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Currently ranking as the largest producer of gold in the world, China's gold reserves are spread over 200 major
gold deposits and several minor deposits. A large part of these belong to the late Mesozoic gold deposits in the
North China Craton (NCC) that occur along craton margins, as well as within the cratonic interior in reactivated
paleo sutures, and show a close spatio-temporal relationship with zones of lithospheric thinning and craton de-
struction. Here we integrate and evaluate geophysical information from the NCC through an analysis of receiver
function and tomography that suggestmantle upwelling accompanied by lower crustal or lithospheric delamina-
tion. Our results identify that themajor gold belts in the NCC are largely located above zones ofmantle upwelling
and craton destruction. The faults and paleo sutures provided the pathways for migration of ore-bearing fluids,
with the granitoids offering favorable conditions for gold deposition.
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1. Introduction

The major cratons on the globe are characterized by ancient crustal
material overlying thick lithospheric keel. The thickness of the cratonic
lithosphere ranges up to 200–250 km such as in the case of the
Kaapvaal, Siberia and Slave cratons (Gung et al., 2003; Mather et al.,
2011;Wang et al., 2014). Due to the low geotherms in the ‘tectospheric’
keel composed of thick sub-continental lithospheric mantle, most cra-
tons are typically dormant except for some eruptions of kimberlites
(Tang et al., 2013a, 2013b, 2013c). A major exception is the North
China Craton (NCC), one of the ancient cratonic fragments in the Asian
continental collage, the base of which has been differentially eroded
and destroyed resulting in the loss of the typical features of other Arche-
an cratons (Menzies et al., 1993; Griffin et al., 1998; Menzies and Xu,
1998; Fan et al., 2000; Xu, 2001; Gao et al., 2002; Qiu et al., 2002; Zhai
and Santosh, 2013).

It is well accepted that the old, thick and refractory lithospheric keel
beneath the eastern part of the NCC was largely replaced by young and
fertile lithospheric mantle during the Mesozoic and Cenozoic (Menzies
et al., 1993; Santosh et al., 2010; Li and Santosh, 2013; Zhai and Santosh,
2013). However, the mechanism of the Mesozoic lithospheric thinning
beneath the NCC is debated (Xu, 2001, 2004, 2007; Xu et al., 2009;
Gao et al., 2004; Niu, 2005; Wu et al., 2008; Deng et al., 2007; Menzies
et al., 2007; Zhai et al., 2007; Menzies et al., 1993; Griffin et al., 1998;
Zhang et al., 2012a, 2012b; Chen, 2010; Tang et al., 2013a; Huang
et al., 2012). Models on craton destruction in the NCC revolve around
two schools of thought: one proposing the upwelling asthenosphere
leading to thermal or mechanical erosion beneath the lithosphere and
craton destruction (Menzies et al., 1993; Zheng et al., 1998; H.F. Zhang
et al., 2002; Tian et al., 2009; Tian and Zhao, 2011; Guo et al., 2013; He
et al., 2015) and the other favoring lower crustal and (or) lithospheric
delamination resulting in decratonization (Gao et al., 1998; Xu et al.,
2002; Wu and Sun, 1999; Gao et al., 2004, 2009; Deng et al., 2004a,
2004b; Xu and Zhao, 2009; He et al., 2015). The erosionmodel considers
destruction of the lithospheric mantle by hydrous melts derived either
from subducting oceanic lithosphere, or plumes rising from the as-
thenosphere (Menzies et al., 1993; Zheng et al., 1998; H.F. Zhang et al.,
2002), whereas the delamination model envisages foundering of
eclogitic lower crust followed by upwelling mantle (Ling et al., 2009;
He et al., 2015).

While previous studies of mantle upwelling were largely based on
speculative tectonic models and indirect geochemical and isotopic evi-
dence, He et al. (2015) used geophysical data to image an upwelling
mantle plume beneath the northern part of the Trans-North China
Orogen and the eastern NCC. They suggested that westward subduction
of the Pacific Plate and resultant compression led to lower crustal and
(or) lithospheric delamination in the central and southern part of the
eastern NCC. Eventually, both upwellingmantle plume and lower crust-
al and (or) lithospheric delamination resulted in considerable litho-
spheric thinning and craton destruction in the eastern NCC (He et al.,
2015).
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Importantly, the lithospheric thinning and cratonic destruction
which accompanied widespread magmatism and deformation also re-
sulted in the formation of abundant gold deposits, launching China as
the largest producer of gold in the world (Yang et al., 2003; Li et al.,
2013; Tang et al., 2013c; Li and Santosh, 2014; Goldfarb and Santosh,
2014; Groves and Santosh, 2015; Yang and Santosh, 2015a; Zhang
et al., 2015). At least six major gold metallogenic belts have been iden-
tified in the NCC (Fig. 1). Based on the consistency between the ages of
most of the gold ores and the time of lithospheric thinning in the NCC,
craton destruction is inferred to have exerted a major control on gold
metallogeny, particularly in the Late Mesozoic (Li and Santosh, 2014;
Li et al., 2013). Several investigations have been carried out on the Chi-
nese gold deposits (see Deng andWang, 2015 for a recent review), sug-
gesting the potential link between metallogeny and craton destruction
in the NCC (Li and Santosh, 2014). However, the tectonic setting of
these deposits and the role of mantle dynamics remain poorly
understood.

