcite, together with disseminations and veinlets of
sphalerite. The average ore grade of gold is 11.5 g/t, silver is



Fig. 4. Geological map of the Boqiang Mo–Cu–Au deposit (modified after Li et al., 2000).

Fig. 5. Geological map of the Diaoquan Ag–Cu–Au deposit (modified after Zhou and Tang, 1997).
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Fig. 6. Representative field and hand specimen photos. (a) The quartz monzonite of Sunzhuang pluton that intruded into the granite porphyry in Yixingzhai gold deposit; (b)
MME in Sunzhuang quartz monzonite; (c) quartz veins that cut porphyritic granite in Sunzhaung pluton; (d) quartz veins cutting granite porphyry in Boqiang Mo–Cu–Au
deposit; (e) quartz-pyrite vein cutting porphyritic granite in the Boqiang Mo–Cu–Au deposit; (f) porphyritic quartz monzonite outcrop in the Boqiang Mo–Cu–Au deposit; (g)
garnet skarn with bornite mineralization; (h) molybdenite-quartz veins cutting monzonite and porphyritic granite; (i) granite porphyry.
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95.13 g/t, copper is 0.37%, lead is 0.32%, zinc is 22%, and sulfur is
10.92%.

3.2. Boqiang-Gengzhuang Mo–Cu–Au deposits

The mine area is located in the northern part of the Wutaishan.
The metamorphic basement is composed mainly of granitoids
belonging to the Wutaishan granite-greenstone belt. The shallow
dipping (ca. 20�) Mesoproterozoic – Paleozoic sedimentary strata
cover sequence is composed of dolomite and sandstone. The
NNW and NWW trending faults define the fracture system, parts
of which host the gold mineralization. The Mesozoic
intermediate-acidic hypabyssal rocks are widely found in this
region, and are composed of porphyritic granite, granite porphyry,
with a minor volume of syenite porphyry, porphyritic quartz mon-
zonite, monzonite, syenite, and granitic cryptoexplosive breccia
(Figs. 4 and 6d–f).

The granite porphyry is the largest intrusive body in this region,
cut by stockwork quartz veins (Fig. 6d), and displaying a close rela-
tionship with Mo–Cu mineralization. The Mo–Cu ore mainly fills
the joints and fractures of metagranite, dolomite, sandstone and
granite porphyry. The trend of the ore bodies is consistent with
the gneissosity of the wall rocks. The ore bodies are parallel with
dip angles of 5–15�. From the center to rim, they show gradual
thinning. Minor skarn mineralization is developed at the contact
of dolomite and granite porphyry, although without any economic
mineralization. The Mo–Cu mineralization occurred during a pro-
longed phase, and can be divided into three stages. These are the
pyrite-quartz stage, composed of massive pyrite and quartz;
molybdenite-quartz stage, which is the main mineralization stage
composed of molybdenite and quartz; polymetallic stage, which is
often superimposed on the former, and composed of quartz, calcite
and a small amount of chalcopyrite, sphalerite and galena. The Mo
grade is 0.05–0.1%, with an average of 0.061%, Cu is 0.02–0.05%,
with an average of 0.037%, and Ga is 0.002–0.003%, with an average
of 0.0023%. Gold mineralization can be found locally.

The porphyritic granite occurs as stocks, located in the north-
western part of the mining area. The rock is cut by quartz-pyrite
veins along joints (Fig. 6e). The apophysi of the granite intruded
into the Mo bodies. Dismissed chalcopyrite and pyrite are found
in the inner and outer domains of intrusive body.

The intermediate-felsic hypabyssal rocks, including porphyritic
quartz monzonite, monzonite and syenite, are mainly found in the
southern part of the granite porphyry, and occur as stocks intrud-
ing into the granite porphyry and cryptoexplosion breccia, associ-
ated with polymetallic mineralization (Fig. 6f). Veinlets carrying
pyrite, chalcopyrite, galena, sphalerite, and molybdenite cut across.

The Gengzhuang gold deposit is hosted by a cryptoexplosion
breccia pipe, which is related to the porphyritic granodiorite and
porphyritic syenite. The ore bodies occur as veins and as irregular
shapes of cemented breccias or filling the fissures of breccia. The
main ore minerals are pyrite, arsenopyrite, sphalerite, galena,
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chalcopyrite, tetrahedrite, electrum, and küstelite. The main
gangue minerals are quartz, calcite, sericite, kaolinite, and barite.
The Au grade is 7–15 g/t, with an average of about 8 g/t; Ag is
40–160 g/t, with an average of about 80 g/t; the average of Pb is
0.80%, and the average of Zn is 1.22%.

3.3. Diaoquan Ag–Cu–Au deposit

The Diaoquan Ag–Cu–Au deposit is located in a Mesozoic vol-
canic basin, in the eastern part of Wutiashan and to the west of
Taihang Mt. (Zhou and Tang, 1997). The metamorphic basement
is not exposed in the mining area. Cambrian and Ordovician sedi-
mentary strata and Mesozoic volcanic rocks are the major strata,
striking 30–50�, and dipping NW at an angle of 10– 50�. In addi-
tion, Mesoproterozoic and Neoproterozoic carbonate and clastic
sedimentary rocks were found in drill cores and outside the mining
area. Cambrian and Ordovician dolomite and limestone are the
major wall rocks of the Diaoquan complex and the Ag–Cu ore bod-
ies. Several NW-trending, NEE-trending and NNE-trending faults
are traced in the mining area. The intermediate-felsic complex
related to mineralization occurs as a stock, emplaced at the inter-
section of two groups of faults, with a diameter of 900 m, an cov-
ering an area of 0.7 km2, The intrusion is composed by granite
porphyry, monzonite, gabbro and quartz porphyry (Figs. 5 and 6h
and i). There are also several mafic-intermediate-felsic dikes sur-
rounding the Diaoquan complex, and minor andesite cover in the
southwestern part.

