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Abstract

South China(SC) is characterized by large-area multistage magmatism.There are five large-scale metallogenic belts in SC, mul-
tiple world-class deposits have been discovered, showing great prospecting potential. What led to the difference in the type
and metal association of the deposits? What controls the distribution of the different types of metallogenic belts? Where
can we find new deposits? To address these concerns, it is necessary to consider the metallogenic factors based on mineral
system. Firstly,the satellite gravity was converted into Bouguer gravity under spherical coordinates. Then the reduction-to-the
pole (RTP) magnetic anomalies in SC were obtained using the moving window with different geomagnetic parameter respec-
tively.Further to that, inversion of gravity and magnetic data was applied to calculate the vertical lithospheric interfaces,and
then the possible metallogenic source zones of the five metallogenic belts were analyzed. The distribution of main faults were
determined and the boundaries among Yangtze Block (YB), Cathaysia Block (CB) and Jiangnan Orogenic belt (JNO) were
redefined by multiscale edge detection of gravity and magnetic data,then the ore-forming pathways in the main metallogenic
belts were explored. 3D spatial distribution of intrusions qualitatively identified by inverted susceptibility and density model
, and hence the depositing site of Cu, Fe, Au, W and Sn deposits were inferred. The metallogenic source zones, pathways,
and sites of the deposits of the mineral system in SC were qualitatively identified according to the gravity and magnetic data

analysis , providing indications for future prospecting exploration in SC.
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Key Points:

® \rtical interface,tectonic framework,3D density and susceptibility model in
South China were obtained by processing and inversion of gravity and magnetic
data.

® The source zones and pathways of the mineral systems in major metallogenic

belts in South China are revealed.

@® Termination sites of main mineral systems in South China are uncovered by 3D

Physical property model.
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Abstract

South China(SC) is characterized by large-area multistage magmatism.There are five
large-scale metallogenic belts in SC, multiple world-class deposits have been
discovered, showing great prospecting potential. What led to the difference in the type
and metal association of the deposits? What controls the distribution of the different
types of metallogenic belts? Where can we find new deposits? To address these
concerns, it is necessary to consider the metallogenic factors based on mineral system.
Firstly,the satellite gravity was converted into Bouguer gravity under spherical
coordinates. Then the reduction-to-the pole (RTP) magnetic anomalies in SC were
obtained using the moving window with different geomagnetic parameter
respectively.Further to that, inversion of gravity and magnetic data was applied to
calculate the vertical lithospheric interfaces,and then the possible metallogenic source
zones of the five metallogenic belts were analyzed. The distribution of main faults were
determined and the boundaries among Yangtze Block (YB), Cathaysia Block (CB) and
Jiangnan Orogenic belt (JNO) were redefined by multiscale edge detection of gravity
and magnetic data,then the ore-forming pathways in the main metallogenic belts were
explored. 3D spatial distribution of intrusions qualitatively identified by inverted
susceptibility and density model , and hence the depositing site of Cu, Fe, Au, W and
Sn deposits were inferred. The metallogenic source zones, pathways, and sites of the
deposits of the mineral system in SC were qualitatively identified according to the
gravity and magnetic data analysis , providing indications for future prospecting

exploration in SC.

1 Introduction

A mineral system is defined as all geological factors that control the generation
and preservation of mineral deposits (Wyborn et al., 1994; Zhai, 1999). These factors
include the geological setting (including geodynamic and lithosphere architecture);
the driver; timing and duration of mineralization; source of the fluid and mineralizing
components; the pathways along which fluids (including magmas) flow; the
depositional site and post-depositional modifications, which can be further classified
as three basic components of “source”, “pathway”, and “site” (Huston et al., 2016;

McCuaig et al.,, 2016; McCuaig and Hronsky, 2014). From initiation by deep
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processes to the formation of a series of deposits, a mineral system will leave behind
various physical, chemical, and mineralogical changes(just like footprints of
metallogenic process) in the lithosphere. These “footprints” are detectable due to the
petrophysical properties diffrences induced by altered,thus, geophysical exploration of
mineral systems is more and more used in the study of metallogeny and target
prediction (LU et al., 2019). For example, Griffin et al. (2013) found that magma
deposits of diamond and Ni-Cu (PGE) get their ore-forming components from the
mantle lithosphere and mapping the structure of the lithosphere is needed for effective
exploration. By a magnetotelluric (MT) and seismic reflection exploration, Heinson et
al. (2018) have revealed the processes of formation from a deep-source region to

mineral occurrences of the world-class IOCG Olympic Dam deposit.

The South China Block(SCB) is one of the most important polymetallic
metallogenic provinces in the world. Large-scale mineralization occurred from the
Proterozoic to Cenozoic, including Paleo-Mesoproterozoic 1I0CG, Neoproterozoic
magmatic Cu-Ni sulfide and orogenic Au, Neoproterozoic-Early Paleozoic
sedimentary Ni-Mo-PGE, P and Mn, Early Paleozoic granite related W-Mo,
low-temperature Au-Sb, Indosinian MVT Pb-Zn-Ag, Carlin-type Au and vein-type Sb,
and Early-Late Yanshannian porphyry-skarn W-Sn-Cu-Mo-Pb-Zn, low-temperature
Au-Sb, etc. (Hu et al., 2017). There are five large-scale metallogenic belts only in the
east of SC, namely the Middle-Lower Yangtze River Metallogenic Belt (MLYMB),
Qingzhou-Hangzhou Metallogenic Belt (QHMB), Nanling Metallogenic Belt (NLMB),
Wuyishan Metallogenic Belt (WYSMB), and Xiangxi-E’xi Metallogenic Belt (XEMB).
Furthermore, multiple world-class deposits have been discovered in this area, showing
excellent prospecting potential. The Mesozoic large granite province in SC and the
mineral system related to granitoids are one of the most important metallogenic
characteristics of SC, and it attracted the full attention of geologists. At present, the
understanding of metallogenesis in SC has broken through the single
magmatic-hydrothermal metallogenic model in the past, and many new metallogenic

models have been established from the viewpoint of multi-stage, multi genesis and
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multi-source( Hu and Zhou, 2012; Mao et al., 2013). However, the critical problems
related to the mineral system, i.e., the source of metallogenic materials, deep process,

and structural background of the mineral system, have not been clarified.

As we know, the regional gravity and magnetic field contain abundant
information about underground structure and material composition(Guo and
Gao,2018). Therefore, the processing and inversion of such information make it
practicable to discuss the critical metallogenic factors of a mineral system from three
aspects: vertical layers, horizontal boundaries, and 3D morphology of key geological
bodies such as intrusion. In this paper, the satellite gravity was first converted into
Bouguer gravity based on spherical coordinates. Then the reduction-to-the pole (RTP)
satellite magnetic anomalies in SC were obtained using the moving window method of
RTP. Further to that, inversion of gravity and magnetic data was applied to calculate
the vertical lithospheric interfaces of Moho depths, isostatic gravity anomalies, and
mantle gravity anomalies as well as magnetic basement in SC. Based on this, the
possible metallogenic source zones and background of the five metallogenic belts were
analyzed. Multiscale edge detection for potential field data was also applied in this
paper. As a result, the distribution of main faults in SC was determined, the boundaries
of Yangtze Block (YB), Cathaysia Block (CB), and Jiangnan Orogenic belt (JNO) were
redefined, and the ore-forming pathways or pathway footprints in the main
metallogenic belts were explored. 3D density and susceptibility model of SC was
obtained by 3D gravity and magnetic physical properties inversion. Based on the
models, it was considered that the 3D spatial distribution of intrusions could be
qualitatively reflected by the associations of high-susceptibility bodies and low-density
bodies, and hence the depositing position of Cu, Fe, Au, W, and Sn deposits were
inferred. In summary, the metallogenic source zones, pathways, and sites of the
deposits in SC were qualitatively identified according to the gravity and magnetic field

analysis of the mineral systems in this area.

2 Geological setting
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The SCB is one of the major blocks that constitute the Chinese mainland. The
Qinling-Dabie orogen bounds it from the North China Craton in the north,
Longmenshan Fault from the Songpan-Gantze terrane in the northwest,
Ailaoshan-Songma suture zone from Indochina Block in the southwest and the Pacific
Ocean to the southeast (Figurel). The SCB consists of the YB in the northwest and
the CB in the southeast, which were welded along the Jiangnan belt during

Neoproterozoic (Cawood et al., 2020).
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Figurel. Geological setting and mineral deposit distribution of South China

(blue polygons are outline of 5 metallogenic belts, MLYMB: Middle-Lower Yangtze
River Metallogenic Belt, QHMB: Qingzhou-Hangzhou Metallogenic Belt, WYSMB:
Wuyishan Metallogenic Belt, NLMB: Nanling Metallogenic Belt, XEMB:
Xiangxi-E’xi Metallogenic Belt)

In YB, the Precambrian basement is mainly made up of Proterozoic lithologies,
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with minor exposed Archean rocks. The rare Archean-Paleoproterozoic rocks consist
of Kongling Complex, Huangtuling granulites, Yudongzi Group and Houhe Complex
from the northern, and Dahongshan and Dongchuan groups from the southwestern
part of the block (Chen et al., 2019; Greentree and Li, 2008; Li et al., 2014; Liu et al.,
2019; Wang and Zhou, 2014; Wu et al., 2008; Zhao et al., 2010). These crystalline
basements are surrounded by Late Mesoproterozoic to Middle Neoproterozoic strata
(e.g., Huili Group, Sibao Group, and equivalent sequences) along the Panxi-Hannan
Belt and Jiangnan Orogen which are locally unconformably overlain by Nanhua (e.g.,
Banxi Group) and Sinian systems (equivalent to Cryogenian and Ediacaran) (Wang et
al., 2012; Zhao and Cawood, 2012). Neoproterozoic magmatic rocks are widespread
along the Jiangnan Orogen and margins of the YB (Xia et al., 2018; Zhao et al., 2018a;
Zhu et al., 2019). The sedimentary cover of YB consists mainly of Cambrian to
Triassic marine sedimentary rocks and Jurassic-Cretaceous and Cenozoic continental

sedimentary rocks.

