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ABSTRACT

Whether the driver of the Indosinian 
orogeny in the South China block was re-
lated to the evolution of the Paleotethyan 
Ocean or the Paleo-Pacific Ocean has been 
a point of much debate. We applied  detrital 
zircon U-Pb dating to Permian–Triassic 
sedi mentary rocks from South China to 
trace sediment provenance and to further 
test these models. Our results, combined 
with other published data from the Ping-
xiang, Youjiang, Yong’an, and Yongding Ba-
sins, show that 400–350 Ma and 300–260 Ma 
zircon grains are ubiquitous throughout the 
entirety of southern South China. This indi-
cates regional magmatic events as potential 
sources. The discovery of Middle–Late De-
vonian and Early Permian igneous rocks, 
tuffs, and volcaniclastic rocks in Southeast 
Asia and Hainan Island implies the presence 
of two magmatic events (400–350  Ma and 
300–260 Ma) within or beyond the southern 
margin of South China. This information, 
together with the mostly negative εHf(t) val-
ues of 400–350 Ma and 300–260 Ma zircon 
grains, arc-like geochemical signatures of 
the possible source rocks, and the regional 
geology of East Asia, suggests that they 
origi nated from sources related to Paleo-
tethyan and even Proto-Tethyan subduc-
tion. Thus, Permian–Triassic sedimentation 
and the Indosinian orogeny in South China 
were largely controlled by the evolution of 
the Tethyan Ocean.

INTRODUCTION

During the Late Permian to Triassic, several 
major continental blocks, including Sibumasu, 
Indochina, South China, and North China, ulti
mately were amalgamated (Fig. 1; Metcalfe, 
1996, 2013; Lepvrier et al., 1997, 2004; Faure 
et al., 2014; Wang et al., 2018). This amalga
mation controlled the tectonic framework of 
East Asia, as well as the construction of the ba
sic tectonic pattern of the South China block by 
the end of the Indosinian orogeny (Ren, 1964, 
1991; Zhang et  al., 2013; Wang et  al., 2013; 
Shu et  al., 2015). However, during this time, 
the South China block was in the dynamic 
environment of eastern Tethys expansion and 
Pangea assembly, and surrounded by different 
plates, including the Paleotethyan Ocean to the 
west and the PaleoPacific Ocean to the south
east (Metcalfe, 2002, 2013; Li and Li, 2007; 
Wang et al., 2013, 2018; Faure et al., 2014). In 
part because of its complex tectonic position 
and later strong tectonic modification (e.g., 
during the Yanshanian movement, ca. 190–80 
Ma; Chen and Jahn, 1998; Li and Li, 2007), 
the driver for the Indosinian orogeny in the 
South China block has long been a point of 
much debate.

Some authors have considered that orogene
sis was driven by continental collisions, includ
ing the collision between the South China block 
and Indochina block (Fig. 2A; Lepvrier et al., 
2004; Yang and He, 2012; Yang et  al., 2012; 
Faure et al., 2014, 2016; Qiu et al., 2017), col
lision between the Sibumasu and Indochina 
blocks (Metcalfe, 2011, 2013), or intraconti
nental reworking with an indirect link to sub
duction of surrounding plates (Fig. 2B; Carter 

and Clift, 2008; Wang et al., 2005, 2013; Shu 
et al., 2008, 2009, 2015; Zhang et al., 2013). In 
contrast, others have argued that the deforma
tion and magmatism in the South China block 
were influenced by the subduction of the Paleo
Pacific Ocean along the southeastern margin 
of the South China block (Fig. 2C; Carter and 
Clift, 2008; X.H. Li et al., 2006, 2012; Z.X. Li 
et al., 2012; Li and Li, 2007; Zhu et al., 2014; 
Pang et  al., 2014; Jiang et  al., 2015). How
ever, the onset of PaleoPacific subduction is 
controversial (e.g., Taylor and Hayes, 1983; 
Engebretson et al., 1985; Li and Li, 2007; Hen
nig et al., 2017; Breitfeld et al., 2017). For ex
ample, Li and Li (2007) have speculated that 
this subduction started in the earliest Permian 
(ca. 280  Ma) or at least in the Triassic (Hen
nig et al., 2017; Breitfeld et al., 2017), whereas 
Engebretson et al. (1985) argued that it did not 
commence until the Early–Middle Jurassic (see 
also in Metcalfe, 1996, 2002; Veevers, 2004; 
Shu et al., 2015).

