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Abstract South China can be divided into four metallo-

genic belts: The Middle-Lower Yangtze Metallogenic Belt

(MLYB), Qinzhou-Hangzhou Metallogenic Belt (QHMB),

Nanling Metallogenic Belt (NLMB), and Wuyi Metallo-

genic Belt (WYMB). The major mineralization in the four

metallogenic belts is granite-related Cu–Au–Mo and por-

phyrite Fe-apatite, porphyry Cu (Au), and epithermal Pb–

Zn–Ag, hydrothermal Cu–Au–Pb–Zn–Ag, and granite-re-

lated skarn-type and quartz-veins W–Sn, respectively.

Low-temperature thermochronology, including fission-

track and U-Th/He dating, has been widely used to con-

strain tectonic thermal evolution and ore deposits preser-

vation. Understanding fission-track annealing and He

diffusion kinetics in accessory minerals, such as zircon and

apatite, is essential for dating and applications. In this

study, previous zircon fission-track (ZFT) and apatite fis-

sion-track (AFT) ages in South China were collected. The

result shows that the ZFT ages are mainly concentrated at

140–90 Ma, and the AFT ages are mainly distributed at

70–40 Ma. The age distribution and inversion tempera-

ture–time paths reveal heterogeneous exhumation histories

in South China. The MLYB experienced Late Cretaceous-

Cenozoic extremely slow exhumation after rapid cooling in

the Early Cretaceous. The northern QHMB (i.e. from

southern Anhui province to the Hangzhou Bay) had a

relatively faster rate of uplifting and denudation than the

southern QHMB in the Cretaceous. Subsequently, the

northern QHMB rapidly exhumed, while the continuously

slow exhumation operated the southern QHMB in the

Cenozoic. The southern NLMB had a more rapid cooling

rate than the northern NLMB during the Cretaceous time,

and the whole NLMB experienced rapid cooling in the

Cenozoic, except that the southern Hunan province had the

most rapid cooling rate. The WYMB possibly had experi-

enced slow exhumation since the Late Cretaceous. The

exhumation thickness of the four metallogenic belts since

90 Ma is approximately calculated as follows: the

MLYB B 3.5 km, the northern QHMB concentrated at

3.5–5.5 km, and the southern QHMB usually less than

3.5 km, the NLMB 4.5–6.5 km and the WYMB \ 3.5 km.

The exhumation thickness of the NLMB is corresponding

to the occurrence of the world-class W deposits, which

were emplaced into a deeper depth of 1.5–8 km. As such,

we infer that the uplifting and denudation processes of the

four metallogenic belts have also played an important role

in dominated ore deposits.

Keywords Low-temperature thermochronology � Fission-

track annealing and He diffusion kinetics � South China �
Exhumation history � Deposits preservation

1 Introduction

Ore deposits preservation is known as an important part of

the mineralization system (e.g., Wyborn et al. 1994; Zhai

1999; Kesler and Wilkinson 2006), mainly controlled by

the emplacement depth of deposits and accumulated

exhumation extent. The emplacement depth of ore deposits
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is associated with mineralization types. For example, the

granite-related quartz-veins W deposits were emplaced

at [ 1.5–8 km. The porphyry deposits were usually

emplaced at 1–6 km. The porphyrite Fe-apatite deposits

were emplaced at \ * 2 km and the magma-related

hydrothermal deposits were usually emplaced at

0.05–1.5 km (Ye et al. 2014). Kesler and Wilkinson (2006)

calculated the age-frequency distribution of porphyry Cu

and epithermal and orogenic gold deposits and indicated

that uplifting and denudation processes largely controlled

the preservation of ore deposits. In detail, the ancient

deposits might have been damaged by uplifting and

denudation to some extent, with limited deposits preserved

under specific tectonic settings, as exemplified by the

Neoproterozoic porphyry Cu–Au mineralization in Jebel

Ohier, preserved by temporal and spatial selection (Bierlein

et al. 2016). While the too young deposits have not yet

been discovered under the surface. As shown in Fig. 1, the

shallower emplacement depth of ore deposits, the more

significant effect of denudation (Kesler and Wilkinson

2006). The low-temperature hydrothermal deposits are

relatively younger than the porphyry copper deposits, both

of which mainly formed in the Neogene-Quaternary

(Fig. 1). In contrast, the granite-related W(-Sn) deposits

have much deeper emplacement depth, in which the most

explored W(-Sn) deposits record Jurassic ages. Therefore,

deposits preservation studies can provide insights into the

ore explorations.

Low-temperature thermochronology includes
40Ar–39Ar, fission-track, and U-Th(Sm)/He dating, which

are sensitive to temperatures of * 40–350 �C and have

different closure temperatures. A combination of various

low-temperature thermochronology methods can provide

detailed temperature–time information. Meanwhile, ther-

mal inversion models based on fission-track annealing and

He diffusion kinetics can reveal thermal histories. There-

fore, it is efficient to reveal the uplifting and denudation

history by applying low-temperature thermochronology, as

exemplified by 40Ar–39Ar and apatite fission track studies

on the Kesebir–Kardamos extensional dome, Bulgaria. The

results revealed that the * 35 Ma sedimentary rock-hos-

ted Au deposits emplaced during the early stage of basin

formation, and experienced rapid cooling and exhumation

at * 33–30 Ma (Márton et al. 2010). Liu et al (2014)

conducted zircon and apatite U-Th/He studies of the

Dexing porphyry Cu deposits and Yinshan porphyry-hy-

drothermal Ag–Pb–Zn–Cu deposits. The results indicated

that the Dexing deposits had a more-exhumed extent than

the Yinshan deposits.

South China is one of the most important metal resource

provinces of China, where the distribution of different

types of ore deposits is characteristic of the clusters and

Fig. 1 a: Age-frequency

distribution of epithermal

deposits, porphyry copper

deposits and granite-related W(-

Sn) deposits. Age-frequency

distribution of the porphyry

copper deposits and low-

temperature epithermal deposits

are cited from Kesler and

Wilksinson (2006). b:

Simplified sketch map of the

relationship between

exhumation and ore deposits

preservation
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belts. There are four metallogenic belts: the Middle-Lower

Yangtze River Metallogenic Belt (MLYB), Qinzhou-

Hangzhou Metallogenic Belt (QHMB), Wuyi Metallogenic

Belt (WYMB), and Nanling Metallogenic Belt (NLMB).

The dominated deposit types in the MLYB are granite-

related Cu–Au–Mo, porphyrite Fe-apatite. The QHMB is

characterized by porphyry Cu (Au) and epithermal Pb–Zn–

Ag deposits. The NLMB represents the most important

W-Sn province, where intensive granite-related skarn-type

and quartz-veins W-Sn deposits are distributed. The dom-

inated mineralization in the WYMB is hydrothermal Cu–

Au–Pb–Zn–Ag deposits. In this paper, we outline the

method details of fission-track and U-Th(Sm)/He dating,

with principles and patterns of application. The zircon and

apatite fission tracks ages and inversion thermal models

were used to infer the exhumation and preservation history

of the ore deposits in South China. Furthermore, whether

the distribution of ore deposits in the four metallogenic

belts was affected by the uplifting and denudation pro-

cesses was discussed.