In CB, no exposed Archean rocks have been reported, and the oldest rocks are
Paleoproterozoic granitoids and supracrustal rocks which distribute in the Wuyishan
area, the northeastern part of the block (Liu et al., 2014; Yu et al., 2012; Zhao et al.,
2018b). Minor Mesoproterozoic basement rocks only occur on Hainan island and
consist of Baoban Group, Shilu Group, and Shihuiding Formation (Yao et al., 2019;
Zhang et al., 2019). Neoproterozoic lithologies are the dominated Precambrian
basement in the CB, including Chencai, Longquan, Mayuan, Mamianshan, Wanquan,
Shenshan, and Yunkai Groups, spreading along Chencai-Wuyishan-Nanling-Yunkai
area (Charvet, 2013; Shu et al., 2011; Yang and Jiang, 2019; Yu et al., 2010). Different
from the YB, Late Ordovician to Middle Devonian strata are absent in the CB, and it

is featured by numerous Phanerozoic igneous rocks, especially Mesozoic granitoids.

The SCB has witnessed a prolonged and complicated evolution. Revealed by
geochronology and geochemistry data from the Kongling Complex, the continental
nucleus of YB probably grown in Archean (Li et al., 2014; Li et al., 2018; Qiu et al.,

2018). The 2.1-1.8 Ga magmatic and metamorphic events and ~1.7-1.5 Ga continental
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rifting magmatism suggest that the YB has probably been involved in the assembly
and breakup of Columbia (Han et al., 2017; Yin et al., 2013; Zhang et al., 2012).
Although there have no exposed Archean rocks in the Cathaysia, Archean detrital and
inherited zircons imply that it is either underlain by Archean crust or developed on the
margin of an Archean block (Wang et al., 2020; Xu et al., 2016; Zhao and Cawood,
2012). During Neoproterozoic, the Yangtze and Cathaysia collided along the Jiangnan
Orogen to form the unified SCB, which is later than the typical Grenvillian orogenesis
marking the assembly of the supercontinent Rodinia (Wang et al., 2019; Yao et al.,
2019; Zhao, 2015). Then the early Paleozoic intracontinental orogeny created
deformation, ductile shearing, and angular unconformities between the Sinian to
lower Paleozoic strata and is responsible for voluminous granitic rocks in the CB
(Charvet, 2013; Yan et al., 2017; Zhang et al., 2017). During Mesozoic, the SCB
collided with the North China Craton in the Triassic (Wu and Zheng, 2013). In
response to the subduction of the Paleo-Pacific Plate, numerous magmatism emplaced
in the whole CB and southeastern YB, which is well known as the SC large granitic
province (Li et al., 2019). With these tectonic-igneous activities, multiple
metallogenic events occurred, and several metallogenic belts formed in the SCB (Hu
et al., 2017). Here we focus on some of the significant metallogenic belts, and the

brief descriptions are as following:

The V-shaped MLYMB along the northern margin of the YB is bounded by the
Xiangfan-Guangji Fault in the northwest, the Tancheng-Lujiang Fault in the northeast
and the Yangxing-Changzhou Fault in the south. The MYLB is characterized by
Yanshannian Cu-Fe polymetallic mineralization, which mainly occurs in seven ore
concentration areas, including Edongnan, Jiurui, Anging-Qiuchi, Luzong, Tongling,
Ningwu, and Ningzhen. Among these clusters, Luzong and Ningwu are in the
volcanic rift basins while the rest are in secondary uplifts. Two main types of ore
deposits have been recognized in the belt: (1) 146~135Ma porphyry-skarn-strata
bound Cu-Au-Mo-Fe deposits which are related to high-K calc-alkaline granitoids; (2)

135~126Ma magnetite-apatite deposits which are associated with shoshonitic rocks
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(Mao et al., 2011; Zhou et al., 2015). The former mainly occurred in secondary uplifts
and controlled by W-NW and E-W faults, while the latter distributes in rift basins and
controlled by NE-NNE faults (Zhai et al., 1996).

The NMLB is located in the central part of the SCB, which covers south Jiangxi,
south Hunan, north Guangxi and north Guangdong provinces (Chen et al., 2013; Li et
al., 2018). The NLMB is famous for its tungsten and tin resources which account
more than 70% W and 50% Sn reserves of China with several world-class deposits of
Shizhuyuan W-Sn-Mo-Bi, Xihuashan W, Yaogagnxian W-Mo and Taoxikeng
Pb-Zn-W-Mo, etc. (Li et al., 2020; Wang et al., 2007). The quartz-vein, skarn, and
stratiform sulfide types are the main types of the deposits in the belt; other types
include greisen, pegmatite, and volcanic types, etc. Besides the Caledonian
granite-related W-Sn-Mo deposits such as Niutangjie, Yangjiaping and Yangjiashan,
most of the deposits formed between 160 Ma and 150 Ma, genetically related to the
coeval highly fractionated granitoid (Chen et al., 2018; Hu et al., 2012; Shu et al.,
2011; Zhao et al., 2017). However, younger ages of 160-130Ma have also been
obtained, indicating later mineralization events or hydrothermal metal redistribution

(Legros et al., 2020; Wang et al., 2017).

The NNE trending QHMB extends along the Jiangshan-Shaoxing fault to the
southeast from Qinzhou Bay in Guangxi, eastern Hunan, central Jiangxi to Hangzhou
Bay in Zhejiang province. It locates in the southeastern margin of the Yangzte Block
and tectonically belongs to the Jiangnan Orogen, which formed by the amalgamation
of Yangzte and Cathyasia Blocks (YYang and Mei, 1997; Zhou et 2017). The QHMB is
a famous Mesozoic Cu-Au polymetallic metallogenic belt with most of the deposits
related to volcanic and granitoid (Ni and Wang, 2017). Mineralization mainly
occurred in Jurassic (170-155Ma), representative deposits include Dexing porphyry
Cu-Au-Mo, Yinshan epithermal Cu-Ag-Pb-Zn, Linhou hydrothermal vein Cu,
Baoshan skarn Cu-Pb-Zn, and Yuanzhuding porphyry Cu-Mo, etc. (Mao et al., 2011,
Mao et al., 2018; Tang et al., 2017). Recently, several porphyry-skarn W-Sn deposits,

including world-class Zhuxi and Dahutang, have been discovered in the northern
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Jiangxi and Anhui provinces (Huang and Jiang, 2014; Pan et al., 2017). These latest
Jurassic to earliest Cretaceous deposits has defined a new tungsten belt, namely North
Yangtze Tungsten Belt or Jiangnan Porphyry-skarn Tungsten Belt (Feng et al., 2018;
Mao et al., 2017).

The NE trending WYSMB mainly covers southwestern Zhejiang, Fujian, and
northeastern Guangdong provinces. It is located to the east of Nanling metallogenic
Belt and separated from the Qinzhou-Hangzhou metallogenic Belt by the
Jiangshan-Shaoxing fault to the north. Basement in the belt is made up of minor
Paleoproterozoic and dominant Neoproterozoic metamorphic rocks. The phanerozoic
cover consists of Early Paleozoic marine metasedimentary rocks, Devonian to Middle
Triassic weakly metamorphic marine sedimentary rocks and Late Triassic to Cenozoic
continental sedimentary rocks (Ding et al., 2016). The WYSMB is characterized by
Yanshannian Cu-Zn-Pb polymetallic mineralization, which is represented by the
Lengshuikeng porphyry Ag-Pb-Zn deposit in the northern part and the Zijinshan
epithermal Cu-Au deposit in the southern part of the belt (Jiang et al., 2017; Qi et al.,
2020).

Tectonically, the XEMB stretches over the northern margin of YB, Xuefeng
Mountain, and the Jiangnan Orogen. It includes central-western Hunan and western
Hubei provinces and contains great resources of Mn, Pb, Zn, and Sh. The sedimentary
Mn deposits are mostly hosted in black shales of Nanhua Group and related to the
formation of the Nanhua rifting basin during Late Neoproterozoic (Tang and Liu,
1999; Wu et al., 2016). The Caledonian Pb-Zn mineralization represented by the
Huayuan deposit is hosted in the Sinian to Early Paleozoic carbonate rocks and are
comparable to the MVT deposits in eastern Guizhou province (Li et al., 2014; Zhou et
al., 2017). The XEMB preserves the largest Sb resource in the world, with most of Sb
bearing veins occurring in the Proterozoic Lengjiaxi and Banxi Groups. Three major
mineralization stages of Ordovician-Devonian, Late Triassic, and Later Jurassic-Early
Cretaceous have been revealed by geochronology, and representative deposits include

Woxi W-Sh-Au, Banxi, and Xikuangshan Sb deposits (Gu et al., 2012; Li et al., 2019;
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Zhang et al., 2019).

