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Abstract To investigate the geodynamic processes of Mesozoic large-scale mineralization in South China, we deployed a 350-
km-long, wide-angle seismic reflection/refraction sounding profile between Yingshan in Hubei and Changshan in Zhejiang. This
profile traverses the Cu-Au metallogenic belt in the middle and lower reaches of the Yangtze River (YMB), the Jiangnan W-
polymetal metallogenic belt (JNMB), and the Qinhang Cu-polymetal metallogenic belt (QHMB). Our imaging results reveal
various interesting velocity features along the profile. (1) The velocity structure is characterized by vertical layering and
horizontal blocking; (2) the YMB is marked by high velocity and high V,/V; ratios in general with a significantly uplifted Moho
interface and a thin crust of ~31 km, and the lower crust contains high-velocity anomalies and has the characteristics of a crust-
mantle transition zone; (3) the JNMB is bounded by the Jiangnan fault and Jingdezhen-Huangshan fault and has low-velocity
anomalies and low V/V; ratios; and (4) the QHMB is characterized by high-velocity anomalies and high V,/¥ ratios. The high-
velocity anomalies in the YMB and QHMB represent relatively Cu-Au-rich mafic juvenile lower crust. The formation of this
kind of crust is considered to be related to mantle-derived magma underplating or residues of Neoproterozoic oceanic crustal
materials, and it also provided sources for large-scale Cu-Au mineralization in the Mesozoic. The JNMB has features similar to
those of ancient crusts enriched in W-Sn, the partial melting of which played a leading role in the formation of the superlarge W
deposits in this belt. Considering these results and other regional geological data, we propose that a large-scale oblique upwelling
of the asthenosphere along the collisional belt of the Yangtze and Cathaysia blocks during the Mesozoic was the deep driving
mechanism for the explosive mineralization of Cu, Au, and W in northeastern South China. The boundaries of the blocks or
terrains and discontinuities of the lithosphere were the main channels for deep heat and magmas and therefore controlled the
spatial distribution of the metallogenic belt.
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1. Introduction

South China experienced large-scale deformation, extensive
volcanic eruptions, and polymetallic mineralization in the
Mesozoic (Wang, 2009). In recent decades, many studies
focusing on deformation mechanisms, magmatism and me-
tallogenic mechanisms have been carried out in South China,
with multiple models proposed, such as the continent-con-
tinent collision model (Hsii et al., 1988, 1990), paleo-oceanic
plate subduction model (Zhou and Li, 2000; Wang et al.,
2011; Li et al., 2006; Li and Li, 2007; Sun et al., 2007),
multiplate interaction model (Dong et al., 2007, Wang,
2009), intraplate tension/rift model (Wang Y J et al., 2013;
He etal., 2007), mantle plume model (Xie et al., 1997; Zhang
et al., 2009), and strike-slip model (Xu et al., 1987; Gilder et
al., 1996). Liu et al. (2013) summarized these viewpoints and
pointed out that the incongruity of these models, on the one
hand, reflects the complexity of the geological evolution of
South China since the Proterozoic and, on the other hand,
indicates the lack of geophysical observations on the deep
structure.

The northeastern part of South China is not only the epi-
tome of the tectonic evolution of all of South China but also
the key area to study the intracontinental orogeny and asso-
ciated large-scale mineralization. There are three worldclass
Mesozoic metallogenic belts (Figure 1), namely the me-
tallogenic belt of the middle and lower reaches of the
Yangtze River (YMB), the Jiangnan metallogenic belt
(JNMB), and the Qinhang metallogenic belt (QHMB), re-
spectively. The YMB is located on the northern margin of the
Yangtze block and has a “V”-shape that is narrow in the
southwest and wide in the northeast (Chang et al., 1991; Lii et
al., 2005, 2014; Zhang et al., 2014). This belt includes seven
large ore-concentrated areas and more than 200 large and
medium-sized ore deposits (Figure 1) (Chang et al., 1991;
Pan and Dong, 1999). Within this belt, the faulted-uplifted
areas (e.g., Jurui, Anqing-Guichi, Tongling, and southeastern
Hubei) are dominated by porphyry-skarn Cu-Au deposits,
and the diagenesis and mineralization occurred 146—135 Ma,
with a peak ~140 Ma (Chang et al., 1991; Zhai et al., 1992;
Chen et al., 2001; Sun et al., 2003; Mao et al., 2006; Zhou et
al., 2008a), whereas within the faulted-depression areas (e.g.,
Ningwu and Luzong), the mineralization is dominated by
mafic porphyry iron ore deposits and occurred ~130 Ma. In
addition, a younger gold-uranium metallogenic event was
recently discovered to take place at 126—123 Ma, which was
related to A-type granites (Zhou et al., 2008b, 2017). The
JNMB is a newly delineated world-class W-Cu metallogenic
belt (Figure 1) with a proven resource of 6.06 million tons
(Mao et al., 2020). Located in the middle of the Yangtze
block, the JNMB is spatially parallel to the YMB on the
northern side and has a similar metallogenic time periods
(150-135 and 130-125 Ma) to those of the YMB. The de-
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Figure 1 The observation system of our wide-angle, reflection/refraction
seismic profile in the middle section of the YMB. The red stars indicate
shot points. The blue triangles indicate receivers. The gray triangles in-
dicate the receivers along the Lixing-Yixing profile. The purple diamonds
indicate the middle and lower reaches of the Yangtze metallogenic belt.
NCC, North China Craton; QDOB, Qinling-Dabie orogenic belt; YC,
Yangtze Craton; CB, Cathaysia Block; YMB, the metallogenic belt of the
middle and lower reaches of the Yangtze River; INMB, Jiangnan me-
tallogenic belt; QHMB, Qinhang metallogenic belt; ZX, Zhuxi tungsten
mine; DHT, Dahutang deposit; DX, Dexing copper mine; TLF, Tanlu fault;
JHF, Jingdezhen-Huangshan fault; SDF, Shouxian-Dingyuan fault; CHF,
Chuhe fault; MSF, Maoshan east lateral fault; JNF, Jiangnan fault; JSF,
Jiangshao fault; CJF, Yangtze River fault; MTF, main thrust fault; XMF,
Xiaotian-Mozitan fault; and XGF, Xiangfan-Guangji fault. Blue solid lines,
AA' and BB', denote broadband flow seismic sections (Li et al., 2020) (the
results are shown in Figure 10).