In this paper, we apply geophysical techniques involving interpreta-
tion of results from recent receiver function analysis (He et al., 2015)
and tomographic study to evaluate the relationship between the distri-
bution of the major gold mineralized belts and mantle dynamics in the
NCC.

2. Geological setting and gold metallogeny

2.1. Tectonic framework of the NCC

The North China Craton (Fig. 1) is composed of several Archean
micro-continents which were amalgamated within the three major
crustal units of Yinshan, Ordos and Eastern Blocks (Zhai and Santosh,
2011; Yang et al., 2015). The Yinshan and Ordos Blocks were welded
along the InnerMongolia Suture Zone (IMSZ, Santosh, 2010; incorporat-
ing the Khondalite Belt, Zhao et al., 2005) into the unified Western
Block, and the Eastern and Western Blocks collided along the Trans-
North China Orogen (TNCO), both during the Paleoproterozoic between
1.92 and 1.85 Ga (Zhao and Zhai, 2013; Yang and Santosh, 2015b, and
references therein). The NCC is bounded by the early Paleozoic Qilian
Fig. 1.General tectonic framework and distribution of themajor goldmineralized belts (shown as
2010; Li and Santosh, 2014; Yang et al., 2015). a: North NCC gold district, b: Jiaodong gold district,
orogen in the west, the late Paleozoic to Mesozoic Central Asian Orogen
in the north, and the Mesozoic Qinling–Dabie–Sulu orogen in the south
(Zhao et al., 2001; Xu et al., 2012; Dong and Santosh, 2016).

The major tectonic events associated with the evolution of the NCC
have been summarized in previous studies as follows (Zhai and
Santosh, 2011; Zhao and Zhai, 2013): (1) Crustal growth and stabiliza-
tion during Neoarchean; (2) rifting–subduction–accretion–collision
from early to late Paleoproterozoic; (3) multistage rifting during Late
Paleoproterozoic–Neoproterozoic; (4) craton margin orogenesis during
Paleozoic, and (5)Mesozoic extensional tectonics associated with litho-
sphere thinning and decratonization. Zhai and Santosh (2013) traced
the correlation between secular changes in tectonic regimes were
with the formation of at least fivemajor metallogenic systems: Archean
Banded Iron Formation (BIF), Paleoproterozoic Cu–Pb–Zn and Mg–B,
Mesoproterozoic REE–Fe–Pb–Zn, Paleozoic orogenic Cu–Mo, andMeso-
zoic intracontinental Au and Ag–Pb–Zn and Mo. Among these, major
gold mineralization is associated with the large-scale Mesozoic
magmatism, considered to be related to mantle dynamics and crust–
mantle interaction leading to the lithospheric thinning and craton de-
struction in the NCC.

Currently ranking as the largest producer of gold in the world,
China's gold reserves are spread over 200 major gold deposits and sev-
eral minor deposits, and those in the NCC are mainly clustered into
three major domains: the northern margin, the northeastern part of
the NCC (including Jiaodong and Luxi areas and the western part of
the Tan-Lu fault), and the southern margin (including Xiaoqinling and
Xiong'ershan areas). The timing of gold mineralization in this region
mostly constrained as Early Cretaceous (Goldfarb and Santosh, 2014).
Although previous studies correlated many of the gold deposits located
within the craton as greenstone belt-type (Zhai et al., 2002; Deng et al.,
2003), this notion has recently been challenged because the host rocks
of these deposits are high-grade metamorphic rocks, and the age of
the mineralization is considerably younger than that of the Archean
greenstone belts. In a recent review, Deng and Wang (2015) compiled
the geochronological data on these gold deposits and showed that
most of them belong to Phanerozoic, which they attributed to the oro-
genic overprinting, such as the Permian closure of Paleo-Asian Ocean
boxeswith dotted lines) of the North China Craton (modified after Zhao et al., 2005; Santosh,
c Linyi gold district, d: Xiong ershan gold district, e: Xiaoqiling gold district (Yang et al., 2013).
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between theNCC and the Siberian Craton, the Triassic collision between
the NCC and Yangtze Craton, and the Jurassic–Cretaceous subduction of
the Pacific Ocean beneath the Eurasian continent.