3 The lithospheric architecture of South China inferred by gravity
and magnetic dataset

3.1 Gravity and magnetic dataset

Currently, the ground gravity data has not covered the whole Chinese mainland
since it is hard to conduct land gravity surveys in areas such as offshore and
high-altitude areas, making it impossible to provide complete data for large-scale
research. In contrast, satellite gravity data covers a wide area, and the data can be
acquired conveniently despite its lower accuracy. They are furthermore less affected by
near-surface density changes, which are associated with intracrustal geological features.
A growing number of geophysicists are using satellite gravity data to study the
distribution of subsurface structures over large mesoscale areas (ie.g. Tibet, North
China Craton, Antarctic continent, Asia, etal.) (Li et al., 2020; Zhao et al., 2020; Pappa,
2020; Haeger et al., 2019; Steffen et al., 2017; Kaban et al., 2016).

The earth gravity field Model EIGEN6C4 data is composed of EGM2008 (Pavlis
et al., 2012) (continent) and DTU global gravity anomaly grid (Ocean) (Ander et al.,
2010). Eyike et al. (2010) is evaluated by comparison to ground gravity and EGM2008
gravity through upward continuation, spectral analysis and statistical evaluation. It is
show that a strong similarity between EGM2008 and ground data can be confirmed.
Interpretation of the EGM2008 data allows identifying and confirming the position of
major structural trends and provides new information on the crustal architecture. Then
the experimental results show that the accuracy of the satellite gravity data (EIGEN6C4)
in SC is equivalent that of the ground gravity data with 5 km x 5 km (Huang et al.,
2016). Therefore, the gravity data generated by the high-order gravity field model
EIGEN-6C4 were used for deep structure explore in the east of SC. Because the
research area is more than 1,600 km long from east to west and more than 1,300 km
wide from north to south. The gravity anomalies in such a large area should be
calculated based on spherical coordinates. We based on spherical coordinate to
calculate the Bouguer gravity anomalies (Figure 2) in the east of SC (Luo et al., 2019;
Uieda et al., 2015).
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Figure 2. Bouguer gravity anomalies of South China calculated form satellite gravity

data under spherical coordinates

Magnetic anomalies can be used to understand the subsurface structure and crustal
composition deeply. The global Earth Magnetic Anomaly Grid EMAG2 was compiled
based on satellite, ship, and airborne magnetic measurements.The EMAG2 data
represents magnetic anomalies at 4 km altitude above the geoid in 2-arcmin
resolution (Maus S et al., 2009). Li et al (2017) to obtain the global model of
Curie-point depth based on EMAG2. Jaroslav et al. (2020) used the EMAG2 data to

assist in the detection of subsurface structures on Greenland.

Since the magnetic field of the Earth is a dipole field, the center of induced
magnetic anomalies tends to differ from the location of magnetic bodies. It is inclined
towards the north in the Northern Hemisphere and towards the south in the Southern
Hemisphere and varies with the latitudes. Therefore, this greatly disrupts the
identification of magnetic anomaly boundaries and the projection of magnetic body

positions onto a plane. For this reason, RTP is generally used to locate the center of



286
287
288
289
290
291
292
293
294
295
296

297

298

299

300

anomalies right above the magnetic body. It requires the geomagnetic parameters such
as magnetic inclination and magnetic declination as the input. However, these
parameters vary with longitudes, latitudes, and time. Using the parameters of the center
of a magnetic body to conduct RTP is practicable for a relatively small area but
impracticable for a large area since the parameters vary greatly in a large area (Guo et
al. 2013). To reduce the influence of the change in magnetic parameters on RTP, the
moving window method of RTP was adopted in this paper. The research area was
divided into the windows of 300 kmx300 km according to the experimental
comparison. After RTP was conducted for all windows using different geomagnetic
parameters, the windows were sutured together again. In this way, the EMAG2 of

RTP magnetic anomalies (Figure 3) of SC was obtained.
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Figure 3. RTP magnetic anomalies of South China based on EMAG?2
3.2 Moho depths variation

Mohorovicic discontinuity (Moho) is the boundary that lies between the lower
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crust and the upper mantle of the Earth. It also serves as the dynamic boundary through
which the crust and the mantle exchange their materials and energy, and thus controls
the source zones of mineral systems. An effective means to determine the Moho depth
variation is the density contrast interface inversion of gravity data since the gravity
data feature a wide coverage and high-density sampling points compared with seismic
or MT methods. Geophysicists have proposed a series of inversion methods after
extensive research, including commonly used one and two-stage iterative method based
on an approximate formula (Bott, 1960; Cordell and Henderson, 1968), the method of
the compressed mass plane (Liu and Wang, 1977), the sinx/x method (Tomada and Aki,
1955; Tsuboi, 1956), and the spectral expansion method (Chavez and Garland, 1985).
Most especially, the Parker-Oldenburg iterative inversion method in the frequency
domain has been widely adopted owing to its fast calculation (Oldenburg, 1974; Parker,
1972). The density contrast and starting depth for flat interface are essential parameters
in the density contrast interface inversion, and their values directly affect the accuracy
of the inversion results. However, in the case where the traditional Parker-Oldenburg
method is used to calculate density contrast interfaces, only a constant crust-mantle
density contrast and a basic depth are used in the whole research area, without
considering the transverse variation of Moho density contrast. This will result in errors
when calculating the density interfaces of a large area. To overcome the shortcomings
arising from constant density, a method of variable density was adopted in this paper.
With this method, the research area was divided into regular rectangles that can be
spliced together. After the determination of the crust-mantle density contrast for each
rectangle reference the global crust model Crustl.0 density contrast information,
Parker-Oldenburg iterative inversion was employed for each rectangle (Luo et al.,
2019). In detail, the iterative inversion calculation was carried out with an improved
Parker-Oldenburg formula (Luo et al., 2019), with the Bouguer gravity anomalies
corrected for the sediment effect (Figure 2) and the variable Moho density contrasts in
the Crust1.0 being used as the input data, the average crust thickness Z, being taken as
32 km, and the Moho depth variation (h) initially being taken as 0 km. In this way, the
Moho depth variation in SC was achieved (Figure 4). The Moho depth in the middle
and lower reaches of the Yangtze River is a case study to verify this method. It was
revealed to be 29-35 km by LU et al. (2015) through the results of several deep seismic
reflection profiles arranged in the middle and lower reaches of the Yangtze River and
was determined to 28-36 km by Shi et al. (2013) through the grid-search method of the
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broadband seismic survey. In this paper, it was calculated to be 31-34 km by variable
density contrast interface inversion of satellite gravity data, which coincides with the
previous results based on the seismic survey. This indicates that the Moho depth
determined by variable density contrast interface inversion of satellite gravity data is

reliable.
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Figure 4. Moho depths in South China inverted by Park-Oldenburg iterative inversion
method based on variable density contrast between crust and mantle constrained by
Crust1.0

The Moho in SC tends to gradually deepen from east to west and from north to
south in general, and varies greatly in local areas, with multiple intermittent mantle
uplift areas and mantle subsidence areas existing.
Xiangfan-Yichang-Zhangjiajie-Tongren-Liuzhou-Nanning area features noticeable
Moho variation. It is part of Daxing'anling-Taihangshan-Xuefengshan gravity gradient
belt in China that extends into SC. It is also the eastern longitudinal strip in "three

latitudinal strips and two longitudinal strips” (the former refers to
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Tianshan-Yinshan-Yanshan, Qinling-Dabie, and Nanling, and the latter refers to
Daxing'anling-Taihangshan-Wulingshan, and Helanshan-Longmenshan), which is the
geotectonic framework of China as proposed by Liu (2007). In JNO, the Moho depth
ranges from 36-30 km, displaying certain features of being deep in the north and
shallow in the south. The Moho gradually rises towards the hinterlands of the East
China Sea and the South China Sea in the coastal areas of the SCB. The shallowest part
is in the eastern and southern part of the Taiwan Island, with a depth of about 10 km,
while it is the deepest on the northwestern margin of the SCB, with a depth of about 50
km. The high-value area in the southeast corner as shown in Figure 4 is the continental
area of Taiwan Province, China, where the Moho depth ranges from 30—40 km. Besides,
the MLYMB and QHMB are located in the Moho uplifts, NLMB and WYSMB in the
Moho subsidence areas, and XEMB in the transitional zone between the Moho uplift

and depression.
3.3 Mantle gravity anomaly

As shown by extensive research, the fluids that are widely distributed in the
mantle serve as the medium and carrier for the migration of deep-source metallogenic
materials and thus provide metallogenic materials and thermal source for the formation
of large-super large deposits or ore concentration areas (Spera, 1987; Schneider and
Eggler, 1986; Bolfan-Casanova, 2005; Mao et al., 2005). Not only do they affect the
partial melting of mantle rocks and the properties of mantle-derived magma but also
cause the heterogeneity of lithospheric mantle, thus leading to the formation of the
transition between the depleted mantle and enriched mantle (Yang et al., 2008; Rickard
and Roland, 2011). The mantle Bouguer gravity anomalies can be used to reflect the
thickness of the crust and the density variation of the crust and the upper mantle, and
can further reveal the mantle state. Therefore, they can be used to explore the deep
mantle origin of research targets (Grindlay et al., 1998; Radhakrishna et al., 2008; Suo
etal., 2016).