2 Geological setting

The South China Block (SCB) (Fig. 2) is located in

southeastern Asia, bounded by the north Qinling-Dabie

Orogenic Belt, west Longmenshan Fault, and the

Southwest Jinshajiang-Honghe Suture Zone. It experienced

multiphase subduction, collision, and extension, after the

amalgamation of the Yangtze Craton and the Cathaysia

Block along the Jiangnan Orogenic Belt at * 830 Ma

(e.g., Li and Zhao 2020). Briefly, the significant tectonic

events of the SCB are as follows. The extensional setting

and coeval magmatism and rift occurred at * 830–725

Ma (e.g., Yang et al. 2015; Duan et al. 2019). Intraconti-

nental orogeny and subsequent tectonic extension operated

at * 460–400 Ma (e.g., Li et al. 2010; Chen et al. 2020c).

During Early Triassic to Late Jurassic, the SCB was col-

lided and amalgamated with the North China Craton along

the Qinling-Dabie Orogenic Belt (Li 2004) and amalga-

mated with the Indochina Block along the Jinshanjiang-

Honghe Suture Zone at 250–200 Ma (Wan 2013b; Lepvrier

et al. 2004). The Pacific Oceanic Plate had subducted

beneath East Asia since the Early Jurassic, and the India

Plate had been amalgamated with Eurasia by the Paleocene

(e.g., Yin and Harrison 2000; Dong et al. 2008; Sun et al.

2021), which shaped the current SCB. Granitoids and

volcanic rocks are widely distributed in the southeastern

South China Block and formed at different periods: pre-

Cambrian, Caledonian, Hercynian, Indosinian, and Yan-

shanian (Sun 2006). Especially, the Yanshanian granitoids

and volcanic rocks occupy a total outcrop area of 203,790

km2 (Zhou et al. 2006). Although Yanshanian I-, S- and

A-type granites were reported in South China, the A-type

Fig. 2 Distribution of ore

deposits in South China.

QHMB: Qinzhou-Hangzhou

Metallogenic Belt; MLYB:

Middle-Lower Yangtze River

Metallogenic Belt; WYMB:

Wuyi Metallogenic Belt;

NLMB: Nanling Metallogenic

Belt
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granites were mainly emplaced in the east-southeast

coastline of South China in the late Yanshanian (e.g., Mao

et al. 2013a; Chen et al. 2020b). The extensive and intense

magmatism promoted the formation of various types of the

Yanshanian ore deposits.

2.1 Spatial–temporal distribution of ore deposits

in South China

South China is generally known as the world-class W-Sn

mining province. In addition to the W-Sn deposits, magma-

related Cu, Mo, Bi, Pb–Zn–Ag, Au, and REE ore deposits

are widely distributed in South China (Fig. 2). Although

the Mesozoic is the most important period of mineraliza-

tion, there are some older and small-scale ore deposits in

South China, such as the Silurian-Ordovician Qinjia skarn

Sn-Cu, Niutangjie skarn W, and Liusha Mo deposits in the

QHMB (Mao et al. 2013a), and the Indosinian granite-

related Yuechengling-Miao’ershan W polymetallic depos-

its (Cheng et al. 2013). The dominated mineralization and

representative deposits in four metallogenic belts are

different.

In the MLYB, the dominated ore deposits are the Yan-

shanian magma-related Cu, Fe, S, Au, and Pb–Zn deposits.

The mineralization was concentrated at * 149–105 Ma

(Zhou et al. 2015). For example, the Hehuashan MVT Pb–

Zn deposit formed at 132.8 ± 3.1 Ma (Liu et al. 2021).

The Chengmenshan and Xiangutai porphyry copper

deposits formed at 144.8–149.3 Ma (Xu et al. 2021). The

Chizhou porphyry Cu–Mo polymetallic deposit has

molybdenite Re-Os ages of 151–148 Ma (Xie et al. 2019).

The Paodaoling porphyry Au deposits, formed at *
141–147 Ma (Duan et al. 2012). The Chating porphyry

Cu–Au deposit records an average molybdenite Re-Os age

of 136.0 ± 1.3 Ma (Xiao et al. 2020). The Magushan skarn

Cu–Mo deposit formed at 134.2 ± 1.2 Ma (Li et al. 2020).

The Anjishan and Tongshan Cu(Mo) deposits yield

molybdenite Re-Os ages of 108 ± 2 Ma and 106 ± 3 Ma,

respectively. Recently, with progressive exploration, some

porphyry-skarn W(-Mo) deposits have been discovered in

the MLYB, including the 146 Ma Yangchuling porphyry

W–Mo deposit (Mao et al. 2017), the 146 Ma Gaojiabang

skarn–porphyry W–Mo deposit, formed at 146.1 ± 4.8 Ma

(Xiao et al.2017), the 142 Ma Ruanjiawan skarn W–Cu–

Mo deposit (Deng et al.2015), the 146–135 Ma Baiz-

hangyan skarn–porphyry W–Mo deposit(Li et al. 2015), the

140 Ma Shangjinshan skarn W–Mo deposit (Tang et al.

2019), the 126–123 Ma Xianglushan skarn W deposits (Dai

et al. 2018), and the 97 Ma Donggushan skarn W-Mo

polymetallic deposit (Nie et al. 2016).

The QHMB is an important intracontinental Mesozoic

porphyry-skarn Cu-polymetallic metallogenic belt in South

China (Yuan et al. 2018), extending from the northeastern

Hangzhou Bay to the southwestern Qinzhou Bay (Fig. 2).

The dominant resources in the QHMB are Cu, Mo, Au, Ag,

and Pb–Zn. Representative deposits in the QHMB include

the 161.8 ± 2.2 Ma Tongcun porphyry Mo(Cu) deposits

(Li et al. 2013). In addition, the Qibaoshan porphyry-skarn

Cu–Pb–Zn–Ag polymetallic deposit has a molybdenite Re-

Os isochron age of 152.7 ± 1.7 Ma (Yuan et al. 2018). The

Yuanzhuding porphyry Cu–Mo deposit records a molyb-

denite Re-Os isochron age of 155.6 ± 3.4 Ma (Xia et al.

2010). The Lengshuikeng porphyry Ag–Pb–Zn deposit

formed at * 162 Ma (Zuo et al. 2010). The Dexing por-

phyry Cu–Au–Mo deposit formed at * 170 Ma (Liu et al.

2014), and adjacent Yinshan porphyry-hydrothermal Ag–

Pb–Zn–Cu deposit formed at * 176–166 Ma (Wang et al.

2012). In recent decades, serval W deposits have been

explored in the QHMB, including the world-class Dahu-

tang granite-related veinlets-disseminated W–Mo poly-

metallic deposit in the central QHMB, of which

molybdenite yielded a Re-Os isochron age of

139.18 ± 0.97 Ma (Mao et al. 2013b). The large-scale

Xiaoyao skarn W polymetallic deposit in the northern

QHMB, of which molybdenite Re-Os dating yielded a

weighted average age of 148.7 ± 2.3 Ma (Su et al. 2017).