2.2. Major gold metallogenic belts of the NCC

2.2.1. Northern margin of North China Craton
A1500 km-long EW-trending gold belt in the northernmargin of the

NCC hosts a gold resource of around 1000 t Au (Hart et al., 2002). The
major deposits in this belt include those in the Daqingshan, Zhangjia-
kou, Yanshan, West Liaoning and Changbaishan areas from west to
east (Deng andWang, 2015). Several hundred deposits and occurrences
formed in this region, through multiple orogenic events (Wang et al.,
2015). Themajor proportion of deposits are hostedwithin Precambrian
metamorphic rocks, with subordinate (~30%) ones within Paleozoic or
Mesozoic intrusions (Cook et al., 2009). In the Daqingshan gold area,
Nie et al. (2005) reported 40Ar/39Ar sericite plateau age of 240 Ma for
auriferous quartz veins. In the Zhangjiakou area, Bao et al. (2014) re-
ported U–Pb age of 389 ± 1.0 Ma from hydrothermal zircons in the
Dongping deposit. Results from fluid inclusion and noble gas analyses
of the Dongping deposit led Mao et al. (2003) to invoke a mantle con-
nection for the orefluids. The Jinchangyu andYuerya large gold deposits
occur in the Yanshan area, along with some medium to small deposits.
Re–Os dating of molybdenites from Jinchangyu show weighted mean
age of 225 ± 4 Ma and an isochron age of 223 ± 5 Ma (Song et al.,
2014). The zircon fission-track age of the Yuerya deposit is in the
range of 200–115 Ma (Tang et al., 2003). The formation ages of the
Jinchangyu and Yuerya gold deposits are similar to those of the
Qingshankou and Yuerya granitic plutons (Deng and Wang, 2015).
The gold deposits in West Liaoning include the Jinchanggouliang and
Paishanlou large deposits and many smaller gold deposits including
the Honghuagou, Lianhuashan, and Shuiquan. The regional magmatism
here lasted from Triassic to Cretaceous (Miao et al., 2003; Luo et al.,
2001). The 40Ar/39Ar ages of biotite from the NNE-trending ductile
shear zone and K-feldspar from gold-bearing altered rocks in the
Paishanlou deposit are 126.6 ± 1.1 Ma (Zhang et al., 2005) and
116.7 ± 1.2 Ma (Wang et al., 2008) respectively, suggesting coeval
mineralization in Cretaceous. The Changbaishan gold area, located in
eastern Liaoning and southern Jilin provinces, includes the Jiapigou
super-large goldfield, as well as the large Maoling, Wulong and
Xiaotongjiapuzi gold deposits. Luo et al. (2002) reported 40Ar/39Ar pla-
teau age of 204.0 ± 0.5 Ma from sericite in Jiapigou. The ages obtained
from Wulong and Xiaotongjiapuzi are 112.2 ± 3.2 Ma (quartz Rb–Sr)
and (167 ± 2 Ma sericite Ar–Ar) (Deng and Wang, 2015).

Among the four pulses of magmatism along the northern margin of
the NCC, the 143–125 Ma magmatic event represented by the
Shangshuiquan monzogranite in Dongping, which temporally coincide
with the widespread Cretaceous magmatism in eastern China, has
been considered to be related to lithosphere thinning (Miao et al.,
2002; Deng et al., 2004a, 2004b; Deng et al., 2009). The three pulses of
gold mineralization at 240–204 Ma, 192–167 Ma, 127–112 Ma in this
region have been correlated to post-collisional stage, post-orogenic
stage, and lithospheric thinning stage respectively (Deng and Wang,
2015).

2.2.2. Northeastern NCC

2.2.2.1. Jiaodong Peninsula. The Jiaodong Peninsula in eastern
Shandong Province along the eastern margin of the NCC is bordered
by the Tan-Lu Fault to the west and the Su–Lu ultrahigh-pressure
metamorphic belt to the east. The Precambrian basement in this re-
gion is dominantly composed of Neoarchean–Paleoproterozoic TTG
(tonalite–trondhjemite–granodiorite) gneisses, felsic and mafic vol-
canic and volcano-sedimentary successions, all metamorphosed
under upper amphibolite to granulite facies conditions and variously
reworked during the Mesozoic orogeny (Qiu, 1989; Wang et al.,
1998; Yang et al., 2003, 2013, 2014; Guo et al., 2013). The Mesozoic
intrusions have been classified into three suites: the Linglong,
Kunyushan and Guojialing. The Linglong and Kunyushan suites show
ages of 160 to 156 Ma, whereas the Guojialing suite is dated as 130 to
126 Ma (Guan et al., 1998; Wang et al., 1998; Zhang et al., 2003a,
2003b). Numerous Cretaceous mafic-intermediate dikes are also wide-
spread in Jiaodong Peninsula. A major magmatic event of Early Creta-
ceous age has been recorded in the Jiaodong Peninsula (Wu et al.,
2005c; Guo et al., 2013). Yang and Santosh (2015a) identified a remark-
able overlap between the peak timing of gold mineralization and the
peak of volcanism in the Jiaodong area at ca. 125–120 Ma.

Previous studies broadly classified the gold mineralization in
Jiaodong into two types: the Linglong-type and the Jiaojia-type
(Goldfarb and Santosh, 2014 and references therein). The Linglong
type gold vein mineralization is typically represented in the Linglong,
Jinqingding and Denggezhuang deposits (Yang et al., 2003). The Jiaojia
type disseminated mineralization is mostly developed in the north-
western Jiaodong region, together with some Linglong type (Li and
Santosh, 2014). These types of gold deposits are also found in the
Xiaoqingling and the Luoning–Songxian regions in the southernmargin
of the NCC (Li and Santosh, 2014).

Goldfarb and Santosh (2014) noted that the ca. 126–120 Ma Au
deposits of the Jiaodong Peninsula define the country's largest gold
province with an overall endowment estimated as N3000 t Au. They
emphasized that the Jiaodong deposits formed within two Precambrian
blocks approximately 2 billion years after devolatilization of the country
rocks. They invoked ore fluid focusing associated with sub-crustal
thermal event, which they speculated to be a combination of coeval lith-
ospheric thinning, asthenospheric upwelling, paleo-Pacific plate sub-
duction, and seismicity along the continental-scale Tan-Lu fault. They
envisaged that ore fluids were produced directly by themetamorphism
of oceanic lithosphere and overlying sediment on the subducting paleo-
Pacific slab, or by devolatilization of an enriched mantle wedge above
the slab.