According to the division theory of the spherical structure of the Earth and the
definition of gravity anomaly, the mantle Bouguer gravity anomalies (MBGA) are
usually obtained by correcting free-air gravity anomalies for the effects caused by
terrain, sediments, and crustal thickness (Prince and Forsyth, 1988; Suo et al., 2016;
Deng et al., 2014; Mooney and Kaban, 2010). In this paper, the MBGA in SC were
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determined as follows. First, based on the aforementioned crustal thickness in SC
(Figure 4) and the density data of transversely distributed blocky rectangles in Crust1.0
(Laske et al., 2012), forward calculation of transverse variable density was conducted
by the method proposed by Parker (1973) to determine the gravity response resulting
from the crustal thickness in the research area. Then the free-sediment effect Bouguer
gravity anomalies (Figure 2) minus the crust thickness gravity response value to
obtained the MBGA in SC (Figure 5). It is generally believed that the areas with high
MBGA reflect the thinning of the crust or the presence of high-density anomaly zones
in the crust/upper mantle, while the areas with low MBGA reflect the thickening of the
crust or the presence of low-density anomaly zones in the crust/upper mantle formed
owing to high temperature or partial melting (Corimer et al., 1995). Based on this, as
well as the Moho depths, as shown in Figure 4, it is believed that the areas with low
MBGA in the continental areas of the SCB such as MLYMB and QHMB mainly reflect
the thinning of the crust, while the areas with low mantle gravity anomalies such as
NLMB and WYSMB reveal the thickening of the crust and the presence of molten
low-density bodies in the upper mantle of these areas.

3.4 Isostatic gravity anomaly

Crustal isostasy is a hypothesis based on the principle of hydrostatic equilibrium.
According to this theory, the Earth's crust is composed of many rocks with different
thicknesses, which are floating in denser and plastic underlying magma and are in an
equilibrium state according to Archimedes' principle. This means that both the excess
of mass above sea level in continental and mountainous areas and the deficit in mass
below sea level in marine areas are to be compensated by denser magma (i.e.,
subsidence in continental areas and uplift in marine areas). That is, the increase or
decrease in mass in large areas on the ground is inevitable to be compensated
underground. As indicated by some geophysical and geodetic phenomena, isostatic
compensation covers about 90% of the Earth (Heiskanen et al., 1967). Therefore, it is
necessary to calculate the isostatic gravity anomalies in the process of in-deep Earth
research to reflect the real condition of the crustal structure correctly. The values of
isostatic gravity anomalies can be used to decide whether the deep crust is in an
equilibrium state. In a case where the crust is in a complete equilibrium state, the
isostatic gravity anomalies should be close to zero. Otherwise, the isostatic gravity

anomalies on the ground will be highly positive or negative. Positive anomalies
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indicate excess compensation (i.e., in mantle uplift areas), while negative anomalies
indicate deficit compensation (i.e., in mantle subsidence areas). A non-equilibrium
state will inevitably lead to the occurrence of isostatic adjustments. Therefore, the
research on isostatic gravity anomalies will contribute to the understanding of the

characteristics of the tectonic activities in the deep crust.
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Figure 5. Mantle gravity anomalies of South China

The isostatic gravity anomalies can be obtained by subtracting the isostatic gravity
correction values from Bouguer gravity anomalies. In this paper, the isostatic gravity
correction values were calculated by the Fast Forward Formula of the gravity field in
frequency domain improved by Feng et al. (Parker, 1973; Feng et al., 1985, 19864,
1986b, 1987). ETOPO1 elevation data were adopted for the terrain. According to
Crust1.0 model information, the density of the crust and mantle, as well as the
crust-mantle density contrast in the research area, were statistically calculated and the
results are as follows: the average density of continental crust, oceanic crust, and the

mantle are 2.824 g/lcm®, 2.877 g/lcm®, and 3.3g/cm®, respectively. Accordingly, the
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crust-mantle density contrast is 0.476g/cm® in continental zones and is 0.433g/cm®in
oceanic zones. The average Moho depth is 34.647 km in continental zones and
23.925km in oceanic zones. The average elevation in continental zones is 395 m, and
the average water depth in oceanic zones is 646m. The isostatic gravity anomalies in SC
were calculated (Figure 6) using the Bouguer gravity anomalies taken as the Bouguer
gravity anomalies corrected for the sediment effect of SC that had been corrected in a

spherical coordinate system (Figure 4).
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Figure 6. Isostatic gravity anomalies of South China

Presently, the majority of geophysicists tend to interpret an area with isostatic
gravity anomalies close to zero or not exceeding a certain threshold-generally
considered to be £20 mGal (Cheng et al., 1985)-as an area where the crust has reached
an equilibrium state (Zhang et al., 2003). However, in this paper, it is considered to be
incomprehensive to determine whether or not the crust is in an equilibrium state solely
according to the amplitude of the anomalies. The reasons are as follows. First, the

isostatic correction is only to correct the compensation effect of crustal depth. Second,
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the isostatic models are not perfect at present, and most especially, it is difficult to
determine the isostatic parameters. As a result, certain differences exist between two
different models and even in one model with different parameters. As a result, the
isostatic gravity anomalies calculated are not necessarily accurate. Therefore, in this
paper, the conclusion about whether or not the crust is in an equilibrium state was
inferred from the gradient of isostatic gravity anomalies. This means that the crust in a
certain area can be considered to be in an equilibrium state if the isostatic gravity
anomalies vary gently in the area, even though the amplitude of the anomalies is
relatively high. On the other hand, the crust in an area can be considered to be in a
non-equilibrium state if the isostatic gravity anomalies in the area feature low

amplitude but high or intense gradients.

Based on the preceding principle, it was discovered that the crust in most areas of
the research area had reached an equilibrium state (Figure 6). Meanwhile, several areas
with negative isostatic gravity anomalies, and several areas with positive isostatic
gravity anomalies were determined. The former areas are mainly distributed in Dabie
orogenic belt and Yangtze-Cathaysian junction belt. In the eastern segment of the
Dabie-Qinling orogenic belt, the closer the areas to the hinterland of the orogenic belt,
the lower the isostatic gravity anomalies, and they are gradually reduced from -20
mGal in the southeastern part to less than -30 mGal in the northwestern part of the
orogenic belt. This indicates that the crust in Qinling-Dabie orogenic belt has not yet
reached an equilibrium state, and excessive crustal materials are compensated (i.e., the
crust has penetrated into the mantle at a high degree, and this is consistent with the
Moho depths calculated as shown in Figure 4). Another area with apparent negative
isostatic gravity anomalies lies in the central part of the research area in NE trending. It
shrinks from the Nanning-Hechi area in the southeastern part towards the northeast in
the shape of a trumpet mouth, and extends to Jingdezhen-Huangshan area after passing
through Guilin, Yongzhou, Pingxiang, and Nanchang. The amplitude of the negative
isostatic gravity anomalies in this area has also decreased from the southwest to the
northeast. It gradually changes from less than -30 mGal in Nanning area to less than
-20 mGal in Pingxiang area, and then further to -5 mGal in Jingdezhen-Huangshan
area. The morphology formed by negative isostatic anomalies in this area is basically
consistent with that of Poisson’s ratio in this area acquired by broadband seismic
observation (He et al., 2013; Zhang et al., 2019). Low Poisson's ratio indicates the
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following two types of tectonic setting in general: (i) tectonic compression
environment, where felsic rocks tend to more likely form nappe structures or folds than
mafic rocks under the same temperature and pressure conditions, thus causing the ratio
of P- to S-wave velocity of the crust to decrease with the increase in crustal thickness;
(if) thinning of some basic rocks in the lower crust subject to delamination, thus
resulting in the decrease in the Poisson's ratio of the crust. In this paper, by combining
Poisson's ratio results, it is believed that the negative isostatic gravity anomalies reflect
the crustal thickening caused by the collision juncture belt between YB and CB and
subsequent delamination, both of which led to the negative isostatic gravity anomalies
in the research area. Therefore, the negative isostatic gravity anomalies in the research
area are mainly distributed in JNO, i.e., the juncture belt between YB and CB. On the
contrary, it is also practicable to trace the boundary and scope of JNO according to the
distribution of negative isostatic gravity anomalies. Based on this, the northern
boundary of JNO is determined to be the
Hechi-Kaili-Huaihua-Yiyang-Xianning-South Jiujiang-Huangshan Mountain area, and
the  southern  boundary is determined to be  distributed along
Qinzhou-Yulin-Wuzhou-Chenzhou-Ji'an-Shangrao area. Positive isostatic gravity
anomalies are present in local areas in JNO, such as Nanchang, Ji‘an, and Hengyang.
This may reflect the late activities in JNO, which caused the Moho upwelling in local

areas and further formation of high isostatic gravity anomalies in the local areas.