The world-class Zhuxi skarn W–Cu polymetallic deposit

formed at * 144–152.9 Ma (Liu et al. 2017). The Tong-

shanling-Xianglinpu skarn-hydrothermal W–Cu–Mo–Pb–

Zn deposits formed at 162–158 Ma (Zhao et al. 2016). The

Dayaoshan Caledonian granite-related W-Mo polymetallic

deposit, located in eastern Guangxi, formed at *
438–445 Ma (Chen et al. 2020c).

The WYMB is located in the southeast of the Cathaysia

Block, including northern Guangdong, Fujian, and south-

ern Zhejiang Provinces. The dominated resources in the

WYMB are Cu–Au–Ag–Pb–Zn–Fe–W–Mo, associated

with the Mesozoic volcanic-subvolcanic rocks, including

the epithermal Ag–Pb–Zn, epithermal Cu–Au(Mo),

epithermal Au, skarn Fe, and granite-related quartz-veins/

veinlets-disseminated W-Mo deposits (Fig. 2). Some rep-

resentative deposits are listed: the Yingshan epithermal Ag

deposit with an ore-forming quartz inclusion Rb–Sr age of

107.6 ± 2.0 Ma (Lei 2020), the 112–102 Ma Zijinshan,

Luoboling, and Yueyang epithermal Cu–Au–Mo–Ag ore

fields (Zhang et al. 2003; Zhong et al. 2014; Zhao et al.

2020), the Makeng and Dayang Fe metallogenic deposits

with molybdenite Re-Os ages and associated granite zircon

U–Pb ages of 134–131 Ma (Zhang et al. 2012), the

162–158 Ma Qinyunshan epithermal Cu–Au deposit (Xiao

et al. 2021), the 173 Ma Xiashan skarn Pb–Zn deposit (Xi

et al. 2020), the 223 Ma Jinkeng epithermal Au poly-

metallic deposit (Wu 2021), the Shangfang skarn W

deposit with a molybdenite Re-Os isochron age of

158.1 ± 5.4 Ma (Chen et al. 2013), and the 156–147 Ma
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Xingluokeng quartz-veins/veinlets-disseminated W-Mo

deposit (Zhang et al. 2008, 2020).

The NLMB is approximately located within *
110–116.5� E, * 23.5–26.5� N. Numerous Mesozoic

granite batholites strike E-W and are distributed into three

belts, with a * 110 km-interval (Zhou et al. 2006). The

NLMB represents the largest W-Sn mineralization pro-

vince, and the main mineralization occurred in the Middle

Jurassic to Early Cretaceous, mainly at * 160–150 Ma

(Mao et al. 2008). From the west to the east, the W min-

eralization changes from skarn to quartz-veins types, and

the corresponding deposit resources decline, possibly

resulting from the changing of the host rocks from car-

bonate to meta-clastic rocks (Mao et al. 2013a). Some

typical deposits in the NLMB include the 128 Ma Yanbei

porphyry Sn deposit (Li et al. 2007), the Tongshanling Pb–

Zn polymetallic deposit with a garnet Sm–Nd isochron age

of 173 ± 3 Ma (Wang et al. 2017), the 150 Ma Shiz-

huyuan skarn W–Sn–Wo polymetallic deposit * (Jiang

et al. 2019), the 150 Ma Dajishan quartz-vein W poly-

metallic deposit (Zhang et al. 2006), the large-scale

Huangshaping skarn W–Mo–Pb–Zn polymetallic deposit

with a molybdenite Re-Os isochron age of 154.8 ± 1.9 Ma

(Yao et al. 2007), the 162–157 Ma Xintianling skarn W–

Mo deposit(Yuan et al. 2012), the Hehuaping skarn Sn

polymetallic deposit experiencing three-phase mineraliza-

tion at * 224, * 156–151, and 142 Ma (Cai et al. 2016),

the Changkeng quartz-vein W deposit with a molybdenite

Re-Os isochron age of 156.9 ± 2.0 Ma (Zhang et al.

2021), the 215–212 Ma Youmaling W deposits (Yang et al.

2015), and the 423–417 Ma Dushiling altered rock-skarn

type W(Cu) deposit (Chen et al. 2016).

3 Analytic principles and methods

3.1 Fission track dating

The spontaneous nuclear fission (mainly 238U) produces

high-energy charged heavy particles (143Ba and 90Kr),

which leave a trajectory of radioactive damage when

passing through insulating or semiconducting solid mate-

rials (Fleischer et al. 1975). The details of the fission track

dating theory can be seen in Donelick et al. (2005). It is

similar to other radioactive isotope dating, the spontaneous

tracks are counted as daughter isotope counterparts,

described as the formula:

AS ¼
kf

kD
� 238 U ekDt � 1

� �

where AS is the number of fission tracks today. Usually, the

track number of a specific area of minerals is counted to

represent AS; k D is the 238U decay constant; k f is the

spontaneous fission constant of 238U, t1/2 was recom-

mended as (8.2 ± 0.1) 9 1015a by IUPAC (Pure and

Applied Chemistry, 2000, 72: 1525–1562). 238U is the

number of 238U atoms; t is the time that fission track

formed and preserved. These tracks could be visible under

an optical microscope after chemical etching (Price and

Walker, 1962). Price and Walker (1963) suggested and

used spontaneous fission tracks as a radioactive dating

method.

The fission track dating methods can be divided into two

ways according to the measurement process of 238U con-

centration. They are the external detector method and the

population method, and the fission track dating by using

LA-ICP-MS or EPMA. Both the external detector method

and the population method determine 238U by counting

induced (235U) fission tracks in low U-concentration mica

or totally annealed samples (e.g., Nancy and Charles 1984).

While the fission track dating based on LA-ICP-MS or

EPMA straightly determines 238U concentration or
238U/43Ca (30Si or 91Zr) (e.g., Hasebe et al. 2004; Dias et al.

2017; Vermeesch 2017). The method differences refer to

Nancy and Charles (1984) and Gleadow (2002). The

experiment procedures of fission track dating by LA-ICP-

MS are as follow. (1) Sample mounting. Apatite grains are

mounted in epoxy resins for polishing and etching, while

zircons are usually settled in PFA Teflon because epoxy

would be melted under an etching temperature of

225–230 �C. (2) Polishing and etching. The inner surface

of grains is polished and etched to reveal the tracks. The

AFT chemical etching protocol is etched 20 s at 21 �C in

5.5 M HNO3, and the ZFT etching protocol is etched

4–120 h at 225–230 �C in eutectic 8.0 g KOH and 11.2 g

NaOH (Gleadow et al. 1976). (3) Track data collection.

The track density, Dpar value, and latent track length are

determined under an optical microscope. (4) Determination

of 238U concentration or 238U/43Ca for apatite and 238U/30Si

(or 91Zr) for zircon. (5) Age calculation and thermal history

inversion.