2.2.2.2. Luxi area (western part of the Tan-Lu fault). In the Luxi area, Me-
sozoic magmatic rocks comprise granitic intrusions, K-rich volcanic
rocks and lamprophyre dikes (Lin et al., 1995). The gold belt in south-
western Luxi area which incorporates the Tongshi, Yinan and Cangshan
domains are located in thewestern segment of the central region of the
Tan-Lu Fault. The mineralization in southwestern Luxi area includes
cryptoexplosive breccia type, skarn type, ancient karst type, layered
disseminated limestone type, quartz vein type and porphyry altered
rock type (Zeng et al., 1999). The granitoids from the Luxi area also
show two age groups: the Tongshi complex with ages in the range of
175–190 Ma, and the Tongjing and Jinchang complexes with ages in
the range of 113–135 Ma. The intermediate–mafic dikes in this region
have ages in the range of 88 to 144 Ma. The ages of mineralization in
Luxi area mainly include two stages: 180–170 Ma and 128–133 Ma
(Guo et al., 2013).The gold metallogeny and the sources of ore-
forming material in the Luxi gold belt are fairly defined and correlated
to the Mesozoic intermediate–alkaline volcano-plutonic complexes
(Lin et al., 1995; Wang and Gao, 2001).

2.2.3. Southern margin of NCC
The Xiaoqinling–Xiong'ershan gold province, with ca. 600 t of gold

reserves, is located at the Qinling Mountains of eastern Shaanxi and
western Henan provinces in the southern margin of the NCC, a region
that witnessed the Mesozoic continental collision between the NCC
and the Yangtze Craton. The gold deposits in this region cluster in
three areas: the Xiaoqinling district to the west, the Xiaoshan district
in the center, and the Xiong'ershan district to the east.

The basement rocks aremostly late Archean belonging to the Taihua
Group and Middle Proterozoic belonging to the Xiong'er Group, intrud-
ed by several Mesozoic granitoid plutons. In the Xiaoqinling district, the
gold deposits are associated with E-W folds, faults, and fold hinges in
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the metamorphic rocks of the Taihua Group and the volcanic rocks of
the Xiong'er Group, whereas deposits in the Xiong'ershan district, they
are dominantly controlled by NE-trending faults. The orebodies in the
Xiaoqinling district dominantly occur in gold-bearing quartz veins and
to subordinately in auriferous altered rocks hosted in the Taihua
Group. The orebodies in the Xiong'ershan district are mainly concen-
trated in auriferous altered rocks hosted in volcanic rocks of the Xiong'er
Group and to a lesser extent in gold-bearing quartz veins (Deng and
Wang, 2015).

The 40Ar/39Ar geochronology of quartz from the Shanggong gold de-
posit in Xiong'ershan district shows an age of 223 ± 25Ma (Ren and Li,
1996). The K–Ar age of sericite from the Tongyu gold deposit is
237.5 Ma, and the Re–Os age of molybdenite from the Dahu Au–Mo
deposit is 218 ± 41–206.4 ± 3.9 Ma (Li et al., 2011; Jian et al., 2015).
Re–Osmodal ages of 130.8± 1.5Ma and 129.1± 1.6Mawere reported
from theQuanjiayu Au–Modeposit (Li et al., 2007b). Tang and Li (2009)
reported 40Ar/39Ar age of 126.99 ± 1.56 Ma from sericite in the Qianhe
gold deposit, which is similar to 135.6± 5.6Ma age of the Qiyugou gold
deposit in the Xiong'ershan district based on the Re-Os age of molybde-
nite (Yao et al., 2009). Li et al. (2002) reported40Ar/39Ar age of 132.2 ±
2.6 Ma for sericite in the Dongchuang gold deposit. In a recent study, Li
et al. (2012a, 2012b) obtained Re-Os and 40Ar/39Ar data between ca. 135
and 120Ma for ten deposits in the Xiaoqinling district. The available age
data show that the goldmineralization of the Xiaoqinling probably took
place at 135–120 Ma, coeval with those of the Jiaodong Peninsula.

3. The stagnant slab enigma

The seismic images together with geological, petrological, geochem-
ical, structural and mineral physics data have been used to suggest that
the fundamental destruction of the eastern NCC lithosphere might have
been triggered largely by the deep subduction of the Paleo-Pacific plate
(northwestward subduction) or Pacific plate (westward subduction),
especially during the Late Mesozoic (Zheng andWu, 2009). Subducting
slabs move down vertically until they reach the mantle transition zone
(MTZ: bound by the 410 and 660 km discontinuities) where they are
arrested and become stagnant. Through heat input from the surround
mantle, the slab debris would begin to melt. Because of their buoyancy,
the crustal materials dragged down and accumulated at the mantle
transition zone would start melting and rising up triggering plume-
like convective upwelling (Korenaga, 2004; Lustrino, 2005; Kawai
et al., 2013). This process would also result in the disturbance of mantle
convection, leading to intensified thermomechanical and chemical ero-
sion (including mantle–melt interaction) at the base of the overlying
continental lithosphere and/or triggering gravitational instability and
delamination of the modified lithosphere. It is possible that both pro-
cesses might have contributed to the destruction of the lithospheric
root of the eastern NCC in the Late Mesozoic (Xu, 2001; Gao et al.,
Fig. 2.Distribution of the 410 (a) and 660 (b) km discontinuities. An overlapping region of deep
be seen (after He et al., 2015).
2004; Zhang, 2005; Tang et al., 2013a, 2013b). Thus, the weakening
and destruction of the cratonic lithosphere has been correlated to the
dehydration of subducting slabs (Tian et al., 2009).