posits are mainly skarn-type, porphyry-like-type, and quartz
vein-type, with representatives of the largest Zhuxi W de-
posits in the world (Chen et al., 2016; Ouyang et al., 2019),
the superlarge Dahutang W-Cu deposit, which is rich in
polymetallic mineralization (Xiang et al., 2012; Duan and
Jiang, 2017), and the large-scale Dongping W deposit (Mao
et al., 2020). The QHMB is located to the south of the INMB
and extends along the Neoproterozoic suture zone between
the Yangtze and Cathaysia Blocks (Figure 1). It extends in a
NE-SW direction from Hangzhou Bay in Zhejiang in the
northeast to central Jiangxi and eastern Hunan Provinces and
farther to Qinzhou Bay in Guangxi in the southwest and is ca.
2000 km long and 100-150 km wide (Yang and Mei, 1997).
Large-scale deposits are widely distributed in the north-
eastern segment of the belt, in which mineralization was
mainly copper and gold and the metallogenic age was ap-
proximately 175-160 Ma (Ni and Wang, 2017). Typical
deposits include the Dexing superlarge porphyry Cu deposit,
whose molybdenite Re-Os age was ca. 171 Ma (Wang et al.,
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2015), the Yinshan Cu-Au polymetallic deposit (ca. 170 Ma)
(Wang G G et al., 2013), and the Jiande Cu deposit (ca. 161
Ma) (Chen et al., 2017) (Figure 1).

Although numerous studies on the geological background
and genetic mechanisms of large-scale Cu-Au-W-Sn mi-
neralization in South China have been conducted, there are
still three questions that need to be further addressed, in-
cluding (1) why three generally parallel giant metallogenic
belts developed intensively in the Mesozoic, in which the ore
deposits and the metal clusters are located within a relatively
long and narrow tectonic belt (Figure 1)? (2) Why Mesozoic
explosive mineralization displays regional migration from
south to north over time (170 to 125 Ma)? (3) Why are the
two metallogenic belts in the north and south dominated by
Cu-Au mineralization, but the central belt is dominated by W
mineralization?

Recent studies, especially those of deep reflection seis-
mology, have greatly increased the knowledge of the crustal
and upper mantle structures in South China, promoting the
understanding of the geology and formation mechanisms of
large-scale Cu-Au-W-Sn mineralization (Dong et al., 1998,
2010; Zhang et al., 2011b; Lii et al., 2004, 2005, 2011, 2013,
2014, 2015; Liu et al., 2003; Hou et al., 2004; Dong et al.,
2004; Jiang et al., 2013, 2014; Shi et al., 2013; Xu et al.,
2014b; Gu et al., 2020; Zhang Y Q et al., 2021). However,
due to the limitation of the data, it is still difficult to char-
acterize the deep processes and driving mechanisms of the
large-scale Mesozoic mineralization.

To better understand the deep structure and geodynamic
evolution of tectonism-magmatism-mineralization in
Southeast China, we deployed an active source wide-angle,
reflection/refraction detection profile oriented in an NW di-
rection that crosses the aforementioned three metallogenic
belts (Figure 1). The profile lies between Changshan County
in Zhejiang Province and Yingshan County in Hubei Pro-
vince, passing through Hubei, Anhui, Jiangxi and Zhejiang
Provinces, with the main part located within Anhui and
Jiangxi Provinces (Xu et al., 2014b). Based on seismic data
from this profile, we aim to reveal the fine-velocity structure
of the crust and upper mantle and the relations between the
geodynamics and velocity structure.

2. Tectonic setting

Figure 1 shows a brief structural framework of the study
area. The study area is separated into four units by the Tan-
Lu fault (TLF), Jiangnan fault (JNF), and Jingdezhen-
Huangshan fault (JHF). They act as important boundary
faults, dividing the study area into four major tectonic units
(Figure 1).

The TLF is an NNE-oriented giant shear zone with a length
of 2400 km, crossing the Qinling-Dabie collision orogen
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(Gilder et al., 1999; Zhu et al., 2004a, 2004b; Zhu et al.,
2005). The southern segment of the TLF displaces the Dabie
orogenic belt and Sulu orogenic belt by 550 km in a sinistral
movement sense (Zhu et al., 2004a; Chang et al., 2012).

The YMB is bounded by the JNF to the southeast and the
TLF to the northwest (Figure 1). A peculiar characteristic of
the YMB is “one cap and multiple bases” (Chang et al., 1991,
1996), meaning that it has multiple continental crust base-
ments and a unified stratigraphic cap. Influenced by the In-
donesian movement, the YMB was strongly folded and
received continental basin deposits in the Middle Jurassic.
Yanshanian (145-120 Ma) tectonic-magmatic activities de-
veloped mainly along the Yangtze River and were con-
centrated in seven ore concentration areas (Lii et al., 2007,
2014; Xu et al.,, 2014b). Among these, the Tongling ore
concentration area is characterized by high-potassium calc-
alkaline rock assemblages, the Ningwu and Luzong areas by
high-sodium calc-alkaline intrusive rocks and shoshonite-
series volcanic assemblages, and the southeastern Hubei
uplift-depression transition area by calc-alkaline-alkaline
igneous rocks (Chang et al., 1991; Xing and Xu, 1999; Zhou
et al., 2008b). The mineralization within the YMB is mainly
related to Yanshanian adakitic intrusive rocks (Wang Y et al.,
2004; Song et al., 2011).