Most of the Ag–Cu ore bodies located around the outside con-
tact zone of carbonate rocks with the Diaoquan complex, and the
ores occur in the skarn or marble (Fig. 6g). The ore bodies com-
monly show complex irregular shapes along the contact zone.
The grade of Ag decreases and that of Cu–Au increases with depth
(Li and Zhang, 1999). The ore shows massive, vein-like,
breccia-like, and disseminated structures. The ore minerals are
mainly argentite, hessite, native silver, gold, küstelite, chalcopyrite,
bornite, chalcocite, and molybdenite, and the main gangue miner-
als are garnet, diopside, epidote, calcite, and dolomite.

From the intrusion to carbonate wall rocks, the various styles of
alteration can be divided into four zones. These are inner alteration
zone characterized by sericitization, albitization, silicification,
chloritization, skarnization and carbonatization, with a width 0–
20 m and carrying molybdenite mineralization; skarn zone, mainly
composed of diopside-andradite skarn, epidote skarn and grossular
skarn, 2–60 m wide, hosting most of Ag–Cu ore bodies; skarniza-
tion marble zone, 0–50 m wide, with minor diopside, andradite,
grossular alteration, with local Ag–Cu ore bodies; and
marble-hornfels zone, 100–500 m wide.
Table 1
Sample locations and mineral compositions of the Mesozoic intrusive rocks from the Wut

Sample No. Longitude Latitude Rock type

Yixingzhai
D23–1 113�35037.300 39�21040.800 Granite por
D4–2 113�36005.200 39�20028.000 Porphyritic
D7–4 113�36008.800 39�21001.700 Quartz mon

Boqiang
HY-11 113�36009.000 39�08042.000 Porphyritic
HY-6 113�36017.200 39�08046.000 Granite por
NS-3 113�36034.400 39�07052.900 Porphyritic

Diaoquan
DQ-Y7 114�30026.600 39�32001.200 , Monzonite
DQ-5 114�30026.900 39�31057.500 , Granite por

Mineral abbreviations: Pl, plagioclase; Bt, biotite; Am, amphibole; Kfs, K-feldspar; Qtz, q
sphene.
4. Sampling and analytical techniques

4.1. Sampling and petrography

From a large number of samples of the intrusive rocks in the
Yixingzhai gold mine area, Boqiang-Gengzhuang Mo–Cu–Au min-
ing area and Diaoquan Ag–Cu mine area collected in this study,
eight representative samples were selected for zircon U–Pb dating
and Lu-Hf isotope analysis. These samples are closely related to the
mineralization in the areas, and their locations and mineral com-
positions are given in Table 1.

Granite porphyry, porphyritic granite and quartz monzonite are
the major intrusives in the Yixingzhai gold deposits. The granite
porphyry sample was collected from the Hewan cryptoexplosive
breccia and the rock shows porphyritic texture. The phenocrysts
account for 10 vol.% of the modal mineralogy, varying in length
from 0.5 mm to 1.2 mm, and include K-feldspar (�3 vol.%) and
quartz (�7 vol.%) (Fig. 7a). The matrix also contains K-feldspar
(50–55 vol.%) and quartz (35–40 vol.%). Accessory minerals are
minor magnetite and zircon. The K-feldspars commonly display
sericitization. The porphyritic granite sample comes from the west
of Sunzhuang pluton, and shows porphyritic texture. K-feldspar
(10 vol.%), quartz (10 vol.%), plagioclase (7 vol.%) and biotite
(3 vol.%) are the major phenocryst phases. The plagioclase, quartz
and biotite vary in length from 0.5 mm to 5 mm, and K-feldspar
ranges from 1 cm to 3 cm (Fig. 7b). The matrix is composed of
K-feldspar (40–45 vol.%) and quartz (25–30 vol.%) with minor mag-
netite, apatite and zircon. The plagioclase and biotite are com-
monly altered to sericite. The quartz monzonite was sampled
from the northern part of the Sunzhaung pluton, and shows
medium-grained granular texture. The rocks is composed of
K-feldspar (40–45 vol.%), plagioclase (30–35 vol.%), amphibole
(�10 vol.%), biotite (�5 vol.%) and quartz (�5 vol.%) (Fig. 7c).
Accessory minerals are magnetite, sphene, apatite, zircon and
hematite.

Granite porphyry, porphyritic granite and porphyritic quartz
monzonite are the intrusive rocks in Boqiang-Gengzhuang Mo–
Cu–Au deposits. The granite porphyry was collected from a small
intrusion close to the Mo–Cu ore bodies. The sample shows por-
phyritic texture. Quartz (�10 vol.%) K-feldspar (�10 vol.%), plagio-
clase (�5 vol.%) and minor biotite occur as phenocrysts with
lengths from 0.5 mm to 3 mm. The matrix is composed of
K-feldspar (30–35 vol.%) and quartz (40–45 vol.%) (Fig. 7d).
Accessory minerals are minor magnetite and zircon. The plagio-
clase and biotite commonly show sericitization. The porphyritic
granite carries phenocrysts of K-feldspar (15 vol.%), quartz
(10 vol.%), plagioclase (20 vol.%) and minor biotite. The
ai-Hengshan region.