Regional and global tomographic studies have investigated the 3-D
mantle structure of the western Pacific subduction zone, revealing the
general structure of the subducting slab (e.g., Zhou and Clayton, 1990;
Zhao et al., 1994; Bijwaard et al., 1998; Fukao et al., 2001; Zhao, 2001,
2004). Recent geophysical studies also suggest that the transition zone
under NE China is remarkably hydrous (Kuritani et al., 2013). Huang
and Zhao (2006) reported a stagnant slab of the Pacific Plate subduction
in the mantle transition zone between E108° and E136°, covering most
part of the NCC.

However, He et al. (2015) used the depth domain receiver function
to demonstrate a significant deepening of the 410 km discontinuity be-
neath the northern part of the Trans-North China Orogen and the east-
ern NCC (410 km discontinuity N 410 km) (Fig. 2-a). A similar feature is
also observed for the 660 km discontinuity (Fig. 2-b) (660 km disconti-
nuity N655 km) in these regions. The average value for the depth of the
410 km and 660 km discontinuity in this area are around ~406 km and
~651 km respectively, both of which are lower than the global average
values.

The deepening of both the 410 and 660 km discontinuities
have been correlatedwith a phase transition frommajorite garnet to pe-
rovskite at 660 km depth (Hirose, 2002; Deuss et al., 2006; Huerta et al.,
2009; Yu et al., 2011; Farnetani et al., 2012) with the positive pressure-
temperature gradients (the Clapeyron slope is positive). Thus, presence
of an upwelling mantle plume can result in the deepening of the 410
and 660 km discontinuities (Fig. 3a). The major upper mantle phase
transitions could also be through olivine to wadsleyite at the 410 km
and ringwoodite to perovskite and magnesiowüustite at 660 km
(Helffrich, 2000). The phase changes responsible for the 410 km have
positive pressure-temperature gradients (Clapeyron slope), so that a
decrease in temperature results in a decrease in pressure (depth) of
the phase change. For the phase change responsible for the 660 km,
the Clapeyron slope is negative and a decrease in temperature will
lead to an increase in the pressure (depth) (Fig. 3b).

The results from tomography predict that if there is a stagnant slab, it
should be a cold slab (Zorin et al., 2006), lying in the mantle transition
zone, which would generate a shallower region of both the 410 and
660 km discontinuities (Fig. 3c) or lead to a decrease in the depth of
the 410 kmdiscontinuity and an increase of the depth of the 660 kmdis-
continuity (Fig. 3d). The character of the deepening region of both the
410 and 660 km discontinuity is not consistent with a cold stagnant
slab in the mantle transition zone. Additionally, the depth domain re-
ceiver function can effectively delineate the 410 and 660 km interfaces,
and 410 and 660 km discontinuity topography, whose precision is
higher than the tomography, which displays the thermal state of the
upper mantle from which any upwelling plume from the lower mantle
ening region of both the 410 km (N410 km) and the 660 km (N655 km) discontinuities can



Fig. 3.Uppermantle discontinuity topography from thermal and chemical heterogeneity (a, b). The stagnant slab in themantle transition zone resulting in the uppermantle discontinuity
topography (c, d) is also shown.
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can be tracked (e.g. Huerta et al., 2009; He, 2010).Thus, a stagnant slab
in the mantle transition zone is not likely as the major trigger for litho-
spheric destruction.

4. Upwelling mantle plume, lower crustal and lithospheric delami-
nation and gold mineralization

Thefinal tectonic architecture of theNCC comprising the assembly of
the major crustal blocks of Yinshan and Ordos into the unifiedWestern
Block and its amalgamation with the Eastern Block coincided with the
global-scale collisional events that led to the assembly of the Columbia
supercontinent in late Paleoproterozoic (Rogers and Santosh, 2009;
Zhao et al., 2009; Santosh, 2010). The assembly of supercontinents se-
verely disrupts the Earth's mantle flow at continental and planetary
scales, promoting plume and superplume activity or upwelling mantle
(Condie, 2004; Rino et al., 2008; Aitken et al., 2013). Such upwelling
mantle plume can greatly impinge on the base of the lithosphere and
promote cratonic or continental destruction (Cloetingh et al., 2013),
which is an important process for consuming lithosphere (Replumaz
et al., 2013; Aitken et al., 2013).