The Jiang-Shao fault (JSF) and Jiangnan fault (JNF) are
the southern and northern boundaries of the JNMB, respec-
tively, and the YMB lies to its north and the QHMB to its
south. The basement of the JNMB is considered to be
composed of Mesoproterozoic Tianli schist, lower Neopro-
terozoic Shuangxiwu pyroclastic rocks, and mid-Neopro-
terozoic phyllites and metavolcanic sedimentary rocks of the
Shuangxiwu Group (~830 Ma). The overlying strata dis-
tributed around the paleo-Jiangnan continent comprise
Lower Jurassic marine facies and marine-terrestrial inter-
facies clastic and carbonate rocks, and Middle-Lower Jur-
assic  volcanic-sedimentary rock. In addition, the
Neoproterozoic Jiuling granite-diorite batholith (828+8 Ma),
the largest granitic batholith in South China (Wang X L et al.,
2017; Duan et al., 2019), is intruded by small Mesozoic
granitic plutons (152—125 Ma). It is these granitic plutons are
accompanied by large-scale W mineralization forming the
world-class W metallogenic province (Feng et al., 2012;
Huang and Jiang, 2013; Chen et al., 2016; Mao et al., 2020).

The JSF is the boundary between the Yangtze and Cath-
aysia blocks. The Jiangnan orogenic belt to the north is a
Meso-Neoproterozoic orogenic belt developed along the
southern margin of the Yangtze block (Zheng et al., 2008;
Wang Y J et al., 2013; Zhao, 2015). There are small amounts
of dismembered ophiolite fragments (1.1-0.83 Ga) (Li et al.,
1997, 2009; Yao et al., 2016) and island arc basalts (0.89—
0.97 Ga), recording the subduction of the paleo-oceanic
basin and the continent-continent collision between the
Yangtze and Cathaysian blocks. Because of the intense
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Triassic collisional orogenesis around, this orogenic belt
experienced strong compression and uplift. It was then af-
fected in the Middle Jurassic by magmatism in an exten-
sional setting, leading to the formation of many small stocks
and plutons represented by the Dexing porphyry.

3. Yingshan-Changshan profile
seismic reflection/refraction data

wide-angle

3.1 Seismic data acquisition

Figure 1 shows the 350-km-long profile extending between
Yingshan and Changshan. It crosses the main tectonic units
from southeast to northwest. From November 2013 to
January 2014, five active blasts at separated sites (a total of
9.9 tons of TNT equivalent) were triggered along the de-
tection profile, and seismic wave fields were excited by
combined blasting downholes. The distances between the
five blasting points ranged from 60 to 100 km. 160 PDS-2
portable three-component digital seismographs were de-
ployed in the profile for recording seismic waves. The
observation system can record seismic waves propagating
from different depths and infer properties of the crust and
upper mantle, mapping the crustal structure of northeastern
South China.

3.2 Seismic phase analysis and data processing

Seismic phase recognition includes recognizing the seismic
phases of reflection and refraction from the crystalline sub-
strate of the shallow crust, which manifests as the first arri-
vals on all record sections. The Pm phases are reflection
phases from the first-order discontinuous Moho surface; and
the Pn phases are the refracted waves of the weak velocity
gradient layer at the top of the upper mantle with an apparent
velocity of 8.0-8.1 km s '. The reflected waves of the sec-
ondary velocity discontinuities in the crust have relatively
weak energy, and therefore, these reflected waves at different
regions are grouped into different groups, collectively re-
ferred to as the Pc phase, with different groups named the P1,
P2 and P3 phases. We obtained crust and upper mantle
structures after several rounds of revising the model and
calculating the fitting of the multiple seismic phases of the
travel time by ray tracing forward calculation (Cerveny et al.,
1988; Vidale, 1988; Zelt and Smith, 1992; Cerveny, 2001;
Xu et al., 2004, 2006a, 2010, 2014a). In the procedure of
seismic phase fitting, the intercept of the seismic phase curve
mainly reflects the depth of the reflection interface, and the
slope of the seismic phase curve mainly reflects the average
velocity of the strata above the interface, such as the Pm
phase. The apparent velocity at the far offset is approxi-
mately the velocity of the lower crust of the reflection point
(Figures 2-6).
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3.3 Traveltime fitting and ray coverage

The traveltime fitting results (Figure 7) and ray coverage
map (Figure 8) of the five shots show that the ray coverage
density of the section in this area is sufficient, the traveltime
fitting is very ideal, and the two-dimensional velocity ob-
tained by the traveltime fitting is reliable.

4. Velocity structure of the Yingshan-Chang-
shan profile

As shown in Figure 9, the profile has a 3-layered crustal
structure, including the upper (the bottom interface is buried
at a depth of approximately 12 km), middle (the bottom in-
terface is buried at a depth of approximately 26 km), and
lower crust (the bottom interface is buried at a depth of
approximately 31-35 km).

(1) The P-wave velocity at the top interface of the crys-
talline basement of the upper crust is approximately
58kms ', the depth is approximately 2 km, and the hor-
izontal direction shows obvious fluctuation characteristics.
In the Dabie orogenic belt, the upper crust exhibits obvious
high-velocity characteristics, and the shallow surface reaches
approximately 6.0 km s”', which corresponds well with the
Triassic ultrahigh-pressure metamorphic belt exposed on the
surface. In the lower Yangtze region and the northern part of
the Jiangnan uplift belt, affected by factors such as sedi-
mentary depressions and the Yangtze River Basin, the upper
crust exhibits low-velocity anomalies (horizontal stakes
125-260 km).