The fission-track will be shortened or vanished (an-

nealing) when the temperature is higher than that of partial

annealing of the grains, as proved by fission track dating

and experiments (e.g., Crowley et al. 1991; Liu et al. 2009).

This annealing process is largely controlled by tempera-

ture, annealing period, grain component, crystal structure,

and track geometry (the angle of track and crystallographic

c-axis) (Fig. 3). Many annealing experiments were con-

ducted to quantify the relationship among temperature,

annealing time, and fission track age and length during the

annealing process (e.g., Gleadow et al. 1986; Tagami et al.

1990; Crowley et al. 1991; Carlson et al. 1999). For apatite,

the higher temperature and longer annealing time will

result in more significant annealing. Also, chlorine and

trace elements (REE, Mn, Fe, and Sr) contents or Dpar
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values significantly control the annealing rate. Notably,

radiation damage would greatly accelerate the fission-track

annealing rate in the minerals, especially those with high

U-concentration (e.g. zircon) and long-term damage accu-

mulation (Kasuya and Naeser 1988; Hendriks and Redfield

2005). Therefore, quantification of zircon fission tracks

annealing is complicated and challenging.

The apatite fission-track length distribution patterns are

closely related to the annealing process (Fig. 4). It can be

briefly divided into four patterns: (1) unimodal length

cluster corresponding to rapid cooling; (2) unimodal length

distribution corresponding to nearly constant speed cool-

ing; (3) unimodal length distribution related to long time

partial annealing with no reheating process; (4) bimodal

length distribution indicating reheating during cooling with

insufficient track annealing (Ketcham 2005). Therefore, the

apatite fission-track length is usually used as an indicator of

temperature changes in burying, and uplifting, and

denudation processes. The inversion temperature–time

models based on the fission-track length and Cl contents or

Dpar values (e.g., Crowley et al. 1991; Ketcham et al.

2007), conducted by software HeFTy or QTQt (Ketcham

2005; Gallagher 2012), are widely used to reveal the

thermal history.

3.2 U-Th(Sm)/He dating

The U-Th(Sm)/He dating theory is similar to fission track

dating. 4He is formed and accumulated during the process

of radioactive isotope decay. The main radionuclides

include 147Sm, 232Th, 235U, and 238U, and the radioactive
4He in minerals is expressed as the formula:

4He ¼ 8 238U ek238t � 1
� �

þ 7 235U ek235t � 1
� �

þ 6 232Th ek232t � 1
� �

þ 147 Sm ek147t � 1
� �

where 4He is the total amount of radioactive 4He; 147Sm,
232Th, 235U, and 238U is the number of 147Sm, 232Th, 235U,

and 238U atoms, respectively. k147, k232, k235, and k238 is

the decay constant of 147Sm, 232Th, 235U, and 238U. They

Fig. 3 Sketch map of apatite fission track annealing process. Fission

track annealing is largely controlled by apatite component and

structure, temperature, annealing time and angles between tracks and

C-axis

Fig. 4 Apatite cooling history and corresponding track length

distribution pattern (according to Ketcham 2005, and conducted by

HeFTy v2.0.0). PAZ: partial annealing zone. (1) rapid cooling; (2)

cooling with nearly constant rate; (3) pass through partial annealing

zone with low cooling rate without reheating process; and (4)

reheating process during cooling without complete annealed

170 Acta Geochim (2022) 41(2):165–184

123



are 6.54 9 10-12/a, 4.9475 9 10-11/a, 9.8485 9 10-10/a,

and 1.55125 9 10-10/a, respectively; and t is the time. In

addition, the half-time of 147Sm (t1/2&1.1 9 1011 yr) is

almost twenty-five times of 238U, which means that in the

geological history, 4He produced by the radioactive decay

of 147Sm has a negligible effect on the U-Th/He dating

results (e.g., Green et al. 2006). Hence, 147Sm is usually not

considered in the U-Th(Sm)/He dating measurement.

The initial 4He produced by radioactive decay has high

kinetic energies, which are largely controlled by mother

radionuclides and range from * 4 eV to * 9 eV (Farley

et al. 1996). 4He is ejected to a random direction and the

stopping distance depends on kinetic energy and density or

composition of grains. As exemplified by 238U and 232Th

decay in apatite and zircon, the radioactive 4He would be

ejected to * 10 to * 20 lm (Farley et al. 1996) and the

distance in apatite is longer than that in zircon.

Additionally, from the inner to the surface of the grains,

the probability of 4He escape increases (Fig. 5). When the

distance from the radionuclides in the grains to the grain

surface is farther than the stopping distance, the decayed
4He can only remain in the grains. However, as the distance

decreases, the escape probability of 4He gradually increa-

ses to 50%. It means that a sphere of 100 lm may only

retain * 82% 4He (Farley et al. 1996), and the * 82%
4He residuals will yield a * 18% younger U-Th/He age.

As such, the determination of the total 4He amount is

extremely important for dating. The total amount of 4He is

calculated based on the residual 4He in the minerals and the

correction factor FT (Farley et al. 1996):

Hetotal ¼ FT � Hemeasure

where Hetotal is the total amount of 4He in the radionuclides

decay process; Hemeasure is the 4He residual in the grains;

FT factor is controlled by the 4He stopping distance and

crystal surface to volume ratio. It assumes that there is no

U and Th zonation in the grains, and the adjacent grains

have little decayed 4He (Fig. 5). The FT value is calculated

according to the grain density, radionuclide decayed alpha

stopping distance and geometric parameters such as height

and diameter of the grains. It has an assumption that the

picked grains are specific geometry, such as ellipsoid,

tetragonal prism, a tetragonal prism with one or two

pyramids, hexagonal prism, etc. (Gautheron and Tassan-

Got 2010; Ketcham et al. 2011). For U-Th/He dating of a

single grain, the euhedral grains without inclusions and

obvious cleavages were picked. However, in natural rocks,

the separated minerals, like zircon and apatite, are usually

fragmented, due to crystal growth defects or mechanical

brokenness, which would indeed affect the accuracy of

U-Th/He dating (Brown et al. 2013). For example, if the

actual U-Th/He age of apatite is 74.5 Ma and the FT value

is measured as 0.722, the U-Th/He age will increase

to * 75.2 Ma when 1% grain is missed, and to * 78.4

Ma when the lacked part increases to 5%. Although 3–5

grains of one sample were picked to determine the U-Th/

He age, there can be noticeable dispersion. To avoid the

picking and FT value measurement errors, the alpha-ejec-

tion zone of the grains was polished before dating, which

successfully solved the 4He ejection influence. However, it

may yield wrong ages if the grains are strongly zoned with

uranium and thorium (e.g., Farley et al. 1996).