The positive isostatic gravity anomalies in the research area are mainly
distributed in the southeast coastal areas and the southern margin of YB. The high
isostatic gravity anomalies in the southern margin of YB are distributed along
Enshi-Yichang-Wuhan-Jiujiang-Anging area. They are basically distributed along with
the Wuling uplift in an arc shape in the western section of this area and along the
Yangtze River in Yichang area. They are distributed in the shape of an NW-trending
belt in Hubei. Then their distribution is suddenly changed to NE trending in the
Jiujiang-Huangmei area, and then is in a radial shape in a gradually enlarged area
between northern Lujiang and southern Qingyang. The area along the Yangtze River is
considered by various geophysical exploration to feature shallow Moho, and the
mantle in this area relatively uplifts. This ascertained the deficit in crustal material
compensation reflected by the high isostatic gravity anomalies. The areas with high
isostatic gravity anomalies along the southeast coastal areas are located in the eastern
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part of Guangzhou-Huizhou-Meizhou-Longyan-Sanming area, wide in the north and
narrow in the south. This may reflect the influence of the NE-trending subduction of the

Paleo-Pacific Plate on the crust.
3.5 Magnetic basement depth

The magnetic basement mainly reflects the burial depth of the top of the magnetic
layer. The study will help to understand the distribution of crystalline basement, deep
intrusions, ore-transmitting pathways, and basement fault structures, thus providing
useful information about the deep background of metallogenic belts. There are many
magnetic interface inversion methods, which can be roughly categorized into
unconstrained inversion and constrained inversion. The former include tangent
methods and matched-filtering methods, while the latter includes the inversion based
on prior models. However, some of these methods can only determine the burial depth
of the top or center of a single magnetic body, and some of them require many prior
geological and physical information. In this paper, the burial depth map of the magnetic
basement in SC (Figure 7) was calculated by the source parameter imaging (SPI)
(Thurston and Smith, 1997; Thurston et al., 2002) method using the EMAG2 of RTP

magnetic anomalies in SC (Figure 3).

The magnetic basement depth also reflects the intensity of magmatic activities to a
certain extent. The shallow magnetic basement indicates previous intense magmatic
activities in the shallow crust, and the footprints left by the alteration activities of
magma and fluids were retained. It can be seen from Figure 7 that the burial depth of
the magnetic basement in SC tends to increase from the southeast to the northwest
gradually and is distributed in cloddy shapes in local areas. Moreover, high burial
depth is also distributed in some shallow-background areas and vice versa. In general,
with F2 as the boundary(Figure7), the burial depth of the magnetic basement in the
north is high. This indicates weak magmatic activities in YB-the feature of a cold block,
and thus also indicates that F2 serves as a regional boundary. The band with high burial
depth along F1 is distributed in the shallow magnetic basement. Its southeastern part is
shallow and distributed intensively and continuously, indicating that this part is the CB
with frequent magmatic activities. In the narrow zone between the northern part of the
band and F2, the burial depth of the magnetic basement is alternatively high and low.

These characteristics of different shapes and intensities correspond to the distribution
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range of different blocks. They serve as magnetic evidence that the area to the north of
F2 is YB, the area to the south of F1 is CB, and the area between F1 and F2 is the
juncture belt of YB and CB (i.e., the JNO).
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Figure 7. Magnetic basement depth of South China
(F1: the southern boundary of Jiangnan orogenic belt, F3: the northern boundary of
Jiangnan orogenic belt)

3.6 Lineament structure

Owing to the difference in physical properties such as density or susceptibility
between the two sides of a geological boundary, the gravity and magnetic anomalies
near a geological structure boundary are present in the form of gradient zones, which
are the boundaries of field sources. Therefore, the main method of extracting the
information about gravity and magnetic structures is to extract field source boundaries
from the gravity and magnetic anomaly map (Zhang et al., 2015). The common practice
is to enhance the information of field source boundaries in gravity and magnetic
anomalies, and then determine the positions of the boundaries by a certain edge

detection method (Guo et al., 2015). There are many methods of edge enhancement and
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detection of gravity and magnetic anomalies, such as tilt angle derivative method, tilt
angle derivative and horizontal gradient method, and theta-map method. However,
different processing results will be achieved by these methods, even for the same group
of gravity and magnetic data since these methods are based on different principles and
different applicable preconditions. Therefore, it is necessary to select the most suitable
detection method by comparing and analyzing the detection effects of various methods.
Usually, in the process of gravity and magnetic anomaly interpretation of different
regions or different geological backgrounds, it is also necessary to screen a detection
and enhancement method that well suits actual geological conditions by comparing and
analyzing the results acquired by various methods. In this way, a reasonable geological
interpretation can be made by combining comprehensive analyses of existing data.
After comparing the widely used total horizontal gradient method, tilt angle derivative
method, theta-map method, and multiscale edge detection method Worms through
model testing, Yan et al. (2015) found that Worms is more suitable for edge extraction
of large-scale gravity and magnetic data and has played an active role in tectonic
information extraction of MLYMB (Yan et al., 2011).

In this paper, the edge detection results of the east of SC were obtained by
multiscale edge detection for both Bouguer gravity anomalies (Figure 2) and RTP
satellite magnetic anomalies (Figure 3). The multiscale edge detection results of
satellite gravity anomalies in the east of SC are shown in Figure 8, from which it can be
seen that the Worms lines are distributed in linear shapes in general and in the shapes
of rings and semi-rings in local areas. The linear Worms lines reflect the boundaries of
faults and blocks. The tectonic lines denoting the deep crust are distributed in NNE
trending in most areas, mainly in NW trending in the western part and in NNE trending
in west Guangxi. Some tectonic lines denoting the shallow crust vary greatly in
direction, reflecting the complexity of the structures in the shallow crust. The ring and
semi-ring-shaped Worms lines mainly indicate the boundaries of intrusions and basins.
The reliability of boundaries determined by Worms can be ascertained by the
amplitude intensity of edge detection for gravity anomalies (Figure 9a). The sections
with intense amplitude signals indicate a strong possibility for the existence of density
body boundaries. The intense amplitude signals of edge detection in SCB are also
found to be mainly in NE trending, indicating that the deep structures in SCB are

mainly in NE trending.
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Figure 8. Multiscale edge detection results of Bouguer gravity anomalies in South
China

=4 =4

~s

24

(a) (b)

Figure 9. Persperctive view of amplitude intensity of multiscale edge detection results
of Bouguer gravities (a) and EMAG2 after RTP (b) of South China
(The lines colors from blue to purple indicate weak to strong amplitude intensity of
detection lines; the base map is ETOPOL1 digital elevation map)
The edge detection results of RTP satellite magnetic anomalies in the east of SC
are shown in Figure 10. The Worms lines reflect the boundaries of different magnetic
bodies. The linear Worms lines reflect the boundaries of magnetic geological bodies or

faults, while the ring-shaped Worms lines mainly reflect the boundaries of intrusions
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(concealed intrusions) and volcanic basins. The Worms lines of CB, YB, and Dabie
orogenic belt have quite different characteristics and shapes. The Worms lines of YB
are mainly linear and in NE trending, mainly reflecting the boundaries of the strata
inside the block. As for the Worms lines of CB, ring-shaped Worms lines are widely
distributed besides linear Worms lines. Most especially in the eastern part of CB,
ring-shaped Worms lines representing different scales and different depths are all
present. Most of these ring-shaped structures reflect the distribution of intrusions and
concealed intrusions. As for the Worms lines of the Dabie orogenic belt, the
NE-trending Worms lines on both sides of the orogenic belt denote Tan-Lu fault, and
two NW-trending boundaries denote Xiangfan-Guangji fault and Xiaotian-Mozitan
fault. The reliability of boundaries determined by Worms can be ascertained by the
amplitude intensity of edge detection for RTP satellite magnetic anomalies (Figure 9b).
The sections with intense amplitude signals indicate a strong possibility for the

existence of the boundaries of magmatic bodies.
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Figure 10. Multiscale edge detection results of EMAG2 RTP magnetic anomalies in
South China

The tectonic framework in the east of SC was determined based on multiscale
edge detection for gravity and magnetic anomalies, isostatic gravity anomalies, and
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magnetic basement depth (Figure 11). In general, the tectonic lines in SC are primarily
in NE-SW trending and secondarily in NW-SE trending. It can be seen from Figure 8
that there is a continuous obvious Worms lines along with Shaoxin-Jinhua - Shangrao -
north-Ganzhou — Chenzhou — Wuzhou - Yulin - east Beihai. The northeastern section
and the northern section of the Worms lines coincide with Jiangshan-Shaoxing fault
and Chenzhou-Linwu fault, respectively. Therefore, the traced fault F1 is considered to
be the southern boundary of the Qingzhou-Hangzhou juncture belt. There is a
continuous lineament along with south Jingdezhen — Fuzhou — Xinyu — Pingxiang —
Hengyang — Guilin - west Wuzhou — Qinzhou. It is considered that the fault F3 can be
formed by intermittently tracing this pencil of Worms lines, i.e., the northern boundary
of the Qinzhou-Hangzhou juncture belt. It can be seen from the amplitude intensity of
the Worms lines (Figure 10a) that F1 has greater cutting depth and a more complete
shape than F3. The ratios of P- to S-wave velocity of the crust in YB and CB are found
to be relatively high from Poisson’s ratio distribution obtained from natural seismic
tomography (Zhang et al., 2019, Chen et al., 2019, He et al., 2013), while the juncture
belt between YB and CB shows significantly low ratios of P- to S-wave velocity.
Furthermore, the southern boundary of high anomalies of the ratio of P- to S-wave
velocity basically coincides with the inferred F1. All of the aforementioned detection
results indicate that F1 may be the main boundary resulting from the subduction of CB
towards YB (i.e., the southern boundary of JNO). It can also be seen from Figure 9 that
there exists another obvious Worms lines F2 from Huangshan to Jiujiang and Yueyang,
whose amplitude intensity is equivalent to that of F1. Based on this, as well as the
multiscale edge detection results of satellite magnetic anomalies (Figure 10),
magnetotelluric apparent resistivity, and ratio of P- to S-wave velocity from broadband
seismic (Yan et al., 2019), it is inferred that Huangshan - Jiujiang - Yueyang - Changde
- Jishou— Kaili area is the northern boundary of JNO. F4 is inferred to be
Changle-Nan'ao fault.F5 is inferred to be Zhenghe-Dapu fault, it divides the CB into