(2) The mid-crust depth of the profile is approximately
12-26 km, and the velocity is 6.2-6.5kms ', which is
slightly lower in the lower Yangtze region; the lateral in-
homogeneity is not very obvious, and the results are also
related to the resolution of the data.

(3) The lower crust velocity is laterally inhomogeneous.
The lateral change in the Moho interface depth is within a
range of 33-35 km and with a weak uplift below the YMB
(the horizontal pile number is approximately 125 km). The
undulation of the Moho interface is consistent with a high
Bouguer gravity anomaly (Figure 9a). Furthermore, the ve-
locity structure shows obvious horizontal blocking char-
acteristics, taking the JNF and JHF as boundaries. West of
the JNF, the velocity of the lower crust is as high as
6.7-6.9 km s ' beneath the Qinling-Dabie orogeny and YMB
(horizontal stake 50—150 km). To the east of the JHF, the
lower crustal velocity is 6.6—-6.8 km s, showing high-ve-
locity anomalies beneath the Jiangnan orogenic belt (section
horizontal stake number 260-300 km). Between the JNF and
JHF, the lower crustal velocity is 6.5-6.6 km s, showing a
relatively low-velocity anomaly beneath the JNMB (the
horizontal pile number of the profile is 150-260 km).

The Moho depth (33-35 km) of the Yingshan-Changshan
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Figure 2 Shot point Sp01 of the Yingshan-Changshan profile. (a) Seismic phase picking and travel time fitting; (b) ray tracing results.
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Figure 3 Shot point Sp02 of the Yingshan-Changshan profile. (a) Seismic phase picking and travel time fitting; (b) ray tracing results.

profile is consistent with previous results (Wang et al., 2000;
Bai and Wang, 2006; Xu et al., 2014b; Zheng et al., 2014;
Zhang et al., 2015).

Figure 10 shows the crustal S-wave velocity of the middle
and lower reaches of the YMB and its adjacent areas ob-
tained by ambient noise tomography using the data of the
NCISP-8 array (Li et al., 2020). Overall, the lower crustal
velocity from this study is relatively consistent with those
from ambient noise tomography. As shown in Figure 10a, in
the INMB, the lower crust displays a low-velocity anomaly,

while in the YMB (north of the JNF) and QHMB (between
the JHF and JSF), the lower crust displays an obvious high-
velocity anomaly. The range of the low-velocity area of the
profile in Figure 10b is slightly different, perhaps caused by
the far distance between the BB’ profile and our profile.

5. Discussion

The deep crust and upper mantle structure contain key in-
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Figure 5 Shot point Sp04 of the Yingshan-Changshan profile. (a) Seismic phase picking and travel time fitting; (b) ray tracing results.

formation related to the metallogenic background and me-
tallogenic processes (Hou et al., 2007; Richards, 2011; Luo
etal, 2012; Ouyang et al., 2014; Lii et al., 2015a, 2021; Wang
et al., 2021). Therefore, analyzing the deep structures can
provide key constraints for the construction of the spatial
model of the metallogenic system (source-transport-re-
servoir) and for the migration and mineralization processes
of ore-forming fluids.

The structural and physical parameters, such as the

thickness, velocity, and V,/V of the crust, are closely related
to the formation and evolution of the continental crust (Xu et
al., 2006b). Provided a tectonic compression environment
under the same temperature and pressure conditions, felsic
rocks are more likely to form nappe structures or tight folds
than mafic rocks, resulting in a decrease in V,/V, with in-
creasing crustal thickness (Wang, 2007). In addition, dela-
mination reduces the thickness of the mafic rocks in the
lower crust and can also reduce the Poisson’s ratio of the
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Figure 8 Seismic ray coverage of five shots in the Yingshan-Changshan profile.

crust (Zandt and Ammon, 1995; Gao et al., 1998). When the and the magma is further emplaced in the crust, which in-
mafic magma migrates upward from the upper mantle to the creases the Poisson’s ratio of the crust (Ji et al., 2009).
crust-mantle interface, magma underplating often occurs, Magma is the “probe” of deep processes. Nd-Hf-isotope
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mapping of magmatic rocks is an efficient geochemical of four-dimensional lithospheric evolution and deep material
means to uncover the properties, composition, and time and energy exchange, and the metal mineralization assem-
evolution of magma source regions (Hou et al., 2015; Hou blages can also record the source and cycling processes of

and Wang, 2018). Shallow mineral deposits are the product metals during lithospheric evolution. Therefore, mutual
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constraints between the analysis of regional magmatic and
metallogenic assemblages and the observation of velocity
structures and physical property parameters will make it
highly possible to restore the deep crust-mantle structure,
trace the deep processes, and reveal the geodynamic me-
chanisms based on the preserved geophysical-geochemical
vestiges. Following this idea, we attempt to discuss the fol-
lowing three issues through multidisciplinary constraints.

5.1 Lateral structural variation of the Yangtze block
and block differences

Our Yingshan-Changshan seismic profile and previous A-A’
and B-B' profiles cross the whole northeastern Yangtze block
and show the lateral structural changes of the Yangtze block,
which is characterized by obvious zoning features (Figures 9
and 10). As mentioned above, the JNF and JHF divide the
Yangtze block into three subblocks: the northern (margin),
central (paleoland), and southern (margin) blocks, which
correspond to the YMB, JNMB, and QHMB, respectively
(Figure 1). These blocks have different geological evolu-
tionary processes and thus show differences in velocity,
composition, and crustal thickness.