The brief procedure of U-Th/He dating is described as

follows. (1) Grain picking and FT value determination. The

euhedral grains without abundant inclusions and visible

cleavages were handpicked under a stereomicroscope. FT

Fig. 5. 4He ejection in grains. 4He formed in the grain surface have

50% escaped from the grain, and the probability decreases to zero

when the distance from the grain surface increases (stopping

distance), shown as the 10% dark area; meanwhile, radionuclides in

30% dark area, the formed alpha particles can only remain in the grain
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value calculation was conducted by software Qt Assistant

4.8.0 after the grain geometry was determined. (2) Grain

package. Apatite and zircon grains are packaged in Pt and

Nb tubes respectively to extract 4He. (3) 4He, 238U, and
232Th measurements. 4He was extracted by a laser and

measured by using the noble gas mass spectrometers. 238U

and 232Th determination were conducted by an ICP-MS

after the apatite or zircon grains were dissolved with iso-

tope dilution techniques. In-site laser ablation apatite

U-Th/He dating was successfully conducted by Pickering

et al. (2020), the apatite grains were embedded into a

Teflon FEP flam with a glass bead, whose diameter is

known and used as an indicator to confirm the polishing

depth of the grains (the 4He stopping distance). The 4He-

ejection zones of apatite were polished. Then 4He was

extracted by a 33 lm laser beam, and mixed with a known

volume 3He. The 4He/3He ratio was measured by ASI

AlphachronTM quadrupole helium mass spectrometry sys-

tem, and LA-ICP-MS was used to determine the U, Th, and

Sm concentrations by a 55 lm laser beam covering the

former pits. Both He-extraction and radionuclide concen-

tration ablation pits were measured by optical profilometer

to calculate ablation volume.

Similar to fission tracks annealing, the 4He will be

activated and escaped from the grains when the tempera-

ture is higher than its retention temperature, which is

controlled by the diameter of crystals. Take an apatite grain

with a 70 lm diameter and a 10 �C/Ma cooling rate, for

example, the He closure temperature is * 70 �C, which

will decrease to 62 �C for an apatite grain with a 60 lm

diameter and 28 ppm eU (effective Uranium,

&U ? 0.235�Th ? 0.0046�Sm, in zircon and apatite

grains) (Farley 2000; RDAAM, Flowers, et al. 2009). The

apatite and zircon partial retention zone (PRZ) are

50–80 �C and * 130–200 �C, respectively (e.g., Wolfe

and Stockli 2010; Gautheron et al. 2013). Gautheron et al

(2013) also proposed that the apatite composition influ-

enced the He diffusion, similar to the apatite fission-track

annealing, by changing the annealing rate of alpha-recoil

damage. Furthermore, in some apatites, microvoids may

trap helium, which affects the He diffusion kinetics and

U-Th/He ages. The apatites with alpha-recoil damage have

a higher He trapping power than the vacancy-clustering

apatites (Gerin et al. 2017), implying that cleavages,

vacancy damage, microvoids, and lattice defects in the

minerals will significantly affect the He diffusion.

Radiation damage and temperature are widely accepted

as the main controlling factors for the He diffusion (e.g.,

Nasdala et al. 2005; Ginster et al. 2019). The annealing of

radiation damage is different from fission-track annealing,

as it needs a higher temperature and longer time to com-

pletely reset the high radiation damage accumulation, and

largely increases the He diffusion temperature. When the

radiation damage exceeds the threshold of * 3 9 1016 a/

g, the U-Th/He age will be abnormally older than the fis-

sion track age (e.g., Green et al. 2006; McDannell et al.

2019), indicating that the He diffusion efficiency is corre-

lated with eU, time and temperature.

4 Principle of the application in ore deposits
preservation

4.1 Sampling

Apatite and zircon are widely present in natural rocks, such

as granite, diorite, tuff, sandstone, schist, gneiss, and

mylonite. The hydrothermal alteration may change the

composition of accessory minerals and produce a large

number of secondary inclusions and fragile structures.

Furthermore, hydrothermal or fault heat may cause a par-

tial reset of the low-temperature thermochronology sys-

tems. Therefore, sampling was conducted far away from

the hydrothermal or fault systems.

4.2 Various low-temperature thermochronology

methods

The fission tracks partial annealing zone, He partial

retention zone, and closure temperatures of apatite and

zircon are different. The zircon fission track (ZFT) partial

annealing temperature zone and closure temperature were

estimated as * 200–350 �C and * 240 �C, respectively

(Yamada et al. 1995; Tagami et al. 1996). The apatite

fission track (AFT) partial annealing temperature zone and

closure temperature were estimated as 60–120 �C and *
100 �C, respectively (Donelick et al. 2005) (Fig. 6).

Various dating methods can provide the temperature–time

information of thermal evolution by calculating cooling or

uplifting and denudation rates of samples, as exemplified

by n samples from the same location, the zircon fission-

track age is Zai and apatite fission-track age is Aai, the

cooling rate could be described as:

Xn

i¼0

T1i � T2ið Þ= Zai � Aaið Þf g=n

where T1 and T2 are the closure temperatures of ZFT and

AFT respectively; n is the number of samples. Similarly,

apatite U-Th/He age (AHei) of samples, the cooling rate

from AHe to present can be roughly determined as:

Xn

i¼0

T3i � T0ð Þ=AHeif g=n

where T3i is the apatite He closure temperature; T0 is the

mean temperature of surface; n is the number of samples.
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In addition, from the surface downwards, the low-temper-

ature thermochronological ages of the samples gradually

decrease to zero (Fig. 7A). For example, the apatite fission

track ages of the Chinese Continental Scientific Drilling

Project decreased from 87.1 ± 11.2 Ma at the surface to

3.2 ± 1.3 Ma at 3899 m depth (Liu et al. 2009). The zir-

con U-Th/He study of the Continental Deep Drilling Pro-

ject (KTB) in Germany displays that the Zircon U-Th/He

ages declined from * 90 to 120 Ma at the surface to *
0 Ma at C 7790 m depth (Wolfe and Stockli 2010). The

thermochronological age distribution [such as ZFT, zircon

U-Th/He (ZHe), AFT and apatite U-Th/He (AHe) dating,

etc.] can reveal the comparable cooling rate variations of

samples. Figure 7B–E illustrate different zircon and apatite

fission track age combinations, which reveal different

cooling exhumation processes of continuous rapid uplifting

Fig. 6 Closure temperature of

different dating systems

Fig. 7 Zircon and apatite

fission track age distribution

indicates rough exhumation

histories. All age data were

hypothesis, but based on the

previous thermochronological

studies. A: the zircon fission

track and apatite fission track

ages decrease from the surface

to deep in 100 Ma; the present

ZFT and AFT ages reflect the

uplifting and denudation

process. B: continuously rapid

uplifting and denudation; C:

slow exhumation and

subsequent rapid uplifting and

denudation; D: rapid

exhumation and then turned into

slow exhumation; and E

continuous slow exhumation
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and denudation (Fig. 7B), slow exhumation and subsequent

rapid uplifting and denudation (Fig. 7C), rapid exhuma-

tion, and subsequent slow exhumation (Fig. 7D), and Slow

exhumation (Fig. 7D).

4.3 Elevation-dating process

Thermochronological dating of samples at different ele-

vations is another way to reveal the thermal history. The

theoretical basis is that the shallower rocks first pass

through the fission-track or the He closure temperature and

the deeper rocks pass later, forming a fission-track or U-Th/

He age gradient from the surface to the deep (Fig. 7A).