Mineral assemble

phyry Kfs + Qtz + Zr + Mt
granite Kfs + Qtz + Pl + Bt + Zr + Mt + Ap
zonite Kfs + Pl + Am + Bt + Qtz + Mt + Spn + Zr + Ap

granite Kfs + Qtz + Pl + Bt + Zr + Mt
phyry Kfs + Qtz + Zr
quartz monzonite Kfs + Pl + Am + Bt + Qtz + Spn + Mt + Zr + Ap + Aln

Kfs + Pl + Am + Bt + Qtz + Cpx + Mt + Spn + Zr + Ap
phyry Kfs + Qtz + Cpx + Spn + Zr

uartz; Cpx, clinopyroxene; Mt, magnetite; Ap, apatite; Zr, zircon; Aln, allanite; Spn,



Fig. 7. Representative photomicrographs under cross polarized light showing the major mineral assemblages in this study. (a) granite porphyry (Sample D23–1); (b)
porphyritic granite (Sample D4–2); (c) quartz monzonite(Sample D7–4); (d) granite porphyry (Sample HY-11); (e) porphyritic granite (Sample HY-6); (f) porphyritic quartz
monzonite (Sample NS-3); (g) monzonite (Sample DQ-Y7); (h) granite porphyry (Sample DQ-5); Qtz-quartz; Am-amphibole; Pl-plagioclase; Kfs-K-feldspar; Bt-biotite.
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plagioclase, quartz and biotite phenocrysts range in length from
0.5 mm to 4 mm, and K-feldspar ranges from 0.5 cm to 1 cm.
The matrix is composed of K-feldspar (30–35 vol.%) and quartz
(20–25 vol.%) with minor magnetite, zircon and apatite (Fig. 7e).
Veinlets composed of fine-grained biotite cut the rock. The
plagioclase and biotite phenocrysts are commonly altered by ser-
icite. The porphyritic quartz monzonite contains plagioclase
(15 vol.%), varying in length from 0.5 mm to 1.5 mm. The matrix
is composed of K-feldspar (40–45 vol.%), plagioclase (25–
30 vol.%), quartz (�10 vol.%) and biotite (�5 vol.%) (Fig. 7f).
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Accessory minerals are magnetite, sphene, apatite, zircon and
allanite.

Monzonite and granite porphyries constitute the major con-
stituents of the Diaoquan intrusion. The granite porphyry is com-
posed of quartz (�10 vol.%), K-feldspar (�15 vol.%), plagioclase
(�5 vol.%) and minor pyroxene phenocrysts, varying in length from
1 mm to 5 mm (Fig. 7g). The matrix is composed of K-feldspar
(40–45 vol.%) and quartz (25–30 vol.%). Accessory minerals are
minor sphere and zircon. The monzonite displays medium-coarse
granular texture, and is composed of K-feldspar (40–45 vol.%),
plagioclase (40–45 vol.%), amphibole (�7 vol.%), biotite (�3 vol.%),
quartz (�3 vol.%) and minor pyroxene (Fig. 7h). Accessory minerals
are magnetite, sphene, apatite and zircon.

4.2. Analytical techniques

Zircon separation was performed in the Regional Geological
Survey Institute of Hebei province. After crushing, the mineral sep-
aration was performed by magnetic and density methods, and zir-
con grains were hand-picked under a binocular microscope.
Selected zircons were mounted onto an epoxy resin disk which
was ground and polished to expose the grains. Before the U–Pb
dating, all zircons were examined under transmitted and reflected
light, and their cathodoluminescence (CL) images were obtained
for examining the internal textures using a Field Emission
Scanning Electron Microscope MIRA3 XMU at the China
University of Geoscience.

Zircon U–Pb dating and elements analyses were performed in
the National Key Laboratory of Continental Dynamics of
Northwest University with a laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS). The analytical procedures
followed those described in of Yuan et al. (2004). The laser spot
diameter was 30 lm and frequency was 10 Hz. Zircon 91500 and
the standard silicate glass NIST were employed as a standard and
used to optimize the instrument. The GLITTER program was used
to calculate isotopic ratios and ages of 207Pb/206Pb, 206Pb/238U,
207Pb/235U. The method of Anderson (2002) was used to correct
the common lead, and the ages were calculated by ISOPLOT 4.15
software (Yuan et al., 2004).

In situ zircon Hf isotopic analytical procedures followed those
reported in Yuan et al. (2008). The analyses were conducted on
the same spots or adjacent domains of the U–Pb dating position.
The energy of 15–20 J/cm2 and a spot size of 45 lm were used.
The intensity of the interference-free 175Lu isotope were measured
to adjust isobaric interference of 176Lu on 176Hf, and a recom-
mended 176Lu/175Lu ratio of 0.02669 (DeBievre and Taylor, 1993)
was used to calculate 176Lu/177Hf ratios. Adjustment for the iso-
baric interference of 176Yb on 176Hf followed the method of
Woodhead et al. (2004). The interference-free 172Yb and 173Yb
measured during the analysis, 176Yb/172Yb ratio of 0.5886, and
the mean bYb value from 172Yb and 173Yb were used in correction
process. Zircon 91500 was used as the reference standard with a
recommended 176Hf/177Hf ratio of 0.282306 ± 10 (Woodhead
et al., 2004). All the results of Lu–Hf isotope are reported with a
1r error. Measured 176Hf/177Hf and 176Lu/177Hf ratios are used to
calculate initial 176Hf/177Hf ratios, adopting the decay constant
for 176Lu as 1.865 � 10�11 year�1 (Scherer et al., 2001). Initial
176Hf/177Hf ratios eHf(t) were calculated with reference to the
chondritic reservoir (CHUR) of Blichert-Toft and Albarède (1997).
Single-stage Hf model age (TDM) was calculated relative to the
depleted mantle with present-day 176Hf/177Hf = 0.28325 and
176Lu/177Hf = 0.0384 (Griffin et al., 2000). Two-stage Hf model age
(TDM