the eastern part and western part, and the eastern part is a coastal volcanic area.F6 is
mainly Heyuan-Shaowu fault. F7 is Jianshi-Pengshui fault, F8 is Qiyueshan fault, F9
may be a part of Huayingshan fault, and F12 is the newly inferred Bazhong-Yichang
fault (partially coinciding with Tianyangping-Jianli fault). F10 is Tan-Lu fault, F11 is
Yangtze River deep fault, F13 is Xiangfan-Guangji fault, F14 is Xiaotian-Mozitan fault,
and F15 is inferred to be Tongling-Taizhou fault.
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Figure 11. Tectonic framework of South China inferred from gravity and magnetic

data procession

3.7 3D density and susceptibility model

The 3D gravity and magnetic physical properties inversion can be used to
establish 3D models of underground density and susceptibility, thus proving relevant
information about physical properties related to the underground material composition.
The basic principle of this is as follows. The area of the field source is broken down
into smaller units (cuboid or cube units). The morphology of the units remains
unchanged, while the physical properties of the units vary during the inversion. For
this reason, the scope of the field source can be determined according to the changes
in the physical properties. In this paper, the physical properties inversion programs
UBC Mag3D and Grav3D developed by the University of British Columbia in Canada
were applied. Their core algorithm is based on the gravity and magnetic anomaly
inversion algorithm proposed by Li et al. (Li, 1996, 1998). They are equipped with an
interface used to put constraints of prior information, thus making it practicable to



676  carry out the inversion with prior constraints (Williams, 2008).

677 The same mesh division file was used in both 3D gravity inversion and 3D
678  magnetic physical properties inversion, and the details are as follows. A cell is 5,000
679 m long in the horizontal direction, and its thickness in vertical direction gradually
680 increases from 500 m to 1,000 m, 2,000 m, 5,000 m, and 10,000 m as the depth
681  gradually decreases. To minimize the edge effect, the mesh was extended by 35,000 m
682 in the directions of east, south, west, and north individually. In this way, the
683  underground of SC was divided into 155 (in north-south trending) x 155 (in east-west
684  trending) x 35 (vertical) = 4,385,502 regular cells, which fill in the whole lower half
685 of SC. 3D gravity inversion was performed in Chifa mode, with the smoothing
686  coefficient of 0.4 and the density range of -1-1 g/cm®. A 3D density model was
687  obtained by the inversion through depth weighted calculation (Figure 12a). The depth
688  weighted method under the Generalized Cross-Validation (GCV) model was used for
689  magnetic inversion in the value range of 0-1 Sl. In this way, a 3D susceptibility

690  model was also obtained (Figure 12b).
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692  Figure 12 Persperctive view of 3D gravity inversion results (a) and 3D magnetic

693  inversion results (b) of South China

694  (topper is gravity or EMAG RTP anomalies, bottomer is density contrast or

695  susceptibility model)
696

697 4 Discussion

698 4.1 Source zones of mineral systems in metallogenic belts in South China
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Different types of mineral systems have different source zones. For instance, the
source zones of sandstone-type uranium deposits may be sedimentary strata
(paleo-weathered crust), in which the uranium deposits are enriched through
groundwater circulation. In contrast, the mineral systems associated with
magmatic-hydrothermal activities may have multi-level source zones, which may be
the sub-continental lithospheric mantle (SCLM), LAB, or the crust-mantle boundary
(basic magma underplating belt, i.e., the Moho) in deep strata, or large magma
chambers in shallow strata. In subduction zones, for example, mantle wedges were
transformed by dehydration and melting of oceanic crusts, leading to the enrichment
of metals (Mungall and E., 2002; Hou et al., 2015). Then the magma generated
underplated the mantle-crust boundary and was transformed into ore-bearing magma
through melting, assimilation, storage, and homogenization (MASH). In recent years,
some experts argued that the structure of SCLM plays an essential role in controlling
the formation of super-large deposits (Griffin et al., 2013) and emphasized that the
boundary, composition, and fertility of continental plates, as well as the evolution of
SCLM, may serve as critical factors that control the “source zones” of mineral
systems. In this paper, possible source zones of the mineral systems in major
metallogenic belts of SC were analyzed by combining the characteristics of vertical

structures such as the Moho calculated based on the gravity and magnetic data.

411 MLYMB

As indicated in the Moho depth map calculated with gravity data (Figure 4), the
Moho in MLYMB area consists of one uplift and two subsidence areas, with the uplift
lying between the two subsidence areas, and the MLYMB lies in the uplift belt of the
Moho. The mantle gravity anomalies (Figure 5) also indicate that MLYMB is located
in the uplift belt of the mantle. Meanwhile, the ore concentration areas in MLYMB
clearly correspond to the uplift of the ground, and they are mainly distributed in the
ridge and southern mantle slope of the mantle uplift. As shown from the Moho depth
isolines, the two sides of the mantle uplift of MLYMB are different in steepness and
width, and the gradients of the isolines are high on the northern side and low on the
southern part. This suggests that, compared to the northern mantle slope, the southern
mantle slope is wider and has a larger volume and a larger contact area with the lower
crust. Therefore, it provides longer crust-mantle interaction in larger space, creates

more opportunities to extract metallic elements from the crust, and makes it easier for
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the formation of deposits.

Meanwhile, the lower crust was continuously roasted owing to the large
crust-mantle contact area. As a result, part of the lower crust was melted, and
delamination was more likely to take place, thus intensifying the crust-mantle
interaction (Rudnick, 1995). Furthermore, the roasting also resulted in the melting of
the lower crust far from the mantle ridge. As a result, the magma dominated by
crust-derived magma was generated. Then it rose and emplaced and became
intermediate-acid intrusions, forming hydrothermal or porphyritic polymetallic
deposits in some areas. This is the fundamental reason why there are a large number
of Pb and Zn deposits in the areas on the southern mantle slope, such as Qingyang and
Guichi. On the other hand, the northern mantle slope is narrow and thus has a
comparatively small crust-mantle interaction area and crust-mantle material exchange
space. Therefore, it is difficult for metal deposits to be formed in this area (Figure 13).
According to the comparison of the isostatic gravity anomalies with the distribution of
metal deposits in MLYMB (Figure 6), nearly all deposits are distributed in the areas
with positive isostatic gravity anomalies except for the deposits in Jiujiang and the
southeast Hubei, which are distributed on the southern side of the areas. Most
importantly, the deposits are more likely to take place on the margin of locally deeper
parts in the areas. Overall, there is a clear positive correlation between positive

isostatic gravity anomalies and the occurrence of metal deposits.

For these reasons, it is considered that the Fe and Cu mineral systems in
MLYMB have multi-level source zones. The initial-level source zone is the enriched
mantle, which is formed owing to the thinning of the lithosphere and the deformation
caused by the fluids in the asthenosphere. Some of the enriched mantle melted and
underplated, and were mixed with the materials in the lower crust, and then formed
metallogenic magma containing abundant Cu and Fe through MASH. Owing to the
influence of spatial positions, time, and the injection proportion of mantle-derived
magma, different series of magma and related deposits were formed in the

metallogenic belts during the formation and evolution of the source zones.
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Figure 13. Schematic diagram of the main control factors of the mineral system of main

metallogenic belts in South China

412 NLMB

NLMB is one of the most important areas in the world where Sn and W deposits
are distributed in a concentrated way, with W deposits mainly distributed in the
eastern segment and Sn deposits in the western segment. The Moho in NLMB is 35—
39 km deep (Figure 4), and it deepens gradually from east to west and uplifts slightly
from Shaoguan to Chenzhou, reflecting the thickening of the crust in this belt. NLMB
features negative isostatic gravity anomalies, indicating an excess of crustal material
compensation in this belt. This means that the crust has penetrated into the mantle at a
high degree, also reflecting that the crust is thickened. It is generally believed that the
areas with low mantle gravity anomalies indicate the thickening of the crust or the
presence of low-density anomaly zones in the crust/upper mantle formed owing to high

temperature or partial melting (Corimer et al., 1995). Given the fact that NLMB
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features low mantle gravity anomalies (Figure 5), as well as the Moho depths (Figure
4) and isostatic gravity anomalies (Figure 6) in this belt, it is believed that NLMB
features not only crust thickening but also the presence of melted low-density bodies
in the upper mantle. The magnetic basement of NLMB is presented in the shapes of
strips and blocks with different depths (Figure 7), and the W and Sn deposits are
mainly distributed in areas with shallow magnetic basement and the gradient belts of
the magnetic anomalies. The magnetic basement of NLMB suggests the traces of
magmatic activities to a great extent. Therefore, it can be inferred that the magma
upwelling from the deep part of NLMB was blocked by the thickened crust and then
remelted, and thus were mixed with more crust-derived materials. After intruding
upwards, the high-temperature and high-pressure magma were trapped in the upper
crust and then underwent remelting with materials in the upper crust and
metasomatization of metallogenic elements, resulting in the mixing and emplacement
of the magma dominated by crust-derived magma. As a result, metallogenic elements
were enriched near the Nanling area, and large deposits were ultimately formed,
including Xitian Sn deposit, Shizhuyuan Sn deposit, Xianghualing Sn deposit,
Yaogangxian W deposit, Xintianling W deposit, Furong Sn deposit, and Baiyunxian
W deposit (Figure 13).