Fission track or U-Th/He age of samples at different ele-

vations can reveal the history of uplift and denudation in a

certain period. The ages and elevation are used to calculate

the cooling rate (v(t1-t2)):

v t1�t2ð Þ ¼
H1� H2ð Þ � G

t1� t2

where H1 and H2 are the samples elevations; t1 and t2 are

the thermochronology ages; G is the geothermal gradient.

Plotting elevation and ages of samples and the slopes of the

curve are usually described as exhumation history.

5 Exhumation influence on deposit distribution
in South China

5.1 Uplifting and denudation pattern in South

China since the Late Cretaceous

Many low-temperature thermochronological studies were

conducted to reveal the exhumation history of South China

since the Mesozoic (e.g., Yi et al. 2009; Zuo 2015; Wang

et al. 2020a; and reference here). These studies pointed out

a similar exhumation history of South China, which gen-

erally includes three stages: Cretaceous rapid cooling, Late

Cretaceous-Paleogene slow cooling process, and Oligo-

cene-Quaternary rapid exhumation (e.g., Zuo 2015; Wang

et al. 2015; and reference here). However, Zuo (2015) and

Wang et al. (2020a) reported gradually older ages of ZFT

and AFT from the interior to the southeastern coastline of

South China and argued for a heterogeneous cooling his-

tory. To clarify the uplifting and denudation history of

South China and the influence on ore deposits preservation,

available ZFT and AFT ages and inversion thermal models

were collected.

A total of 166 ZFT ages in previous studies of South

China were compiled, in which most samples are granite,

schist, gneiss, and tuff, with minor sedimentary rocks, and

located within 21–30� N and 110–120.5� E (Peng et al.

2004; Li et al. 2005, 2007; Yi et al. 2009; Zheng et al.

2011; Wan 2013a, b; Guo 2004; Tang et al. 2014a; Wang

et al. 2015, 2020a; Zuo 2015; Li 2017; Tao et al. 2017;

Chen et al. 2020a). The data includes 129 ages passing the

Chi-square Test (P(v2) [ 5%), which indicates homoge-

neous, single thermal ages (Galbraith 1981). Another 37

ages failed the test, reflecting mixed thermal ages, which

were not accepted in this study. It is noted that 10 ZFT ages

were obtained for the Huangshan granite (Zheng et al.

2011), all of which failed the test. These single grain ZFT

ages are negatively correlated with eU (or estimate alpha

dose). Previous studies demonstrated that eU (or estimate

alpha dose) will lower the thermal stability of fission-tracks

in zircon (Kasuya and Naeser 1988) so that these ages

might be affected due to low thermal stability. Although

single grain ZFT ages range from 168 to 43 Ma, they have

predominant distribution at 72–95 Ma, which is consistent

with the continuous Cenozoic uplifting and denudation of

southern Anhui province (ABGMR 1987). Therefore, the

ages of 72–95 Ma are interpreted as the ZFT exhumation

timing of the Huangshan granite, and an average ZFT age

of 77 ± 8 Ma was used in this study.

The maximum ZFT age is 199 ± 16 Ma, and the min-

imum age is 60.4 ± 13.8 Ma (Supplementary data 1).

Ages are mainly concentrated at 140–90 Ma, with peak

ages at 120–90 Ma (Fig. 8). No obvious relationship

between the ZFT age and elevation is illustrated (Fig. 9),

indicating that complicated uplifting and denudation pro-

cesses in South China at the Cretaceous. The ZFT age

decrease with longitude increasing (108�–122�), but has no

obvious relationship with latitude (Fig. 10). Ages decline

regularly from the interior to the southeastern coastline

(110�–122�), demonstrating the contrary tendency in Wang

et al (2020a). In detail, from * 110� to 114� E, the ZFT

ages decline rapidly, and from * 114� to * 122� E, the

ages become slightly older (Figs. 10 and 14). It suggests

that the Nanling region records the youngest ZFT ages in

South China, which indicates the fastest cooling process of

the Nanling region in the Cretaceous. From southeastern

Fig. 8 ZFT age distribution pattern in South China. Data source from

(Guo 2004; Peng et al. 2004; Li et al. 2005; Li 2017; Yi et al. 2009;

Wang et al. 2015, 2020a; Wan 2013a; Tang et al. 2014a, b; Zuo 2015;

Tao et al. 2017). 129 ZFT ages have passed the Chi-square Test

(P(v2) [ 5%), and the average ZFT age of 7
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South China to the interior, the cooling rate decreases in

the Cretaceous, resulting in the older ZFT ages.

264 AFT ages were collected in this study (Peng et al.

2004; Li et al. 2005, 2016; Li 2017; Bai et al. 2006; Yi

et al. 2009; Zheng et al. 2011; Shen et al. 2012; Shi et al.

2013; Wan 2013a; Guo 2004; Tang et al. 2014a, b; Wang

et al. 2015, 2018, 2020a, b, 2021; Zuo 2015; Li 2017; Tao

et al. 2017, 2019). Most samples are granite, schist, gneiss,

mylonite, and tuff with some sedimentary rocks, diorite,

and volcanic lava. 240 AFT ages have passed the Chi-

square test [P(v2) [ 5%], while 22 ages failed the test and

2 ages are larger than their formation age so that they were

not chosen in this study. The maximum AFT age is

123.1 ± 7.6 Ma, whereas the minimum age is

11.3 ± 1.5 Ma. Ages are mainly distributed at 70–40 Ma,

with a predominant cluster at 60–50 Ma (Supplementary

data 1. Fig. 11). No obvious correlation between the AFT

age and elevation was obtained (Fig. 12), indicating

heterogeneous Cenozoic exhumation processes in South

China. The AFT age is also not closely linked with lon-

gitude (Fig. 13). However, the AFT ages become older

with latitude increasing (* 20�–32� N), and the samples

located in * 25�–27� N have youngest AFT ages of

40–10 Ma. Notably, the Tongling-Xuancheng area in the

MLYB documents the oldest AFT ages, ranging from

66.9 ± 4.0 to 123.1 ± 7.6 Ma (Figs. 13 and 14). Zircon

U-Th/He dating in this area were reported, which records

simultaneous ages ranging from 88 to 140 Ma (Wang et al.

2021), indicating rapid cooling in the Cretaceous and slow

exhumation in the Cenozoic.

To obtain detailed thermal evolution information of

South China, we drew the ZFT and AFT age contours by

using software Surfer� 17.1.288 (copyright � 1993–2019,

Golden Software, LLC). The central ages of ZFT and AFT

have been used in this study. All ZFT/AFT ages with their

locations were calculated to grid data by the Kriging-

Variogram method. The obtained contour map is shown in

Fig. 14. There is no obvious tendency between the ZFT

and AFT ages in South China. Notably, the four belts have

different ZFT and AFT age distributions, indicating dif-

ferent cooling histories. The inversion temperature–time

models were selected to understand the cooling histories

(Fig. 15). The ZFT and AFT age distributions of the four

metallogenic belts and their possible exhumation process

are detailed as follows.