Wilson (1963) suggested that the Hawaiian Islands were produced
by the oceanic lithosphere moving over a stationary ‘hot spot’ in the
mantle. Mantle plumes play an important role in convection and mate-
rial transfer (Morgan, 1971; Safonova and Santosh, 2014). In model ex-
periments,mantle plumes, which originate either from the core–mantle
boundary (one-layer mantle model) or from the 660 km discontinuity
at the base of the upper mantle (two-layer mantle model) (Pirajno
and Hoatson, 2012; Pirajno and Santosh, 2015), are generated by injec-
tion of a low-density and low-viscosity fluid into a high-density and
high-viscosity fluid and the material in the lower boundary layer will
be lighter than the overlying mantle (Dostal and Mueller, 2012;
Campbell, 2005).

In the early history of the Earth, controlled by the gravitational con-
traction and thermal expansion, lighter elements migrated upwards,
whereas heavier elements had a tendency of sinking to the Earth's
core, so that the elements like iron, nickel, gold and silver are mainly
concentrated in the Earth's core (Huo, 1991; Niu et al., 2003). Plumes
rising from the core-mantle boundary act as pipes (Santosh et al.,
2009), connecting the migration of deep-seated ore-forming material,
and thus elements such as gold and silver concentrated in the core
and on the core–mantle boundary migrate in gaseous stage together
with the hot material flow of plumes into the base of the lithosphere.
These are finally transferred through magmatic and fluid conduits to
be concentrated in favorable structural zones, formingmineral deposits
(Niu et al., 2002, 2003; Pirajno and Hoatson, 2012; Safonova and
Santosh, 2014; Pirajno and Santosh, 2015). Evidence that that gold is
present in mantle plumes lends support to the role of plume-related
processes in generating gold deposits (Hames et al., 2009).

Some workers have correlated the craton destruction in the NCC to
large-scale lithosphere–mantle interaction, which may have its origin
in mantle plumes (Eggler et al., 1988; Griffin et al., 1998, 1999;
Artemieva et al., 2002; Liu and Chang, 2001; Zhao and Zheng, 2005).
The involvement of plumes in the re-activation/delamination of the
NCC has been also been suggested by many investigators (Flower
et al., 1998; Peng et al., 1986; Zhao et al., 2003, 2004; Wilde et al.,
2003; Menzies et al., 2007; He et al., 2015).

Abundant gold deposits are distributed along craton margins and
paleo suture zones in the NCC, most of which show Early Cretaceous
ages (130–110Ma) (Cai et al., 2013) (Fig. 1). Extensive magmatic activ-
ity with possible relation tomantle plume, defined as the “giant igneous
event”, occurred dominantly at 130–120 Ma, coeval with the litho-
spheric thinning in the NCC (Wu et al., 2005a, 2005b; Menzies et al.,
2007). The timing of lithospheric thinning and craton destruction in
the eastern and central NCC also coincidedwith the formation of a num-
ber of important ore deposits, particularly the extensive gold minerali-
zation in the Jiaodong Peninsula (Guo et al., 2013; Li and Santosh,
2014; Zhai and Santosh, 2013; Goldfarb and Santosh, 2014).

A prominent upper mantle low velocity zone is present under east
Shandong Province at 25, 40, 60, 90, 120 and 150 km depth sections.
The low velocity zone correlates with mantle upwelling and have
been cited as a potential reason for magmatism and gold metallogeny
in the Shandong Province (Guo et al., 2013). Generally, the mantle
plumes have a large head followed by a relatively narrow tail
(Campbell, 2005; Cloetingh et al., 2013). Tomographic and receiver
function images show that most plumes are not simple vertical struc-
tures (Pirajno and Hoatson, 2012; He et al., 2015) and the plume
heads contribute huge volumes of lava to the Earth's surface over
short periods of time (Weis et al., 2011). This implies that mantle
plume may influence wider regions in the surface than deeper regions
of the mantle transition zone.

Compared with other cratons in the world, the NCC is relatively
small. Thus, it has been proposed that subduction and collision of adja-
cent blocks might have exerted considerable influence on the craton
(Zheng, 2009; Lan et al., 2011; Zhang et al., 2005). Menzies et al.
(1993) suggested that Pacific plate subduction acted as a geodynamic
force for the destabilization and delamination of the cratonic litho-
sphere. The Mesozoic deep-seated tectonic processes in eastern China
are considered to have triggered local delamination (Li et al., 2012a,
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2012b). Several studies attribute delamination of thickened lithosphere
accompanied by asthenosphere upwelling leading to lithospheric de-
struction and active magmatism in the continent margin of the NCC
(Wu and Sun, 1999; Sun et al., 2007; Xu et al., 2009).

There is amarked distinction in the distribution of the youngermag-
matic rocks in theNCC,with Carboniferous to Triassic suites occurring in
the craton margin, and Jurassic to Cenozoic suites extending gradually
into the interior. This distribution probably suggests that the destruc-
tion of the NCC started from its margins to the interior (Li and
Santosh, 2014), which might suggest delamination process from the
margins to the interior.