4.1.3 QHMB

QHMB is located in the zone where two paleo-continental blocks, namely CB
and YB, collided and spliced together. It experienced multiple stages of mineralization,
such as Yanshanian, Caledonian, and Jingningian, and, as a result, a huge number of
polymetallic deposits such as Cu, Au, and W deposits were formed in this area. It can
be divided into the eastern segment and western segment according to spatial and
metallogenic features, with NLMB in its middle as the boundary. The eastern segment
is characterized by Cu and Au mineralization, and many large-medium and superlarge
Cu-Au polymetallic deposits have developed in this segment. In contrast, the western
segment features mineralization of rare metals such as Au and Ag, with several rare

metal deposits being developed in this segment (Figure 1).

The Moho in QHMB generally uplifts in NE-SW trending in banded shapes and
is disconnected by the mantle subsidence area of NLMB (Figure 4) in the middle part

of QHMB. It is generally believed that the areas with high mantle gravity anomalies
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reflect the thinning of the crust or the presence of high-density anomaly zones in the
upper mantle (Corimer et al., 1995). The mantle gravity anomalies are high in QHMB
in general (Figure 5), which also proves that QHMB is located in the mantle uplift
areas. The eastern segment of QHMB features positive isostatic gravity anomalies.
Therefore, it is inferred that in the early stage of early Yanshanian, the Paleo-Pacific
Plate subducted towards the SCB, during which the compressive stress on the
continental margin produced remote effects within the continent. As a result, the
suture zone boundaries between various blocks in the Qingzhou-Hangzhou juncture
belt were activated, causing the melting of the thickened lower crust accompanied by
delamination. Then the magma was mixed with more mantle-derived materials and
formed massive type-l granitic magma, thus providing material sources for Cu-Au
polymetallic deposits. From the late stage of early Yanshanian to the early stage of
late Yanshanian (160-125 Ma), the eastern segment of QHMB underwent intense
flat-slab subduction, and the tectonic background of entire SC was gradually
transformed from compress to extension as the subducting angle increased. Next,
massive materials in the asthenosphere upwelled, and flat-slab subduction dehydration
led to the melting of mantle wedge and further generation of underplated basaltic
magma. This caused the crust to remelt at a large scale and form type-S granitic
magma, thus providing material sources for deposits of W, Mo, Nb, Ta, etc. (Liu, 2015;
Zhou, 2003). From the early stage of late Yanshanian to the late stage of late
Yanshanian (136-100 Ma), as the angle of flat-slab subduction further increased and
the extension continued, the basaltic magma intruded into the shallow crust and was
mixed with the magma chamber of the crust. In addition, the depleted mantle-derived
magma was mixed with the felsic magma formed by the resultant melting of shallow
crust materials. Then the mixture was further differentiated and evolved into type-A
granites, which possess the diagenetic and metallogenic characteristics of both type-I
and type-S granites. The type-A granites were finally enriched in favorable places to
form deposits (Liang et al., 2012, 2015).

The western segment of QHMB has experienced multiple cycles of
opening-closing tectonic movements since the Neoproterozoic. During the Caledonian
movement, Guangxi geosyncline became a folding zone again, and regional
metamorphism and fault metamorphism were widely developed, leading to the
gradual formation of the southern uplift in the western segment. A series of
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brittle-ductile shear zones and thrust nappe structures were developed owing to the
fold orogeny during the Yanshanian, providing pathways for magmatic activities and
causing joints and fissures to occur in the rocks on both sides of the western segment.
Magma intruded upwards along with the structures such as fault fissures and mixed
with atmospheric precipitation permeating downwards along the fissures. Then
metallogenic hydrotherm was formed after the magma leached the metamorphic rocks
and the granites driven by its thermal energy. The metallogenic hydrotherm then
caused massive hydrothermal alteration of the surrounding rocks of the fissures it
passed by, during which metallogenic elements such as Au and Ag in the rocks were
activated, migrated, and redistributed. In this way, polymetallic deposits of rare metals
such as Au and Ag were ultimately formed (Wang et al., 2002; Chen, 2010). Therefore,
in this paper, it is believed that the source zone of Cu deposits in QHMB, such as
Dexing deposit is the mantle while the source zone of W deposits on the margin of the

Moho uplift such as Zhuxi and Dahutang deposits is the remelted crust(Figure 13).

4.1.4 WYSMB

WY SMB of Cu, Pb, and Zn is an important metallogenic area in CB. It is next to
the eastern segment of QHMB in the north and to the eastern segment of NLMN in
the west. It has a unique tectonic environment and a long and complex evolutionary
history of structure-magma-metallization in the deep part, which creates favorable
metallogenic geological conditions and rich mineral resources. The Moho of WYSMB
is deep in general (Figure 4) and shallow locally along the Nanping-Sanming area.
WY SMB features low mantle gravity anomalies (Figure 5), indicating that the crust is
thick and local melting exists in the upper mantle. The isostatic gravity anomalies are
high in the east and low in the west (Figure 6). This indicates that the crust
corresponding to thick metallogenic belt underwent remote effects of the subduction
of the Paleo-Pacific Plate later, imposing intense crust-mantle interaction on WYS.
The shallow magnetic basement in WYSMB implies that magma activities took place
frequently in the area, thus forming a large igneous province in east China. Based on
the Moho depths and the isostatic gravity anomalies in NLMB, it can be considered
that WYSMB features not only crust thickening but also the presence of melted

low-density bodies in the upper mantle.

Based on the characteristics of the crust-mantle juncture zone revealed by gravity
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and magnetic data, it is believed that, in the late Mesozoic, the local mantle uplift
between Meizhou and Longyan underwent delamination in the process of lithosphere
thickening, the materials in the asthenosphere upwelled, and the faults or fracture
zones served as the pathways for the migration of ore-bearing magma. The new crust
was formed as the mantle materials containing Cu and Au elements participated in
crust remelting, and the basement rocks in Taoxi uplifted subjected to the crust
extension and magma jacking (Chen et al., 2010). The Moho in the northeast of
WYSMB is a mantle subsidence area. As indicated by the recent results of plate
reconstruction and evidence of Haishan K-Ar age, the Paleo-Pacific Plate subducted
into the continental lithosphere in southeast China along with NWW trending in the
late Yanshanian (145-100 Ma), during which the oceanic plate itself underwent
delamination-rotation-retreating. Meanwhile, the mantle materials upwelled and
intruded into the crust through large deep fractures, then they melted the crust
materials in the low-speed bodies of the lower crust, and finally intruded into the
upper crust through the deep fault (Ji, 2018). This indicates that the diagenism and
mineralization in WYSMB are mainly related to the interactions between materials in
the crust and the mantle, with crust-derived materials forming the deposits mainly
consisting of W and rare earth and mantle-derived materials forming polymetallic

deposits such as Cu and Au (Figure 13).

4.1.5 XEMB

XEMB is located on the southeast margin of YB. It is an important reserve and
production base of metal mineral resources such as Sb, Pb, Zn, Au, and Mn in China,
with measured and initially indicated Zn and Pb resources greater than 8 million tons
and prospective Zn and Pb reserves greater than 15 million tons. It boasts the
measured Sb reserves that account for more than 70% of the total Sb reserves in the
world, thus serving as a world-renowned Sb capital, and furthermore, it enjoys the
potential for further prospecting of Sb (Zhou et al., 2014). The Moho in XEMB is
about 33-38 km in depth, gradually rising from west to east. It can be divided into
two parts, namely the eastern uplift area and western subsidence area, according to the
relative distribution of mantle uplift and subsidence (Figure 4). It features high mantle
gravity anomalies in general (Figure 5), which also indicates that the crust in XEMB
is thick in general. On the other hand, the Zunyi-Qianjiang-Yichang area features low

gravity anomalies, showing local mantle uplift. In recent years, multiple diamond
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deposits have been discovered in the Yuan River basin, Hunan Province, where
positive isostatic gravity anomalies are high (Long, 1999). According to the theory
that the mantle serves as the source zone of the diamond, it is believed that diamond
formed on the bottom of the lithosphere and on the top of the asthenosphere early in
2-4 Ga, and the far younger kimberlites or lamproites only serves as a medium used
to transport diamond-bearing matters formed by the disintegration of the mantle out
for mineralization. The metallogenic rules of diamond are generalized to being “old,
thick, cold, dry, and brittle” (Long, 1999). “Old” refers to the old and steady platforms
and their surroundings; “thick” refers to the thickness of the lithosphere, which was
150-200 km; “cold” refers to the non-existence of plenty of magmatic activities of
multiple stages; “dry” means that magma and its surrounding rocks are poor in water,
making it possible for melted magma to rise to the maximum height; “brittle” means
that the lithosphere is very brittle, thus conducive to fissures occurring from bottom to
top. XRMB features positive isostatic gravity anomalies, reflecting local Moho uplift
and crust thinning. However, a large tract of Cambrian and Precambrian strata are
exposed in most areas of XRMB, indicating the XRMB was an “old, thick, cold, and
dry” YB. Then the lithosphere was thinned owing to the crustal isostatic adjustments.
As a result, multiple brittle deep faults were formed, and diamond deposits occurred

in favorable sections (Figure 13).