C ) was also calculated based on the average continental crust
176Lu/177Hf ratio of 0.015 (Griffin et al., 2002), mafic crust
176Lu/177Hf ratio of 0.02 and felsic crust 176Lu/177Hf ratio of 0.01
(Zhang et al., 2011).
5. Results

5.1. U–Pb data

5.1.1. Yixingzhai gold deposits
Most of the zircon grains in the granite porphyry sample D23-1

are colorless with brown stripes along cracks. The size of the zircon
grains range from 30–100 � 50–200 lm with aspect ratios of about
3.5:1 to 1.5:1. They are euhedral, stubby prismatic and weakly
zoned with low brightness in CL images, suggesting magmatic ori-
gin, but partly altered by late hydrothermal fluids (Fig. 8). Most of
the zircon grains are cracked, and therefore we only analyzed 6
grains. Their Th contents show a range of 67.67–319.3 ppm and
U contents are in the range of 257.11–550.25 ppm with Th/U ratios
of 0.26–0.63. The 206Pb/238U ages range from 139.4–144 Ma (Supp.
Table 1), with the weighted mean 206Pb/238U data yielding an age
of 142.1 ± 2.0 Ma (MSWD = 4.2) (Fig. 9).

All of the zircon grains in sample D4-2 are colorless. The zircon
grains range from 50–100 � 100–300 lm in size with aspect ratios
of about 6:1 to 1.5:1. They are all euhedral, long prismatic in shape,
oscillatory zoned with high brightness in CL images (Fig. 8), sug-
gesting their magmatic origin. A total of 23 spots were analyzed
on 23 zircon grains. Their Th contents range between 78.89 ppm
to 408.35 ppm and U contents show a range of 155.46–367.83
ppm. The Th/U ratios are in the range of 0.50–1.11 (Supp.
Table 1). All of the 206Pb/238U data except one spot fall on the con-
cordia, and show ages in the range of 130.4–141.2 Ma. These data
can be divided into two groups. The first group of data show a
weighted mean age of 138.6 ± 1.1 Ma (n = 9, MSWD = 0.58), and
the second group show weighted mean age of 134.4 ± 1.0 Ma
(n = 13, MSWD = 1.06) (Fig. 9).

The majority of the zircon grains in sample D7-4 is colorless,
and show size range of 50–100 � 50–200 lm. The aspect ratios
are about 2.5:1 to 1:1. They are subhedral to euhedral, stubby pris-
matic, with weakly zoned internal structure and low brightness in
CL images (Fig. 8). A total of 24 spots were analyzed on 24 zircon
grains. Their Th contents range between 43.6 ppm to
1536.81 ppm and U contents show a range of 49.25–713.26 ppm.
The Th/U ratios are in the range of 0.11–2.15 (Supp. Table 1). The
206Pb/238U ages fall in the range of 124.7–144.5 Ma. Except for 1
discordant analyses (11), 2 young ages (6 and 8) and 1 old age
(4), the remaining data can be divided into two age groups:
138.8 ± 1.2 Ma (n = 8, MSWD = 0.39) and 135.0 ± 1.0 Ma (n = 12,
MSWD = 0.60) (Fig. 9).
5.1.2. Boqiang-Gengzhuang Mo–Cu–Au deposits
All of the zircon grains in the granite porphyry sample HY-6 are

colorless. The zircon grains show a size range of 50–120 � 150–
300 lm, and the aspect ratios are about 3:1 to 2:1. They are euhe-
dral, prismatic and in CL images, the grains display oscillatory
zoned internal texture with medium brightness, with some grains
possessing grey to dark color zonings (Fig. 8). A total of 23 spots
were analyzed on 23 grains. Their Th contents show a range of
29.25–169.78 ppm and U contents range from 115.74 ppm to
296.7 ppm, with Th/U ratios of 0.22–0.79. The 206Pb/238U ages are
in the range of 122.5–143.6 Ma (Supp. Table 1). The age data can
be divided into three groups: 141.0 ± 1.6 Ma (n = 5,
MSWD = 0.45), 130.0 ± 1.2 Ma (n = 15, MSWD = 2), and
123.2 ± 1.5 Ma (n = 3, MSWD = 0.19) (Fig. 10).

The zircon grains in sample HY-11 are colorless, with size range
of 50–100 � 100–300 lm, and aspect ratios of 6:1 to 1.5:1. The
grains are euhedral, long prismatic, oscillatory zoned with medium
brightness in CL images (Fig. 8), suggesting their magmatic origin.
A total of 24 spots were analyzed on 24 zircon grains. Their Th con-
tents range of 2.48–250.24 ppm and U contents show a range of



Fig. 8. Cathodoluminescence images of zircon grains with analytical spot, ages (in Ma) and eHf(t) values.
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26.16–349.4 ppm, with Th/U ratios of 0.21–0.73 (Supp. Table 1).
Two of the data show 207Pb/206Pb ages of 1833.7 ± 29.04 Ma and
1938.9 ± 134.53 Ma. The 206Pb/238U ages of the other grains show
a range of 132.9–144.5 Ma. Except for 2 young ages (5 and 14), 1
old age (8) and 2 discordant analyses (7 and 15), the remaining
analyses yield a weighted mean 206Pb/238Uage of 138.7 ± 1.1 Ma
(n = 17, MSWD = 1.8).