5.1.1 Velocity structural differences

This is particularly evident in the lower crustal velocity of
the three blocks. The lower crust in the northern block, lo-
cated to the north of the INF fault, displays a distinct high-
velocity anomaly, with velocities reaching up to
6.7-6.9kms ' (Figure 9). The Yingshan-Changshan and
A-A' profiles show that the high-velocity anomaly extends
northward to the Dabie orogenic belt (Figures 9 and 10a),
consistent with previous wide-angle seismic reflection/re-
fraction imaging results (Wang et al., 2000). These profiles
show that the South Dabie has a composition similar to that
of the YMB, implying that the northern edge of the Yangtze
block was underthrust beneath the Dabie orogen. The B-B’
profile shows that the high-velocity anomaly extends to the
northern side of the TLF and that it contrasts with the high-
velocity anomaly of the lower crust of the North China block,
indicating that part of the Yangtze block subducted beneath
the North China block during the Triassic collision. The
middle-upper crust of the northern block has a high velocity
over a large area, consistent with the geological features of
widespread Mesozoic magma emplacement and consolida-
tion processes in the YMB. The lower crust of the southern
block to the south of the JNF also has a high-velocity
anomaly (~6.6—6.8 km s_l) (Figure 9), especially the middle
area between the JHF and JSF, which corresponds to the
Jiangnan orogenic belt (Figure 10b). The high velocity may
have been caused by early Mesoproterozoic accretion and
Neoproterozoic collision on the southern edge of the Yangtze
block (Wang et al., 2000). The velocity of the middle crust of
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the southern block is somewhat lower than the velocity of the
northern block. The velocity of the middle block is relatively
low (6.5-6.6 km s ") (Figure 9). The A-A’ and B-B' profiles
show that the area of the low-velocity anomaly of the lower
crust decreases gradually from southwest to northeast (Fig-
ure 10). The average P-wave velocity of the crust in the
middle block is 6.4 km sfl, consistent with that of cratons
(Zhang et al., 2011a, 2011b). The low-velocity (V,<
6.1 km sfl) features and scopes in the upper crust of the
middle block are also consistent with the distribution of the
pre-Sinian-Triassic vastly thick (>10 km) marine turbidite
flysch deposits and marine volcanic-sedimentary rock series
developed on the metamorphic basement in this area (Chang
et al., 1996; Dong et al., 2011) and with regional crustal
shortening and thickening. Therefore, the velocity structure
essentially reflects the crustal structural characteristics of the
Yangtze Craton.

5.1.2 Compositional structural differences

The V,/V ratios can reflect the composition of the crust. The
higher the V,/V; ratio is, the higher the proportion of mafic
material in the crust. The higher proportion of mafic material
indicates a greater amount of mantle-derived components
added to the crust. Figure 11a shows the V/V; ratio in the
study area reconstructed on the basis of Zhang Y Q et al.
(2021), which is consistent with the results obtained by re-
ceiver function and surface wave dispersion (Li et al., 2018).
Figure 11a exhibits a positive correlation between the V/V
ratio and the velocity structure of the lower crust. The results
show that the northern block generally displays high V,/V
ratios (>1.78), and the high anomaly areas are concentrated
in the Luzong, Anqing, Guichi, and other ore-concentrated
areas, corresponding to the YMB. The area between the JHF
and JSF also shows high V,/V; anomalies, and the high
anomaly areas are those concentrated in Cu-Au mineraliza-
tion, such as Dexing (Figure 11a). In contrast, the middle
block has relatively low V,/V; ratios, and the low velocity
anomaly area is located in the central-western part of the
central block (Figure 11a), corresponding to the areas where
the Zhuxi and Dahutang W deposits are situated. These re-
sults indicate that the lower crust of the northern and
southern blocks, characterized by high-velocity anomalies, is
mainly mafic in composition, indicating that it contains more
mantle-derived components, while the central block featured
by low-velocity anomalies is generally intermediate in
composition (andesitic) and contains less mantle-derived
materials. From the distribution characteristics of the V,/V
ratio, we conclude that the crustal composition of the
Yangtze block is very uneven. In general, the eastern part of
the three blocks is more mafic in composition, while the west
is more intermediate. From the perspective of the distribution
of the mineral deposits, the Cu-Au deposits are mainly lo-
cated in mafic domains, whereas the W deposits are less
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mafic (Figure 11a).

5.1.3 Differences in crustal thickness

The Moho depth obtained from our P-wave velocity struc-
ture shows obvious lateral differences. Figure 9 shows that
the Moho depth is significantly shallow under the northern
block, with the thinnest crust (~31 km) among the three
blocks, is approximately horizontal and slightly thicker
(~34 km) under the southern block, and is slightly concave
(~35 km) beneath the central block. These results are gen-
erally similar to previous results. For example, Yan et al.
(2011), using the Parker-Oldenburg method, obtained the
Moho depth of the Yangtze block (Figure 11b) and found that
the Moho surface is significantly higher (mantle ridge) in the
YMB. The upper mantle ridge occurs generally along a line
connecting Huaining-Zongyang-Chaohu, and the seven ore-
concentrated areas developed mainly along the NE-trending
mantle ridge or mantle slope (Figure 11b). Deep seismic
reflection profiles show that the Moho depth in the Ningwu
ore-concentrated area varies between 29 and 35 km (Lii et
al., 2015b), with the deepest Moho areas beneath the Ningwu
deposit (~29 km). Wide-angle, reflection/refraction seismic
soundings show that the Moho depth in the Ningwu ore-
concentrated area is approximately 32-33 km, and receiver
function results show that the Moho depth in the metallo-
genic belt is approximately 28—36 km (Shi et al., 2013). The
crustal thickness of the Jiangnan orogenic belt varies greatly.
The Moho is deeper in the east than in the west. The Cu-Au
mineralization areas, such as Dexing, are situated in the
thinned crustal areas. The central block has the thickest crust
(35 km) and hosts large and superlarge W deposits (Figure
11b). In short, the northern Yangtze block has the thinnest
crust, with NE-trending mantle ridges; the southern block
has a slightly thicker crust, and the Moho depth changes
dramatically; and the central block is relatively stable and
has the largest crustal thickness.