The magnetic basement of XEMB is deep in general, which also indicate weak
magmatic activities. Based on this, as well as the fact that most Zn and Mn
polymetallic deposits in XEMB are of the type of strata-bound sedimentation, it is

considered that the source zones of XEMB are mainly the crust.
4.2 Pathways of mineral systems

Mineral deposit geologists have long noticed the controlling of deep faults over
the spatial distribution of deposits. For instance, Central Andes porphyry Cu deposit
zone in South America, Kalgoorlie Au field in west Australia (Drummond and Goleby,
1993), and Gangdise porphyry Cu deposit belt are all obviously under the control of
giant linear structures (i.e., deep faults), which are considered as the “pathways” used
in connecting the source zones and sites of mineral systems or considered as the
“footprints” left by pathways in metallogenic epochs. The boundaries between these

deep faults and blocks are clearly shown from the multiscale edge detection results of
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gravity anomalies in SC (Figure 11). As found in the 3D view established by
integrating the multiscale edge detection results of gravity anomalies and the density
contrast and Au deposit distribution obtained from 3D gravity inversion (Figure 14),
most of the Worms lines coincide with the density contrast boundaries, and Au
deposits tend to lie along the Worms lines and the density contrast boundaries. As
indicated by the fact that both linear structures and density contrast (density gradient)
belts are positively correlated with the distribution of the deposits (such as Au and Cu
deposits) controlled by mantle-derived components, the Worms lines and the density
gradient zones ever serve as the pathways of endogenetic metal deposits in SC, or
they are the footprints left by fluid migration. For example, the metallogenic pathways
of Fe and Cu deposits in MLYMB are mainly the Yangtze River deep fault in NE
trending (F12) and Tongling-Taizhou fault in SE trending (F16) and its secondary
faults (Figure 11). The eastern segment of QHMB is mainly controlled by the faults in
northeast Jiangxi (the northern segment of F3), the southern segment of QHMB and
the NLMB are mainly under the control of the boundary faults of F1, and WYSMB is
related to Zhenghe-Dapu fault (F6) and Heyuan-Shaowu fault (F7).
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Figure 14. Worms lines from gravity anomalies multiscale edge detection , vertical
slice from 3D gravity inversion, and Au deposit location of South China
(\Vertical grids are vertical slices obtained from 3D density contrast model inversion of
gravity data, the lines are multiscale edge detection results of gravity anomalies, the
line colors from blue to red represent shallow to deep border depth, and the purple
cake shapes represent Au deposit locations)
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4.3 Control of intrusions on terminations of mineral systems

The metallogenic materials at the terminations of mineral systems tend to
accumulate on “sites” where metallogenic fluids regularly drain, and minerals
precipitate. The sites are 0—10 km deep in the upper crust in general, their depth varies
with the type of deposits, and their spatial scope tends to be larger than the deposits
themselves. A “site” of a mineral system consists of two parts that are spatially related
to each other, namely Paleo-fluid reservoirs and mineral depositing space (it is
difficult to distinguish between them sometimes). The former is used to supply
metallogenic fluids continually and is generally classified into three types: (1) magma
intrusions and their surrounding fluid systems; (2) fissure areas with a certain volume
that are formed owing to rock fracture; (3) permeable sedimentary aquifers, with the
surrounding being closed by lower-permeability layers. The structure and formation
process of the “sites” are comparable to the metallogenic process of modern
submarine hydrothermal sulfides (or modern volcanic system or hot spring system). In
detail, deep magma intrusions drive ore-bearing brine to erupt out of the seabed along
faults, and then ore-bearing materials precipitate to form deposits owing to the
changes in temperature and physical/chemical conditions. All these three types
theoretically correspond to low-density bodies and thus can be analyzed with the
density model obtained from 3D gravity inversion. It is difficult to quantitatively
analyze the relationship between the physical properties and lithology uniformly in
SCB owing to its large scope. However, the qualitative analysis of density and
susceptibility can be used to provide bases for the lithological distribution in SCB. As
revealed by the distribution of low-density bodies determined by the 3D density
model of gravity inversion and the distribution of intrusions determined by ground
surface mapping (Figure 15a), the intermediate-acid intrusions that are visible on the
continental ground of SCB mostly lie above low-density bodies. Therefore, the
low-density bodies can be approximately deemed as large batholiths. Furthermore, the
basic intrusions in the ground are mostly located above or next to high-susceptibility
bodies (Figure 15b), indicating that the high-susceptibility bodies reflect hydrothermal

activities of intermediate-basic intrusions and magma to a great extent.
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The Fe and Cu deposits in SC that are relevant to magmatic-hydrothermal fluid
are closely related to slightly intermediate intrusions (Figure 16). For instance, the Fe
and Cu deposits in MLYMB (dominated by Fe and Cu deposits) concentrate around
high-susceptibility bodies, and the reasons are as follows. (i) Fe and Cu skarn deposits
were formed owing to the interaction between intermediate magma and carbonatite
strata; (ii)) The Fe and Cu ores in MLYMB surrounded the intermediate-basic
intrusions and formed deposits due to dioritic porphyrite magnetite in volcanic basins.
The Cu deposits in the eastern segment of QHMB are more closely related to
low-density bodies, while they are not obviously related to magnetic bodies. This is
because most of the Cu deposits in QHMB are porphyritic and hydrothermal deposits
associated with acidic intrusions, such as Dexing porphyry Cu deposit and Tongshan
porphyry Cu deposit. Overall, the terminations of the mineral systems of magnetite in
SC are closely related to the locations of intermediate-basic intrusions, while those of

porphyry and hydrothermal Cu deposits in SC are related to acidic intrusions.

Most W and Sn deposits in SC are mainly distributed in NLMB and QHMB. As
revealed in Figure 17, the W and Sn deposits are closely related to low-density bodies,
and most notably, large deposits tend to be distributed in low-density areas.
Meanwhile, they correspond to high-susceptibility bodies. All these indicate that the
depositing position of the mineral systems of W and Sn deposits mostly occur around
crust-derived remelted granites. For example, Zhuxi W deposit and Dahutang W
deposit—the first and the second largest W deposits in the world respectively—are

both located near low-density bodies.
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5 Conclusions

(1) Vertical structures such as the Moho and magnetic basement in SC were
obtained by processing and inversion of satellite gravity and magnetic data, the
tectonic framework of SC was determined by multiscale edge detection of gravity and
magnetic anomalies, and 3D density and magnetic structures were obtained through
3D gravity and magnetic inversion, thus providing deep information for research into

the structure and mineralization of SC.

(2) The boundaries of JNO were redetermined. Its southern boundary is
considered to be Shaoxin-Jinhua - Shangrao - north-Ganzhou — Chenzhou — Wuzhou -
Yulin - east Beihai while its northern boundary is considered to be Huangshan -

Jiujiang - Yueyang - Changde - Jishou— Kaili.

(3) The source zones of the mineral systems in major metallogenic belts in SC
are reflected by the vertical structures of the lithosphere in this area. In MLYMB, the
mineral systems of the Fe and Cu deposits have multi-level source zones. The
initial-level source zone is the enriched mantle, which is formed owing to the thinning
of the lithosphere and deformation caused by the fluids in the asthenosphere. In
QHMB, the source zone of Cu deposits such as the Dexing deposit is the mantle,
while the source zone of W deposits on the margin of the Moho uplift such as Zhuxi
and Dahutang deposits is the remelted crust. As for QHMB, the W and Sn mineral
systems originate from the crustal magma. In WYSMB, the diagenism and
mineralization are mainly related to the interactions between materials in the crust and
the mantle. The crust-derived materials form the deposits mainly containing W and
rare earths, and mantle-derived materials form polymetallic deposits such as Cu and
Au. As for XEMB, it consists mostly of metal deposits of the type of strata-bound

sedimentation with the crust as the source zone, such as Sb, Pb, Zn, and Mn deposits.

(4) The pathways of the mineral systems of the major metallogenic belts in SC
are deep faults and block or terrane boundaries determined by edge detection of
gravity anomalies, as well as density contrast boundaries obtained with the 3D density
model. The metallogenic pathways of Fe and Cu deposits in MLYMB mainly include
the Yangtze River deep fault in NE trending and Tongling-Taizhou fault in SE
trending and its secondary faults. The eastern segment of QHMB is mainly controlled
by the faults in northeast Jiangxi, the southern segment of QHMB and the NLMB are
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mainly under the control of the boundary faults of F1, and WYSMB is related to
Zhenghe-Dapu fault and Heyuan-Shaowu fault.

(5) A 3D density and susceptibility model was obtained by 3D gravity and
magnetic inversion. The distribution of different types of deposits was qualitatively
reflected by different combination of density and susceptibility model, revealing the

distribution of depositing position of different mineral systems in SC.
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