Fig. 9 Age-elevation plots of 129 ZFT data. There is no obvious

relationship between ZFT ages and their elevations

Fig. 10 Relationships between ZFT ages and longitudes and latitudes

Fig. 11 AFT age distribution pattern in South China. Data source

from (Guo 2004; Peng et al. 2004; Li et al. 2005; Li 2017; Yi et al.

2009; Wang et al. 2015, 2020a, b; Wan 2013a; Tang et al. 2014a, b;

Zuo 2015; Tao et al. 2017)
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5.1.1 The MLYB exhumation pattern since the Cretaceous

Although the corresponding ZFT ages are lacking, the

zircon U-Th/He ages of 140–88 Ma revealed rapid cooling

in the Cretaceous. The Mesozoic igneous rocks in the

MLYB formed at 153–120 Ma. Furthermore, the younger

A-type granite (135–120 Ma) is distributed in the central

MLYM, indicating an extensional setting at the Early

Cretaceous (Chen et al. 2020b). In addition, the MLYB

records the oldest AFT ages (123–77 Ma) in South China

(mostly at 70–40 Ma). Thus, the ZHe and AFT age dis-

tributions imply that the MLYB has experienced slow

uplifting and denudation after the rapid cooling in the Early

Cretaceous (Fig. 15A), inducing exposure of the Mesozoic

igneous rocks and magma-related deposits on the surface.

5.1.2 The QHMB exhumation pattern since the Cretaceous

The QHMB has the oldest ZFT ages in South China,

especially the Shiwandashan region in the southern QHMB

has the ZFT ages of 199–170 Ma (Guo 2004), implying a

slow exhumation process in the Cretaceous, whereas the

northern QHMB has a relatively faster rate of uplifting and

denudation than the southern part. The southern QHMB

has older AFT ages than the northern QHMB. The AFT age

distributions in the QHMB are similar to the ZFT ages.

Fig. 12 Age-elevation plots of 182 AFT age data. There is no

obvious relationship between AFT ages and their elevations

Fig. 13 Relationships between 240 AFT ages and longitudes and

latitudes

Fig. 14 Contour map of ZFT and AFT ages in South China
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From the Hangzhou Bay to the southern Anhui Province,

the AFT ages are distributed at * 30–20 Ma, younger

than the peak ages of 70–40 Ma in South China. Mean-

while, the AFT ages in the central and southern QHMB are

mainly distributed at 80–50 Ma. The ZFT and AFT age

distributions indicate that the southern and central QHMB

had experienced continuously slow exhumation since the

Cretaceous, whereas the northern QHMB was slowly

uplifted and eroded during the Cretaceous time and rapid

uplifting and denudation during Cenozoic time (Fig. 15B).

5.1.3 The WYMB exhumation pattern since the Cretaceous

There are only a few thermochronological studies in the

WYMB (e.g., Li 2017; Wang et al. 2020a). The WYMB

has much older ZFT and AFT ages compared to the other

belts in South China, according to the available ther-

mochronologic data (e.g., sample 01GF-222 from Wang

et al. 2020a, located at 27.119� N, 117.025� E with the ZFT

and AFT ages of 120.1 ± 7.1 Ma and 58.6 ± 6.6 Ma,

respectively; sample 01JF-214 located at 28.015� N,

118.139� E, with the ZFT and AFT ages of

123.8 ± 7.1 Ma and 66.5 ± 3.6 Ma, respectively, etc.).

The WYMB might have undergone continuously slow

uplifting and denudation since the Late Cretaceous

(Fig. 14). The inversion temperature–time paths indicate

that the WYMB experienced rapid cooling in the Early

Cretaceous and continuous slow exhumation since the Late

Cretaceous (Fig. 15C).

5.1.4 The NLMB exhumation pattern since the Cretaceous

The NLMB has a uniquely uplifting and denudation his-

tory. The ZFT age distribution is different from the

southern to northern NLMB. The southern NLMB has the

youngest ZFT ages of 110–70 Ma in South China (Figs. 10

and 14), whereas the ZFT ages are mainly distributed at

140–110 Ma in the northern NLMB, indicating that the

Fig. 15 The inversion temperature–time paths of four metallogenic belts. A: Middle-Lower Yangtze River Metallogenic Belt; B: Qinzhou-

Hangzhou Metallogenic Belt; C: Wuyi Metallogenic Belt; D: Nanling Metallogenic Belt. The dark lines are the best paths of inversion models.

ZFT, ZHe and AFT are thermochronology data of the four metallogenic belts. The paths and data are cited from Guo (2004), Yi et al (2009), Liu

et al (2014), Zuo (2015), Li (2017), Tao et al (2017, 2019), Wang et al (2020a, 2021), and Min et al (2020)
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southern NLMB underwent more rapid cooling than the

northern NLMB in the Cretaceous. The AFT ages in the

NLMB range from 11.3 ± 1.5 to 74.1 ± 4.2 Ma, with

most clusters at 60–40 Ma. The AFT age distribution in the

NLMB is nearly uniform, but the northwest NLMB (i.e. the

southern Hunan Province) is different and has the youngest

AFT ages of * 40–10 Ma (Figs. 13 and 14). The ZFT and

AFT age distributions imply that the cooling rate increases

from north to south-southeast in the NLMB during the

Cretaceous. In the Cenozoic, the whole NLMB was uplif-

ted and denuded rapidly, but the northwestern NLMB

demonstrated the exhumation most rapid rate (Fig. 15D).

5.2 Denudation influence on deposit distribution

in South China

The uplifting and denudation processes resulted in a dif-

ferent exhumation in the four metallogenic belts. The

continuously rapid exhumation makes the NLMB experi-

encing the most significant exhumation, whereas the

WYMB and MLYB may have only undergone limited

exhumation since the late Cretaceous.

In this study, the zircon and apatite fission tracks are

assumed to have a constant closure temperature of 240 and

100 �C, respectively, and the geothermal gradient in South

China is constant. The present geothermal gradients in

South China range from 7.8 to 162.5 �C/km, mostly con-

centrated at 20–25 �C/km with an average value of

24.1 �C/km (Yuan et al. 2006). However, affected by the

Cenozoic magmatism (e.g., Ho et al. 2003), the east

coastline of Fujian Province has an extremely high

geothermal gradient of * 73–85 �C/km. The geothermal

gradient is largely associated with tectonic and thermal

events (Wang et al. 2001), implying that South China has

had a higher mean geothermal gradient since the late

Cretaceous. Thus, we used 35 �C/km as the geothermal

gradient of South China since the Cretaceous and calcu-

lated the exhumation amount since 90 Ma. The results are

shown that the MLYB exhumed B 3.5 km since 90 Maand

the northern and southern QHMB experienced different

uplifting and denudation processes, with an exhumed

thickness of 3.5–5.5 km and B 3.5 km respectively

(Fig. 16). The WYMB exhumed about 3.5–5.5 km

according to the contour map (Fig. 16), but its exhumed

thickness calculated from the available data is * 3.5 km.