The inconsistency of the crustal thickness, velocity, V,/V
ratios, and other structural and physical parameters prove
that the three blocks in the northern, southern and middle
parts of the Yangtze block have different crustal structures,
likely reflecting that they experienced different geological
evolutionary processes. The spatial changes in structure and
physical parameters of the northern block reflect the feature
of “one cover and multiple bases” on the northern margin of
the Yangtze block (Chang et al., 1991). The thin crust, high
velocity, and high V,/¥; ratios of the northern block were the
result of geological processes such as Proterozoic accretion,
Triassic collision, Mesozoic intracontinental orogeny, and
Cretaceous crustal extension on the northern margin of the
Yangtze block. The spatial changes in the structure and
physical parameters of the southern block reflect the differ-
ences in the involvement of material of the southern margin
of the Yangtze Craton into the Proterozoic collisional oro-
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genic belt between the Yangtze and Cathaysian blocks, as
shown by the development of relics of Proterozoic oceanic
crust, arc volcanic rocks, and post-collision mafic rocks
(<820 Ma) along the Jiangnan orogenic belt (Wang Y J et al.,
2013). The thin crust, high velocity, and high V,/V; ratios of
the southern block were the result of successive Proterozoic
subduction, accretion and continental collision, Triassic
collision with the Indosinian block, and Mesozoic in-
tracontinental deformation (Zhang et al., 2012). In contrast,
the central block retains well the basic characteristics of the
Yangtze Craton, a relatively thick crust and relatively low S-
wave velocity and V,/V; ratios, reflecting important events
such as cratonization and Mesozoic intracontinental orogeny
in this area.

5.2 Juvenile/ancient crustal formation and potential
ore-forming sources

The inhomogeneities in the composition of the lower crust
reflected by the regional variations in the velocity and V,/V
ratios of the lower crust of the Yangtze block can be further
traced and constrained by zircon Hf-isotope mapping of
crust-derived magmatic rocks because high ey(f) values re-
flect the contribution of new mantle-derived materials. The
low eyg(f) values indicate that the magma source included
mainly ancient crustal materials, and the ey(¢) value contour
reflects the spatial distribution of different “crustal blocks”
(Hou and Wang, 2018). Using samples of the Mesozoic
magmatic rocks in the YMB, Yang et al. (2021) presented
zircon Hf-isotope mapping results for the metallogenic belt
and adjacent areas, which objectively reflect the spatial
distribution and temporal evolutionary features of the crust
with different properties. Based on this, we redrew the
contour map of zircon Hf isotopes in combination with the
new zircon Hf-isotope data of magmatic rocks exposed in the
whole study area (Figure 12). These mapping results reveal
the following important facts.

(1) The Hf isotopic composition of the Yangtze block
displays obvious segmentation. In general, the southern
block has a wide range of high &;(¢) values, and the spatial
distribution is consistent with the Jiangnan orogenic belt and
the Dexing and other copper mineralization zones (Figure
12). The northern block has a low eydf) background, and
high values are observed within the main mineral deposits.
The spatial distribution is consistent with the YMB, espe-
cially consistent with the locations of several ore-con-
centrated areas (e.g., Jurui, Anqing-Guichi, Ningwu, etc.)
(Figure 12). The middle block shows transitional character-
istics, dominated by relatively low ey(f) values; Zhuxi, Da-
hutang and other large and superlarge W deposits are areas
with low ey(f) values (Figure 12). The spatial variation in the
abovementioned Hf isotopic composition is generally in
agreement with the variation trends of the P-wave velocity
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Figure 11 (a) V/V; ratio of the Yingshan-Changshan profile and adjacent areas, and (b) Moho depth. V,/V ratio results modified from Zhang Y Q et al.

(2021); and Moho depth derived from regional gravity (Yan et al., 2011).
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Figure 12 Magmatic zircon Hf-isotope mapping results of the Yingshan-Changshan section and adjacent areas. This figure is redrawn based on Yang et al.
(2021). The map mainly displays the Hf isotopic composition and its spatial variation in the Mesozoic magmatic crustal source area, reflecting the properties
and spatial distribution of crustal blocks with different Hf values. The small circles in the figure represent sampling points, and the abbreviations are the same

as in Figure 1.

and V,/V value. This indicates that the areas with high &,(?)
values are in line with the high velocity and high V,/V re-
gions and vice versa. These results indicate that the lower
crust of the northern and southern margins of the Yangtze
block is metamafic in composition and consists of more
mantle-derived components, while the central part of the
block is less mafic in composition and the amount of mantle-
derived material is limited. The segmentation of ey(f) values,
seismic velocity and V,/¥; ratios and the difference in metal
assemblages of the three metallogenic belts suggest that the
crustal type and composition are genetically related to the
spatial distribution and metal assemblage of the metallogenic
belts (Lii et al., 2014, 2020; Yang et al., 2021).