The majority of the zircon grains in sample NS-3 are colorless,
showing size range of 50–120 � 50–250 lm and aspect ratios of
about 3:1 to 1.5:1. They are euhedral, stubby prismatic, with



Fig. 9. Zircon U–Pb age data plots of the samples from Yixingzhai gold deposit.
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medium zoned internal structure and medium to high brightness
in CL images (Fig. 8). A total of 30 spots were analyzed on 30 zircon
grains. Their Th contents range between 27.85 ppm to 290.99 ppm
and U contents show a range of 36.77–386.62 ppm with Th/U
ratios of 0.32–1.56 (Supp. Table 1). Two grains show 207Pb/206Pb
ages of 2349.2 ± 21.77 Ma and 2385.5 ± 24.94 Ma. The 206Pb/238U
ages of other 28 zircons are in the range of 126.5–142.9 Ma.
Except for 1 young grain (28), 1 old grain (1) and 5 discordant
grains (4, 6, 10, 16 and 30), the remaining grains yield a weighted
mean 206Pb/238U age of 134.6 ± 1.1 Ma (n = 21, MSWD = 1.4).
5.1.3. Diaoquan Ag–Cu–Au deposit
Most of the zircon grains in the monzonite sample DQ-Y7 are

colorless and show size range of 80–180 � 180–350 lm with
aspect ratios of about 2.5:1 to 1.5:1. They are euhedral, stubby
prismatic grains with and weak zoning and low brightness in CL
images (Fig. 8). A total of 19 spots were analyzed on 19 grains,
and the results show a range of 33.93–279.95 ppm Th and
58.63–258.87 ppm U, with Th/U ratios of 0.40–1.08. Their
206Pb/238U ages range from 121.9–144.2 Ma (Supp. Table 1).
Except for 2 young spots (6 and 11) and 3 discordant spots (2, 3



Fig. 10. Zircon U–Pb age data plots of the samples from Boqiang Mo–Cu–Au deposit.
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and 8), the remaining spots can be divided into two age groups:
141.6 ± 3.7 Ma (n = 3, MSWD = 0.73) and 132.2 ± 1.7 Ma (n = 10,
MSWD = 1.3) (Fig. 11).

All of the zircon grains in sample DQ-5 are colorless, with size
range of 50–100 � 100–200 lm and aspect ratios of about 3:1 to
1.5:1. They are all euhedral, stubby prismatic, weakly zoned and
display low brightness in CL images (Fig. 8). A total of 23 spots
were analyzed on 23 zircon grains. Their Th contents range from
30.26 to 545.64 ppm and U contents from 50.01 to 976.36 ppm.
The Th/U ratios vary between 0.43 and 0.89 (Supp. Table 1).
Except for 2 young spots (7 and 17), 1 old spot (2) and 3 discordant
spots (3, 10 and 15), the remaining grains yield a weighted mean
206Pb/238U age of 131.2 ± 0.9 Ma (n = 18, MSWD = 1.4) (Fig. 11).
5.2. Lu-Hf isotope data

5.2.1. Yixingzhai gold deposits
Six zircons in sample D4–2 were analyzed for in situ Lu-Hf iso-

topic composition. The results of (176Hf/177Hf)i (initial ratio) are in
a range of 0.282110–0.282250 (Supp. Table 2), and eHf(t) values
vary between �15.4 and -20.4. The Hf depleted mantle model ages
(tDM) of zircons range from 1400 Ma to 1588 Ma and the Hf crustal
model ages (tDM

C ) (176Lu/177Hf = 0.02) vary from 2383 Ma to
2731 Ma with the U–Pb ages of 135.6–139.4 Ma.

Six zircons in sample D7–4 were analyzed for in situ Lu-Hf iso-
topic composition, show the results of (176Hf/177Hf)i in a range of
0.282320–0.282402 (Supp. Table 2), and eHf(t) values vary from



Fig. 11. Zircon U–Pb age data plots of the samples from Diaoquan Ag–Cu–Au deposit.
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�10.1 to �16.0. The Hf depleted mantle model ages (tDM) range
from 1204 Ma to 1415 Ma and the Hf crustal model ages (tDM

C )
(176Lu/177Hf = 0.02) vary from 2006 Ma to 2418 Ma with the
U–Pb ages of 134.5–138.7 Ma.

In the eHf(t) vs. age diagram (Fig. 12), most of the data on
zircons from samples D4–2 and D7–4 plot in the mafic crust zone
Fig. 12. Hf isotope data on zircons from the Mesozoic intrusions o
or between this zone and the chondrite line, suggesting complex
source of lower crust and mafic magma derived from mantle.

5.2.2. Boqiang-Gengzhuang Mo–Cu–Au deposits
Six zircons in sample HY-6 were show (176Hf/177Hf)i in the

range of 0.282188–0.282247 (Supp. Table 2). The zircons display
f Wutai-Hengshan region. CHUR, chondritic uniform reservoir.
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negative eHf (t) values varying from �15.5 to �17.8. The Hf
depleted mantle model ages (tDM) of zircons range from 1410 Ma
to 1478 Ma and the Hf crustal model ages (tDM

C )
(176Lu/177Hf = 0.02) vary between 2388 Ma and 2545 Ma.