The WYMB may have experienced slow exhumation since

the Late Cretaceous, and we considered an exhumation

amount of \ * 3.5 km. The NLMB exhumed about

4.5–6.5 km, agreeing well with its continuous rapid

uplifting and denudation processes since the Cretaceous.

The porphyrite Fe-apatite and porphyry Cu–Mo–Au

deposits are the dominant mineralization in the MLYB.

The emplacement depth of these Cretaceous ore deposits is

generally 1–6 km, and the porphyrite Fe-apatite deposits

are emplaced at \ 2 km. The 1.5–3.5 km exhumation

amounts are reasonable to induce shallow deposits exposed

to the surface or close to the surface. Liu et al (2012)

conducted the AFT studies on four porphyrite Fe deposits

in the Luzong and Ningwu basins. The AFT ages and

thermal inversion models indicate that these Fe deposits

experienced slow uplifting and denudation and exhumed

less than 2 km. Furthermore, the Dongshan and Meishan

Fe deposits were exposed to the surface due to the faster

exhumation rate, whereas the Luohe and Nihe Fe deposits

are still buried. Similar uplifting and denudation processes

are revealed in the adjacent Fengshandong porphyry Cu–

(Mo) and Jilongshan skarn Au–Au deposits (Li Yan,

unpublished data). The northern and southern QHMB has

experienced different uplifting and denudation processes.

The southern QHMB exhumed \ 3.5 km since 90 Ma,

while the northern QHMB possibly exhumed * 3.5–5.5

km. The AFT, AHe, and ZHe studies on the Dexing por-

phyry Cu and Yinshan epithermal Ag–Pb–Zn–Cu deposits

indicate similar exhumation histories of these two ore

deposits, but the Dexing had more uplifted and denuded

amounts of * 1 km than the Yinshan since the Late Cre-

taceous (Liu et al. 2014; Min et al. 2020). The NLMB had

exhumed 4.5–6.5 km since the Late Cretaceous, resulting

in the deep-emplaced granite-related W(Sn) deposits

exposed to the surface. As exemplified by the Qianlishan

granite (Wan 2013a), the ZFT and AFT ages indicated the

Cretaceous slow exhumation and Cenozoic rapid uplifting

and denudation processes. The granitic pluton and related

W deposits (such as Shizhuyuan, Hongqiling, Yaogangx-

ian, etc.) were uplifted and denudated to the surface. The

available ZFT and AFT data indicates the continuously

slow exhumation for the WYMB, which was possibly

uplifted and denuded \ * 3.5 km since 90 Ma. Notably,

the preservation of abundant epithermal ore deposits in the

WYMB suggests that the exhumed amounts may be \
1.5 km since the deposits were formed at * 223–100 Ma

(Fig. 15C). Thus, the WYMB might have experienced slow

uplifting and denudation since the Late Cretaceous.

The dominant ore deposit types in the four metallogenic

belts were probably affected by the amounts of exhumation

due to different formation depths of ore deposits. The

NLMB has the most exhumation amounts with the major

mineralization of deeply-formed granite-related W-Sn. In

contrast, the W deposits explored in the MLYB, QHMB,

and WYMB in decades suggest that these metallogenic

belts might have great potential for W mineralization, but

the amounts of exhumation are not enough to make these

deposits exposed to the surface.
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6 Conclusions and problems

Low-temperature thermochronology, such as fission-track

and U-Th/He dating, is sensitive to temperature and has

different closure temperatures. Furthermore, the sponta-

neous fission-track annealing and radioactive 4He diffusion

in the minerals are associated with temperature and time,

which are usually used in the studies of thermal history and

ore deposits preservation. Based on previous ZFT and AFT

data, the qualitative exhumation framework of South China

was established:

Different uplifting and denudation processes were

operated in South China. The MLYB experienced rapid

cooling in the Early Cretaceous, followed by very slow

exhumation in the Late Cretaceous-Cenozoic, with the

denudation amounts less than 3.5 km. The northern QHMB

had a faster rate of uplifting and denudation than the

southern QHMB in the Cretaceous. Similarly, the northern

QHMB (i.e. the southern Anhui Province to the Hangzhou

Bay) was rapidly exhumed in the Cenozoic, while the

southern QHMB kept slow exhumation. The available

exhumed thickness of the northern and southern QHMB is

3.5–5.5 km and B 3.5 km, respectively. The WYMB had

possibly experienced continuously slow uplifting and

denudation since the Late Cretaceous, and more low-tem-

perature thermochronological studies are needed to con-

strain its thermal evolution process. Based on the available

data and geological evidence, the exhumation amounts of

WYMB since the Late Cretaceous may be less than *

3.5 km. The southern NLMB has a much more rapid

cooling rate than the northern NLMB in the Cretaceous,

and the whole belt underwent rapid cooling in the Ceno-

zoic. The calculated amount of the exhumation since

90 Ma for the NLMB is 4.5–6.5 km. Correspondingly, the

dominant ore deposits in the NLMB are granite-related

W-Sn deposits, the emplacement depths of which are

generally 1.5–8 km, whereas the other three metallogenic

belts are predominantly ore deposits with shallow

emplacement depths. Therefore, the uplifting and denuda-

tion processes of South China have played an important

role in controlling the types and distribution of dominated

ore deposits in the four metallogenic belts.

Although the fission-track and U-Th/He dating have

been successfully used to reveal the thermal evolution and

ore deposits preservation, both methods have some unre-

solved problems. Minerals component, structure, radioac-

tive damage, temperature, and time are proved to control

the fission-track annealing and He diffusion. The fission-

track length is used as an indicator of track annealing.

However, the chemical etching protocols (apatite fission

track: 20 s, 21 �C, 5.5 M HNO3; zircon fission track:

4–120 h, 225–230 �C in eutectic KOH and NaOH) are

usually failed to reveal full latent tracks (Tamer and

Ketcham 2020), indicating that the fission-track annealing

models may be challenging. The radioactive damage also

largely affects tracks annealing and He diffusion (e.g.,

Green et al. 2006; McDannell et al. 2019). The high-radi-

ation damage will significantly reduce the track annealing

Fig. 16 The accumulated

exhumation thickness

distribution of South China

since 90 Ma, calculated

according to the ZFT and AFT

ages. Geothermal gradient is

assumed as 35 �C/km and the

average surface temperature is

20 �C
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temperature but increase the He diffusion temperature (e.g.,

McDannell et al. 2019; Ginster et al. 2019). Quantifying

the effects of composition, structure, and radiation damage

on track annealing and He diffusion temperatures is diffi-

cult and challenging. Furthermore, the He diffusion models

of zircon (ZRDAAM, Gautheron et al. 2013) and apatite

(RDAAM, Flowers et al. 2009) assume the effective

spontaneous fission tracks as a proxy of accumulated

radiation damage. However, He diffusion is not consistent

with track annealing, questioning the established models.

The estimation of U-Th/He and fission-track closure tem-

peratures in the grains associated with component, struc-

ture, and a-damage is key to defining the thermal evolution

process.
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