(2) The crustal model age (Tpy) can be calculated based
on the zircon Hf-isotope composition, which can be used to
reflect the age of the crustal material separated from the
mantle source area and can be regarded as the formation time
of the crust that is the source of the crust-derived magma
(Hou et al., 2015; Hou and Wang, 2018). The Tpy mapping
results of Yang et al. (2021) show that the spatial variations
in the Ty value and ey(f) value are generally negatively
correlated. Among them, high Ty, values appear locally in
the YMB and QHMB, while the central blocks show tran-
sitional features characterized by relatively high Ty, values
(Yang et al., 2021). These results indicate that the Dabie
orogenic belt and the North China Craton are dominated by
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ancient crusts, while the Yangtze block crust may have un-
dergone a reconstruction process (Ni and Wang, 2017),
showing different degrees of juvenile material involvement.
Within the Yangtze block, the lower crust of the northern and
southern blocks may be dominated by juvenile crust, while
the central block may be dominated by reworked crust.

The above arguments are strongly supported by several
lines of evidence, mainly including the following. (1) Meso-
Neoproterozoic oceanic crust fragments (ophiolites), island
arc basalts, and postcollision mafic rocks (Zhou and Li,
2000; Li et al., 2009; Zhang and Zheng, 2013) have been
found in the northeastern segment of the Jiangnan Orogen
and can be regarded as important juvenile mantle-derived
mafic materials; they were injected into the bottom or in-
terior of the ancient crust and were retained in the Neopro-
terozoic collisional orogenic belt. (2) The granite belt with
high ey4(?) values and low Ty, values developed along the
JSF and its vicinity (Gilder et al., 1996; Hong et al., 2002),
which is not only a material manifestation of the Neopro-
terozoic amalgamation of Yangtze and Cathaysia but also a
magmatic record of the juvenile lower mafic crust that suf-
fered from partial melting at a later stage. (3) Adakitic in-
trusive rocks widely exposed in the YMB are products of the
partial melting of intermediate-mafic granulite in the lower
crust (Zhang et al., 2001). The geochemistry of these adakitic
rocks reflects the material composition of the lower crustal
source. These Mesozoic adakitic rocks are characterized by
wide variations in the initial values of Sr87/Sr86, eng(?) and
Tow'» indicating that the lower crust in this area may have
suffered from underplating of young mantle-derived basaltic
magmas (Zhang et al., 2001).

In fact, the extent of the juvenile lower crust in the YMB
may be much larger than that revealed by Hf-isotope map-
ping. First, in some ore-concentrated areas (Ningwu, Lu-
zong, etc.), some intermediate-mafic rock samples related to
iron mineralization are included in isotopic mapping, and
these rocks were mainly from the underlying enriched
mantle (Yan et al., 2003). These rocks have a relatively ne-
gative eyf) value due to metasomatism and enrichment
(Griffin et al., 2013). Second, in some ore-concentrated
areas, the Mesozoic magmatic assemblage is complex, and
the composition varies greatly with xenolith inclusions in-
side the magmas, indicating that mantle-derived basaltic
magmas not only underplate at the bottom of the crust but
also have a high degree of magmatic mixing with crustal
melts (Du et al., 2007; Meng et al., 2011), resulting in de-
creasing ey() values but also increasing Tpy, values.

The genetic link between different crustal types and ore-
bearing magmas, as well as their metal assemblages, has
been confirmed by several studies. For example, the magma
source of the Dexing porphyry copper deposit is considered
to be a copper-rich juvenile lower crust involving mantle-
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derived material (Wang Q et al., 2004; Hou et al., 2007), and
this may represent remnants of the Neoproterozoic oceanic
crustal fragments and magma arc roots retained in the lower
crust during the collisional orogenic period, or this could
represent large-scale underplating of pre-Mesozoic, mantle-
derived magma at the bottom of the crust (Hou et al., 2013;
Ni and Wang, 2017). The copper-bearing porphyries in the
metallogenic belt of the YMB are dominated by adakitic
rocks, which are believed to be mainly derived from the
delaminated and thickened lower crust or the Cu-rich,
mantle-derived magma underplated at the base of the crust
(Wang Q et al., 2004; Hou et al., 2013; Zhou et al., 2017).
The granite and porphyry systems related to tungsten de-
posits such as Zhuxi and Dahutang are believed to have
originated from the Proterozoic W-rich metamorphic base-
ment containing basalt interlayers (Huang and Jiang, 2013;
Pan et al., 2012).

In summary, the YMB and QHMB have generally the
same characteristics, which include thin crusts, high velocity
anomalies, high wave velocity ratios and high ey(f) values,
indicating that their lower crust was affected by newly
formed, mantle-derived components. They eventually
evolved into a juvenile mafic lower crust rich in Cu and Au,
providing a key provenance for Mesozoic metallogenic
magma and Cu-Au mineralization. The central JNMB has a
low-velocity anomaly, low V,/V ratios and low &y(#) values,
reflecting that the W-rich ancient basement provides a pos-
sible material source for large-scale W mineralization.

5.3 The deep driving mechanisms of large-scale Cu-
Au-W mineralization

Various models have been proposed for the dynamic me-
chanisms of Mesozoic tectonic magmatism and large-scale
mineralization in South China, but any model should rea-
sonably explain the following important observations: (1)
Large-scale Cu-Au-W mineralization in the Mesozoic and
the metallogenic timing show a northward younging trend,
and the metal assemblage correspondingly has a gradual
succession from Cu-Au to W, returning to Cu-Au again. (2)
The P-wave velocity in South China is high in the upper part
(0-70 km) and the lower part (300400 km) but is low in the
middle part (70-200 km), forming a “sandwich”-like struc-
ture (Li et al., 2020). The 3-D shape of the low-velocity
anomaly shows basic features of “deep in the south and
shallow in the north” and a general tendency to the southwest
(Jiang et al., 2013, 2015; Li et al., 2018). (3) The receiver
function results show that the lithosphere of the Yangtze
block significantly thinned to 60—80 km and that the litho-
sphere in the YMB is the thinnest (50—70 km) (Shi et al.,
2013; Ye et al., 2019; Lii et al., 2021). (4) Teleseismic to-
mographic imaging and magnetotelluric detection results
show that part of the lithosphere in the YMB and Jiangnan



2214

Hou J, et al.

orogenic belt was delaminated (Zhang et al., 2019; Lii et al.,
2020).