Six zircons in sample HY-11 show (176Hf/177Hf)i in the range of
0.282201–0.282387 (Supp. Table 2), and eHf(t) values of �10.7 to
�17.2. The Hf depleted mantle model ages (tDM) range from
1215 Ma to 1462 Ma and the Hf crustal model ages (tDM

C )
(176Lu/177Hf = 0.02) of 2047–2505 Ma.

Six zircons from sample NS-3 show relatively homogeneous Hf
isotopic compositions, with (176Hf/177Hf)i ranging from 0.282175
to 0.282313 and eHf(t) in the range of �13.4 to �18.2 (Supp.
Table 2). The Hf depleted mantle model ages (tDM) vary from
1322 Ma to 1493 Ma and the Hf crustal model ages (tDM

C )
(176Lu/177Hf = 0.02) of 2230–2575 Ma.

In the eHf(t) vs. age figure (Fig. 12), the zircon data from these
rocks fall in the same zone as those of the Yixingzhai gold deposits,
showing a complex sources including e both Archean reworked
crust and mantle materials.
5.2.3. Diaoquan Ag–Cu–Au deposit
Six zircons in sample DQ-Y7 show (176Hf/177Hf)i ratios in the

range of 0.282263–0.282396 (Supp. Table 2), and eHf(t) values of
�10.4 to �15.1. The Hf depleted mantle model ages (tDM) of these
zircons range from 1209 Ma to 1393 Ma and the Hf crustal model
ages (tDM

C ) (176Lu/177Hf = 0.02) are in the range of 2011–2316 Ma.
Six zircons in sample DQ-5 show (176Hf/177Hf)i ranging from

0.282278 to 0.282402 (Supp. Table 2), and eHf(t) values of �10.2
to �14.6. The Hf depleted mantle model ages (tDM) range from
1201 Ma to 1368 Ma and the Hf crustal model ages (tDM

C )
(176Lu/177Hf = 0.02) are in the range of 2025–2352 Ma.

The data from Diaoquan Ag–Cu deposit display higher values of
eHf(t), and more close to the chondrite line than the data from the
other two localities. In the eHf(t) vs. age figure (Fig. 12), the data
suggest more mantle contribution for the magmas.
6. Discussion

6.1. Timing of magmatism and metallogeny

Although Mesozoic magmatism and metallogeny in the
Wutai-Hengshan region have been identified for many years, the
precise ages of these are still not well constrained. Previous studies
based on K–Ar and Rb–Sr isotopic dating show a wide range of
from 240 Ma to 50 Ma for the intrusive rocks (e.g., Li et al., 2000;
Ma and Li, 1999; Zhao and Du, 2007). Recent zircon U–Pb dating
on Sunzhuang pluton yielded emplacement age of 134 Ma (Li
et al., 2014b), correspondingwith the ages of magmatism and met-
allogeny in the Taihang Mountains (e.g. Li et al., 2013; Shen et al.,
2013; Dong et al., 2013; Li et al., 2014a; Sun et al., 2014; Chen et al.,
2005). In this contribution, eight samples of the magmatic intru-
sions in three important mining areas were dated for constraining
the emplacement ages and the relation with the associated
mineralization.

Among the three samples related to the Au and Mo mineraliza-
tion from Yixingzhai gold deposits, the granite porphyry (D23–1)
from Hewan breccia pipe shows an emplacement age of
142.1 ± 2.0 Ma. Mo mineralization occurred in the outer and inner
contact zones of Hewan breccia pipe and Archean TTG rocks, and is
closely related to the granite porphyry, the age that we obtained
might broadly correspond to the timing of Mo mineralization.
Both the quartz monzonite (D7–4) and porphyritic granite (D4–
2) from Sunzhuang pluton show two groups of ages, the older
one representing the timing of crystallization in the deep magma
chamber, and the younger ages of 135.0 ± 1.0 Ma and
134.4 ± 0.94 Ma reflecting the emplacement ages, which are con-
sistent with the ages reported by Li et al. (2014b). The
Sunzhuang is considered to be genetically linked with gold miner-
alization (Li et al., 2014b), and previous studies reported Rb–Sr iso-
chron age of 136 ± 9 (1r) (Tian et al., 1998) and 40Ar – 39Ar plateau
ages of 131.4 ± 3.1 Ma (Ye et al., 1999) from the auriferous quartz
veins of the Yixingzhai gold deposit. The emplacement age that
we obtained in our study is close to these ages.

The Boqiang-Gengzhuang Mo–Cu–Au mining area located in the
same magmatic–metallogenic belt carries similar intrusive rocks
types. The granite porphyry (HY-6) here shows three age groups
as 141 ± 1.6 Ma, 130 ± 1.2 Ma and 123.2 ± 1.5 Ma. The porphyritic
granite (HY-11) displays a weighted mean age of 138.7 ± 1.1 Ma
and the porphyritic quartz monzonite (NS-3) displays an age of
134.6 ± 1.1 Ma. The field settings show that the porphyritic quartz
monzonite intruded into the granite porphyry and the porphyritic
granite cut the Mo ore bodies which are partly hosted by granite
porphyry, indicating that the granite porphyry is the earliest intru-
sive phase. The age of 141 ± 1.6 Ma might therefore represent the
emplacement age of the granite porphyry. For the breccia-like
granite porphyry cut by stockwork quartz veins, the 130 ± 1.2 Ma
and 123.2 ± 1.5 Ma zircon ages might represent two stages, an
early magmatic and a later hydrothermal activity. According to
the cross-cutting relationship, the Mo mineralization is inferred
to have occurred after the emplacement of the granite porphyry
and before the intrusion of the porphyritic granite, broadly within
the span of 141–138.7 Ma. The gold mineralization in Gengzhuang
gold deposit shows a close relationship with porphyritic quartz
monzonite, and is contemporaneous with, or after the emplace-
ment of the pluton at 134.6 Ma, which is accordance with the gold
mineralization age of the Yixingzhai deposit.