Magmatic rocks with adakitic affinities have been correlated tomelt
generation in thickened lower crust or from lower crust that
delaminated into the convecting mantle and subsequently melted and
interacted with peridotite (Atherton and Petford, 1993; Wang et al.,
2004; Zhao et al., 2012). Several Mesozoic granitoids with adakitic
signature have been reported in the NCC (Ma et al., 2012; Xu et al.,
2002). These adakitic rocks are considered to be related to lithospheric
thinning and delamination in the Mesozoic (Yang and Wu, 2009;
Wang et al., 2014). Gold provinces in some parts of theworld are linked
to lithospheric instabilities following the lower crustal and (or) litho-
spheric delamination (Leahy et al., 2005; Bierlein et al., 2006) as well
as upwelling asthenosphere, which produce high-heat flow in the lith-
osphere which is connected with the peak gold mineralization events
(Goldfarb et al., 2005; Kabete et al., 2012).

From geophysical point of view, receiver function analysis indicates
the bulk Vp/Vs ratio is lower (mostly between 1.76 and 1.74 or b1.74) at
the central and southern part of the eastern NCC (He et al., 2015)
(Fig. 4), suggesting an intermediate to felsic lower crust in this area
based on interpretations and correlations in other studies (Zandt and
Ammon, 1995; Chang and Baag, 2007; He et al., 2014a, 2014b). It is pos-
sible that the westward subduction of the Pacific Plate and resultant
compression led to lower crustal and (or) lithospheric delamination in
the central and southern parts of the eastern NCC (He et al., 2015).

Thus, a combination of delamination,mantle upwelling, subduction-
related metasomatic enrichment and recycling of ancient components
facilitated the gold metallogeny in the NCC as suggested by Guo et al.
Fig. 4. Distribution of the Vp/Vs ratio i
(2013). It has also been proposed that the strike-slip along the Tan-Lu
fault occurred in a post-collisional setting following the collision be-
tween the NCC and Yangtze Craton, and coincided with a hypothesized
mantle plume event, which initiated the gold mineralization in the
Jiaodong Peninsula (Wang et al., 1998).

5. Tomography results

In order to further evaluate the various hypotheticalmodels discussed
in the previous sections, we carried out a 3-D teleseismic tomography
analysis (Zhao et al., 1992, 1994, 2002) to image deep structures of the
mantle following the principle that the body-wave tomography is an ef-
fective tool for the studies of deep mantle structures (Feng et al., 2010).

In this study, we collected 116350 P and 26231 S wave arrivals from
1081 teleseismic events (6.0 ≤M ≤8.0) with epicentral distances within
the range of 30°-85° (Fig. 5: inset figure). These events were recorded
by 561 seismic stations of the China national seismic network from
2007 to 2014 (Fig. 5). A 3-D grid was set up in the model and velocity
perturbations at the grid nodes were taken as unknown parameters.
The grid spacing of the model is 0.5° × 0.5° laterally and
25，40， 60，120，150，200，250，300， 350， 400，500，600
and 700 km in depth.

The results identified from our tomographic analyses show that all
themajor goldfields in theNorth ChinaCraton are located above regions
of low velocity perturbation anomaly in the 25 km, 40 km, 60 km,
90 km, 120 km, 150 km, and 200 km depth sections (Fig. 6: a-g). This
finding strengthens the possible link between the upwelling mantle
material and gold mineralization. In the 250–300 km depth section,
the distribution of the lower velocity perturbation region is very similar
(Fig. 6: h-i). In the 350kmand400 kmdepth sections, a complex feature
of the velocity perturbation is seen (Fig. 6: j-k), whichmight result from
the influence of the lower crustal and (or) lithospheric delamination. In
the 500 kmdepth zone (within theMTZ) (Fig. 6: l), there is a higher ve-
locity perturbation region in the eastern NCC, whichmight be a result of
the lower crustal and (or) lithospheric delamination and its sinking
down into the MTZ. In the 600 km and 700 km depth (Fig. 6: m-n),
which are located at the MTZ and lower mantle, respectively, lower
n the NCC (after He et al., 2015).



Fig. 5. The location of the seismic stations in the NCC used for tomography analyses and the velocity distribution profiles in this study.
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velocity perturbation regions occur at the eastern part of the NCC, sug-
gesting upwelling mantle plume beneath this area.

We also carried out analysis on 8 latitudinal profiles (Fig. 5, Fig. 7). In
the 35–38° profiles, the outline of the upwelling mantle plume is char-
acterized, which include some higher velocity material generated by
the lower crust and (or) lithosphere delamination. Obviously, the veloc-
ity structure of the upwellingmantle plumewas destroyed by the lower
crustal and (or) lithospheric delamination.

One of the potential magmatic proxies for the reaction between
delaminated lower crust and the mantle is high-Mg adakitic rocks,
whereas low-Mg adakitic rocks are probable products of melting from
thickened lower crust. The characteristic spatial and temporal distribu-
tions of high-Mg adakitic rocks along the Tan-Lu fault with emplace-
ment ages of 134–128 Ma suggest a strong structural control for the
emplacement of these intrusions, whereas in the Dabie orogenic belt,
most of the low-Mg adakitic rocks (143–129Ma)were emplaced earlier
than the high-Mg adakitic rocks (Gu et al., 2013). This suggests that the
upwelling mantle plume generated the low-Mg adakitic rocks and the
lower crustal and (or) lithospheric delamination generated the high-
Mg adakitic rocks. Thus, the upwelling mantle plume is earlier than
the lower crustal and (or) lithospheric delamination. We therefore in-
terpret that the delaminatedmaterialwas superimposed on the upwell-
ing plume, as suggested by the velocity data in the tomographic images.