The above observations seem to be related to an important
unified deep process; that is, the lithosphere is thickened due
to the Mesozoic intracontinental orogeny that underwent
large-scale delamination, and the space left by the delami-
nation was occupied by the rapidly upwelling asthenosphere.
The low-velocity bodies appearing in a depth range of
70-200 km likely represent asthenospheric upwelling bodies
that migrated and flowed gradually from deep to shallow
depths and from the south to the north (Jiang et al., 2013; L
et al., 2020). The high-temperature and fluid-rich astheno-
spheric material upwelled along the discontinuities and fur-
ther deconstructed the lithosphere. This process also caused
partial melting of the lithosphere and injected heat and fluid
into the lower crust, leading to partial melting of the crust
(Griffin et al., 2013) (Figure 13).

The Jiang-Shao fault (JSF), which lies on the southern
side of the Jiangnan orogenic belt and acts as a lithospheric-
scale boundary fault between the Yangtze and Cathaysian
blocks, most likely represents the prime channel for asthe-
nospheric upwelling. However, due to the very deep position
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of the asthenospheric upwelling in this area (Jiang et al.,
2013), it was difficult for the lithospheric mantle to melt,
while the newly formed lower crust enriched in copper and
gold could be heated and melted to form a porphyry system,
forming the Dexing Cu deposit (~170 Ma). Over time, the
upwelling asthenospheric body migrated northward (Jiang
et al., 2013) and successively heated the crust of the central
and northern parts of the Yangtze block. The ancient middle
and lower crust in the central part melted, forming granite
and porphyry in the forms of granitic stocks and growths,
accompanied by large-scale tungsten mineralization (150—
135 and 130-125 Ma, respectively). The juvenile lower
crust in the north was partially melted, producing adakitic
magmas leading to Cu-Au mineralization in the YMB (~140
Ma). The asthenosphere upwelled further and induced
melting of the overlying lithospheric mantle to form inter-
mediate-mafic magmatism and Fe mineralization (~130 Ma)
(Figure 13).

The above conceptual models (Figure 13) imply that the
faults cutting through the Moho and major block boundary
faults are mechanically weak zones and play a role as
channels for transporting heat from deep part and trans-

Figure 13 Cartoon model showing the deep processes in northeastern South China and the control mechanisms on Mesozoic large-scale, Cu-Au-W
mineralization. The main boundary faults and crustal structures in the figure are determined according to geological observations and geophysical survey data
from this paper and previous studies (L et al., 2021), the thickness of the lithosphere is determined according to the research results of receiver functions (An
and Shi, 2006; Lii et al., 2021), and the asthenosphere development location was determined based on tomographic results (Jiang et al., 2013). The
delaminated lithosphere on the northern margin of the Yangtze block is inferred from the results of teleseismic tomography and magnetotelluric detection
(Zhang et al., 2019; Li et al., 2020). The dark blue bodies at the bottom of the crust in the YMB and QHMB represent the juvenile lower crust. Abbreviations

in the figure are the same as those in Figure 1.
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porting magmatic fluids upward and therefore undoubtedly
played an important role in the mineralization process. Our
velocity imaging clearly shows that the JNF in the YMB is a
boundary fault dividing the crustal areas of its two sides
(Figure 9), and the Moho beneath the buried Changjiang
fault (CJF) and the main thrust fault (MTF), obviously up-
lifted, with the V,/V; ratios varying strikingly (Figure 11a).
All of these faults played an important role in controlling
regional mineralization. In the JNMB, the JNF and JHF, as
important boundary faults (Figure 9), also worked similarly
as channels for the transport of heat and magmatic fluids and
therefore controlled the distribution of most large and su-
perlarge W deposits (Figure 1).

6. Conclusions

We construct the fine crustal structure based on a wide-angle,
reflection/refraction seismic sounding profile between
Yingshan and Changshan in eastern China. Based on the
velocity model of our profile, we draw the following con-
clusions:

(1) The velocity structure of the Yingshan-Changshan
profile is characterized by vertical layering and lateral seg-
mentation. The velocity structure can be divided into three
layers: the upper crust (~12 km), middle crust (~26 km), and
lower crust (~31-35 km). Laterally, the crust can be divided
into two high-velocity blocks located in the north and south
and one low-velocity block located in the middle bounded by
the Jiangnan fault and Jingdezhen-Huangshan fault in the
north and south, respectively.

(2) In the northern block, the crust of the YMB has high
velocity overall, the Moho interface was uplifted, the crust
was thinned (~31 km), and the lower crust contains Cu-Au-
rich mafic juvenile crust. The middle block (JNMB) gen-
erally shows low velocities at the crustal scale, and the
lower crust is intermediate in composition with limited
mantle-derived materials. The QHMB in the southern block
shows high velocities, and its mafic juvenile lower crust is
more likely to have formed during Proterozoic accretion/
collision processes on the southern margin of the Yangtze
block.

(3) Since the Mesozoic, the asthenospheric mantle has
obliquely upwelled on a large scale from the Yangtze/Cath-
aysia collisional belt to the northern part of the Yangtze block
and triggered partial melting of different types of crust. This
was the deep driving mechanism of the explosive metalli-
zation of copper, gold and tungsten in the northeastern part of
South China. Large-scale faults and block-boundary faults at
the lithosphere scale form weak zones in the lithosphere,
which were the main channels for transporting deep heat
flow and magmatic fluids, thus controlling the regional dis-
tribution of metallogenic belts.
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