The monzonite (DQ-Y7) from Diaoquan Ag–Cu deposit shows
two groups of ages, the three older grains maybe xenocrysts, rep-
resenting an earlier magmatism, and the second group with a
weighted mean age of 132.2 ± 1.7 Ma reflects the emplacement
age. The granite porphyry (DQ-5) shows U–Pb zircon age of
131.2 ± 0.9 Ma, which is very close to the Rb–Sr whole rock iso-
chron age of 130.9 ± 1.4 Ma from the granite porphyry (Li and
Zhang, 1999). Molybdenite-quartz veins cut the monzonite and
porphyritic granite (Fig. 6h), indicating that the mineralization
occurred after the monzonite emplacement. As the major phase
of the intrusion, the granite porphyry shows more close relation-
ship with mineralization, and therefore the intrusive age is taken
to be close to the mineralization age.

In summary, the magmatism and metallogeny in the Yixingzhai
and Boqiang-Gengzhuang mining regions continued from about
142 Ma to 130 Ma, starting with felsic granite porphyry with Mo
mineralization, followed by intermediate magma emplacement
associated with gold mineralization. The emplacement of magma
and mineralization in Diaoquan mining region occurred during
132–130 Ma.

6.2. Origin and evolution of magma

The felsic hypabyssal rocks including granite porphyry and
quartz porphyry show high SiO2 and K2O contents, highly fraction-
ated rare earth elements (REE), strongly negative Eu anomaly. The
intermediate intrusions display high alkali element contents,
highly fractionated rare earth elements (REE), and weekly negative
Eu anomaly (Shen et al., 1998; Luo, 2009; Ge et al., 2012; Supp.
Fig. 1a–c). The felsic magma was considered to be the product of
partial melting of the crust and the intermediate magma was
derived from the melting of crust with mantle input (Jing, 1985;
Shen et al., 1998). Lu-Hf isotope data are widely used to evaluate
the source of magma and crustal evolution (e.g., Zhang et al.,
2011; Yang et al., 2014; Guo et al., 2014; Yang and Santosh,
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2014). The eHf(t) vs. age diagram (Fig. 12) shows that the mafic
crust was possibly the main source of magma with input from
mantle.

Previous studies (e.g., Jing, 1985; Shen et al., 1998) considered
that the porphyritic granite was derived by the crystallization dif-
ferentiation of diorite and monzonite magma. The results of zircon
U–Pb dating in this study show that the porphyritic granite pos-
sesses emplacement age similar to that of the quartz monzonite.
The REE patterns also show similar features with no obvious neg-
ative Eu anomaly (Jing, 1985; our unpublished data), indicating the
absence of any significant plagioclase fractionation. In situ Hf iso-
tope analyses show that eHf(t) values of the porphyritic granite
vary between �15.4 and �20.4, lower than that of the quartz mon-
zonite which is in the range of �10.1 and �16 (Suppl. Table 2). All
of the data plot in the mafic crust and adjacent region
(176Lu/177Hf = 0.02) in the eHf(t) vs. age diagram (Fig. 12a), indicat-
ing that the major magma source involved partial melting of lower
crust. The eHf(t) values of quartz monzonite show a trend close to
the chondrite line (see Fig. 12), indicating that mantle materials
were involved in the magma genesis. The wide distribution of
mafic microgranular enclaves (MME) with different sizes in the
quartz monzonite supports this inference, and suggests that
magma mixing and mingling played a key role in the formation
of Sunzhuan pluton. The lead isotope data from the Sunzhuang
pluton when plotted on the lead isotope evolution diagrams of
Zartman and Doe (1981), falls within the lower crust line/area in
the 206Pb/204Pb vs. 207Pb/204Pb diagram and cluster between the
lower crust and mantle lines in the 206Pb/204Pb vs. 208Pb/204Pb dia-
gram (Li et al., 2014b), supporting the above conclusions.

Most of the eHf(t) values of the granite porphyry, porphyritic
granite and porphyritic quartz monzonite from Boqiang mining
area plot in the mafic crust zone in the eHf(t) vs. diagram
(Fig. 12a), implying that the lower crust was the main source of
the magma. A couple of data from the porphyritic granite fall above
the mafic crust zone, suggesting the input from mantle sources.

The eHf(t) values of the granite porphyry and monzonite from
Diaoquan Ag–Cu deposit show a narrow variation of �15.1 to
�10.2, and plot in the mafic crust zone in the eHf(t) vs. diagram
(Fig. 12a), suggesting magma sources from the lower crust with
mantle input. The parent magma might have involved the mixing
of felsic magma derived through the melting of lower crust and
mafic magma derived from mantle. The similarity of eHf(t) values
suggests that the granite porphyry and monzonite were derived
from the same source. The lithological sequence including gabbro,
monzonite, granite porphyry and quartz porphyry, and the compo-
sitional variation from intermediate to felsic members, together
with the decrease in Eu anomaly with increasing SiO2 in the differ-
ent rock types (Li et al., 2000; Supp. Fig. 1d) suggest that crystal-
lization differentiation played an important role in the formation
of the various rocks types in the Diaoquan complex intrusion.