6. Discussion

Magmatism is a potential indicator of geodynamic processes
(Pirajno et al., 2011; Zhang et al., 2011). Metallic mineralizations,
including gold deposits, provide important constraints on magmatism
and geodynamics (Yang et al., 2003; Li et al., 2014). Among the various
processes that generate magmatism are slab windows in convergent
margins (Eyuboglu, 2013), developed through ridge subduction.
When a slab is subducted beneath the continent or plate, a slabwindow
opens (Thorkelson and Taylor, 1989). The slab window marks the re-
gion of hot asthenospheric upwelling, which results in elevated temper-
atures causing the melting of overlying crustal rocks to generate
intermediate to felsic magmas (Yang and Santosh, 2015b). Thus,
among the several models proposed for the origin of gold mineraliza-
tion in the NCC include ridge subduction associated with the conver-
gence of the Pacific Plate (Zhou and Zhou, 2006; Li et al., 2007a,
2007b, 2012a, 2012b). However, geophysical studies show the slab of
the Pacific plate subduction, characterized by a ~45° dipping Wadati–
Benioff zone beneath the Kuril arc (Wei et al., 2012), arrived only at
the eastern part of the Japanese sea or the eastern part of E135°
(Miller et al., 2005; Kennett and Furumura, 2010; Heki and Mitsui,
2013). Thus, so far there is no geophysical evidence to indicate ridge
subduction associated with the Pacific Plate beneath the Jiaodong Pen-
insula. The link invoked between the subduction of a ridge of the Pacific
plate and gold mineralization therefore remains debatable.

Alkaline rocks associated with lithospheric thinning have been
observed in the NCC (Zhang et al., 2005). The alkaline magmas can be
generated by partial melting of the lower crust (Smith et al., 1988;
Tchameni et al., 2001) or derived by partial melting of the lithospheric
mantle (Miyazaki et al., 2003). Alkaline igneous rocks generally occur
in extensional tectonic settings (Whalen et al., 1987), which provide a
significant indication for the post-collisional or intraplate extensional
magmatic processes within the continental lithosphere (Mushkin
et al., 2003; Peng et al., 2008; Zhang et al., 2012c).

The Mesozoic metallogenic events in the northern, southern and
easternmargins of the NCC have been correlated to a tectonic transition
from shortening to extension (Zhai and Santosh, 2013). The gold de-
posits in the NCC are considered to be distributed along the margins
of the craton, at the junctions of the microblocks that built the cratonic
architecture, and within some of the reactivated paleo-suture zones (Li
and Santosh, 2014; Zhai and Santosh, 2013). There is also a strong asso-
ciation between gold mineralization and regional faults or shear zones
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Fig. 6. Distribution of the P-wave velocity distribution at different depths in the NCC, 25 km depth, 40 kmdepth, 60 km depth, 90 km depth, 120 km depth, 150 kmdepth, 200 km depth,
250 km depth, 300 km depth, 350 km depth, 400 km depth, 500 km depth, 600 km depth and 700 km depth. a: North NCC gold district, b: Jiaodong gold district, c Linyi gold district, d:
Xiong ershan gold district, e: Xiaoqiling gold district (Yang et al., 2013).
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(Upton and Craw, 2014) in the NCC, with the faults, shear zones or
paleo-sutures providing the pathway for the migration of mineralized
fluids with the physico-chemical settings of metal precipitation aided
by granitoids (Goldfarb and Santosh, 2014).

Recent studies indicate that mantle plume can generate some sub-
plumes at the mantle transition zone (Koppers, 2011; Wang et al.,
2013). Some workers suggest that the branch structure is a third-order
tectonic unit of the mantle plume, and also an integrated manifestation
of multi-stage evolution of the mantle plume at the shallow level of the
lithosphere (Sun et al., 2006; Niu et al., 2009, 2012). Thus, the upwelling
mantlematerial can also be controlled by tectonics such as fault or suture.

7. Conclusion

Mantle plumes rising from the core-mantle boundary, and generat-
ed through the melting of ‘slab graveyards’ accumulated through large-
scale subduction associated with supercontinent building opens pas-
sageways for the migration of metals like gold concentrated in the



Fig. 7. Latitudinal profiles of velocity perturbation. Yellow ellipse: higher velocity region whichmight be generated by the lower crustal and (or) lithospheric delamination. White dotted
lines mark the outline of the possible upwelling mantle plume. The velocity distribution profiles are: a: 33°, b: 34°, c: 35°, d: 36°, e: 37°, f: 38°, g: 39° and h: 40°.
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core. Plumes act as large pipes that enable material transfer from core
and deepmantle to lithosphere. Sub-plumes from themantle transition
zone transfer the materials into magmas and fluids and from there to
structural pathways. In the North China Craton, the distribution of
major gold fields shows close correspondence with zones of mantle up-
welling at various depth domains, as revealed from the analysis of seis-
mic tomographic data. These regions also coincide with the domains of
intense lithospheric erosion and craton destruction. We propose that
lower crustal and (or) lithospheric delamination, upwelling mantle
and extension along faults and paleo sutures provided favorable condi-
tions for gold mineralization at shallow depths.
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