In summary, most of the eHf(t) values of acid and intermediate
rocks plot in the region of mafic crust, suggesting that partial melt-
ing lower crustal were the main mechanism for the origin of the
magma. The intermediate rocks show larger eHf(t) values than
those of the acid rocks, indicating that mantle-derived magma
might also have been involved, and that the intermediate rocks
were produced by the mixing of mantle-derived mafic magmas
with the felsic magmas in different proportion. Crystallization dif-
ferentiation played an important role in the formation of the
Diaoquan complex intrusion.

6.3. Implications for cratonic lithospheric destruction

The debate over the timing, mechanism and process of destruc-
tion of the NCC is largely focused on the different concepts and
definitions of the process of cratonic lithospheric destruction. The
significant magmatic, tectonic and earthquake activities were con-
sidered to be the typical features associated with cratonic destruc-
tion or decratonization. Zhu et al. (2012) proposed that cratonic
destruction means that the main part of a craton (at least
�50 vol.%) loses its stability and is affected by extensive magma-
tism and deformation; where only a small part of a craton becomes
unstable, it can be referred to as ‘‘partial destruction’’. The distribu-
tion and timing of magmatism and metallogeny provide important
information about the scope and time of cratonic destruction. From
Carboniferous to Jurassic, the magmatism mainly occurred at the
margins of the NCC, gradually extending into the center of the cra-
ton and reaching a peak during Cretaceous (Xu et al., 2009; Zhu
et al., 2012; Li et al., 2014a). Thus, it has been suggested that the
destruction of the NCC started at its margins, and extended to
the inner domains with time. The Wutai-Hengshan region is
located in the center of the NCC, and carries evidence for extensive
Mesozoic magmatism and metallogeny. Our study suggests that
the magmatism and metallogeny in this region occurred during
142–130 Ma, which is in accordance with the timing of magma-
tism and metallogeny along the two flanks of the Taihang
Mountain, inferred as 125–145 Ma (Chen et al., 2008; Li et al.,
2013; Shen et al., 2013; Dong et al., 2013; Gao et al., 2012).
These data indicate that the Early Cretaceous was the main stage
of craton destruction. In a recent study, Yang and Santosh (2015)
also identified magma flare up at this time from the eastern part
of the NCC, associated with the major gold mineralization in the
Jiaodong region.

The lower crust had been destroyed in the magma process. In
situ zircon Hf isotopic analytical data show that the �2.5 Ga lower
crust was the main source of magma, suggesting extensive lower
crustal melting. The geophysical data show that there is large vol-
ume low-velocity body beneath the Wutai-Hengshan region, and is
considered to represent partial melting (Deng et al. 2007). The
underplating of mafic magma may cause the melting of lower crust
(Zhu et al., 2012). Therefore, the crust in the central part of the NCC
has been extensively modified by crust–mantle interaction during
the cratonic destruction, as shown in Fig. 13.

The geodynamic mechanism and cause of the sudden surge of
magmatism and metallogeny in the Mesozoic has long been a con-
troversial issue (Menzies et al., 1993; Luo et al., 1997; Zhang et al.,
2002; Gao et al., 2004; Rudnick et al., 2004). Two major geody-
namic models were proposed. One of these suggested that the
Triassic collision between the NCC and Yangtze Block caused the
loss of physical integrity of the craton, leading to the lithospheric
destruction (Menzies et al., 1993; Xu, 2001), and the Mesozoic
magmatism and metallogeny developed in an intra-continental
extensional regime during the post-collision (e.g., Zhang et al.,
2002; Mao et al., 2003). The other model proposed that the
Mesozoic magmatism and metallogeny in the NCC were initiated
by the subduction of the paleo-Pacific oceanic slab, and is part of
the East Asian continental arc series (e.g., Wu et al., 1995; Sengör
and Natal’in, 1996; Chen et al., 2004, 2005; Goldfarb and
Santosh, 2014; Li and Santosh, 2014; Li et al., 2015). Chen et al.
(2005) identified that the ages of the calc-alkaline magmatic rocks
show a northwestward younging trend from the Japanese island
chain and Korean Peninsula (210 Ma), through Jiaodong and
Liaodong Peninsula (180 Ma), to the Taihang Mountain (138 Ma),
and linked this with the subduction of the paleo-Pacific oceanic
slab. The vertical cross sections of P wave velocity perturbations
show that Pacific plate was located behind the eastern part of
the NCC at 400–600 km depth through subduction from the east
(Huang and Zhao, 2006). These observations suggest that the sub-
duction of the paleo-Pacific oceanic slab might have been the main
geodynamic mechanism for NCC destruction.



Fig. 13. Schematic model of Mesozoic magmatism in the Wutai-Hengshan region.
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7. Conclusions

(1) The magmatism and metallogeny in the Wutai-Hengshan
region occurred during 142 Ma and 130 Ma. The Yixingzhai
and Diaoquan mining areas show granite porphyry, por-
phyritic granite and quartz monzonite intrusions that are
associated with Au, Mo and Cu mineralization. The mon-
zonite and granite porphyry are the main rock types of
Diaoquan Ag–Cu–Au deposit.

(2) The most felsic magma was produced by partial melting of
the lower crust in this region, and the intermediate magma
by the mixing of this felsic magma with mantle-derived
mafic magma in different proportion. Crystallization differ-
entiation played an important role in the formation of
Diaoquan intrusion.

(3) The magmatism and metallogeny in the Wutai-Hengshan
region suggest that the Early Cretaceous was the main stage
of craton destruction, and that the mafic lower crust had
been modified by mafic magma derived from mantle. The
subduction of paleo-Pacific oceanic slab is suggested as the
main geodynamic mechanism.
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