One way of resolving this problem is by in
vestigating the sedimentary record in the South 
China block, to determine whether it is related 
to the convergence of the Paleotethys or influ
enced by the subduction of the PaleoPacific. 
Sedimentary sequences record significant infor
mation about their source rocks and can be fur
ther used to identify their depositional environ
ment, tectonic setting, and continental growth 
(Spencer et al., 2016; X.C. Zhang et al., 2017; 
Breitfeld et al., 2018; Hennig et al., 2018). Thus, 
the Upper Permian to Upper Triassic sedimen
tary rocks that are now exposed in an area where 
the Paleotethys and PaleoPacific tectonic zones 
overlapped may provide one of the best oppor
tunities for elucidating the geodynamic frame
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work of the South China block. In this study, we 
carried out detrital zircon UPb age dating and 
Hf isotope analysis of Upper Permian to Upper 
Triassic sedimentary rocks in the southeastern 
and southern South China block to determine 
their provenance (Fig. 1C). Together with a 
comprehensive analysis of the petrography and 
sedimentology of rocks exposed in the other ba
sins in the South China block (e.g., Youjiang Ba

sin, Shiwandashan Basin, Pingxiang Basin, and 
Laowangzhai region in the west side of Yunkai 
Mountain; Yong’an and Yongding Basins on 
the east side of Yunkai Mountain), we further 
discuss its tectonic setting and possibly two 
largescale magmatic events that occurred in 
the Middle–Late Devonian and Early  Permian, 
either within or outboard of the southern South 
China block.

GEOLOGICAL BACKGROUND

It is well acknowledged that the architecture 
of Asia resulted from the amalgamation of large 
continents, including the South China, North 
China, Sibumasu, and Indochina blocks, and 
several microcontinents (e.g., Metcalfe, 2013; 
Fig. 1A). These blocks are interpreted to have 
formed part of the north margin of Gondwana 

Major fault

Legends

Precambrian granites

Permian-Triassic sequences
Indosinian(257–205 Ma) granites

Kwangsian(460–400 Ma) granites

Cili-Baojing FaultQiyu
es

han
 Fau

lt

Jiangnan Fault

N

Sample locations in this study

 Permian samples 
 Triassic samples 

 Early Carboniferous samples  
 Late Devonian samples  

Jiang-Shao Fault

Changle-N
anao Fault

Zh
en

gh
e-

Da
pu

 F
au

lt

Wuhan

Haikou

Nanjing

Hangzhou

Nanchang

Fuzhou

Changsha

Guilin

Guiyang

Nanning

Kunming

North China
Xiangfan-Guangji Fault

X
ia

ns
hu

ih
e 

Fa
ul

t

Ta
nl

u 
Fa

ul
t

Honghe Fault

Jinshajiang-Ailaoshan

-Song Ma Fault

Guangdong

Fujian

HunanSichuan

Guizhou

Dabashan zone

Indochina

Yunka
i M

ounta
in

Youjiang Basin
Guangxi

Guangzhou

A
nh

ua
-L

uo
ch

en
g 

Fa
ul

t

Xu
ef

en
g 

Dom
ai

n

Jiangxi

Yunnan

Songpan
-Ganzi 

C

Qinzhou

Yong'an
 Basin

B

JASB

CMSB

Simao

Pac
ifi

c

Fig.1C

500km

1

2

3

Kaiping

Bangxi-Chenxing

Hainan

Permian(290–255 Ma) granites

Sample locations in published literatures

Yongding
 Basin

SWB

Pingxiang

Napo

  W
uy

i 
Do

m
ai

n

PA
N

G
EA

INDIA AUSTRALIA

SC

Early Permian

NC

SI

SSQ

Paleotethys

Mesotethys

30

0

30

A

NI Kongling 
Complex

Pac
ifi

c p
la

te
 

SMF ZDF

BCF

PNF

Meizhou

Figure 1. (A) Paleogeographic reconstruction of the Tethyan region for the Early Permian (modified from Metcalfe, 2013; Wang et al., 
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in the early Paleozoic and to have rifted and 
separated from Gondwana during the open
ing of the Paleotethys in the Silurian–Devo
nian (Fig. 1; Cawood et al., 2013; Hara et al., 
2010, 2012; Metcalfe, 2011, 2013; Spencer 
et  al., 2016; Wang et  al., 2018). They drifted 
northward across the ocean and finally accreted 
together to create the Pangea supercontinent, 
delineated by a series of Tethyan sutures (Hara 

et al., 2010, 2012; Metcalfe, 2011, 2013; Spen
cer et al., 2016; Wang et al., 2013, 2018). The 
ChangningMenglianInthanon suture zone rep
resents a relict of the East Paleotethyan Ocean 
(Hara et al., 2012; Metcalfe, 2013; Wang et al., 
2018). It separates the SimaoIndochina block 
to the east from the Sibumasu block to the west, 
and it extends from southwest Yunnan across 
northwest Laos into northwest Thailand (Fig. 

1B). The Jinshajiang–Ailaoshan–Song  Ma su
ture zone (JASB in Fig. 1B) is inferred to repre
sent either a backarc basin remnant or a branch 
of the East Paleotethyan Ocean, which was fi
nally consumed in the Late Permian–Late Tri
assic (Jian et al., 2009a, 2009b; Lepvrier et al., 
1997, 2004, 2008; Fan et al., 2010; Faure et al., 
2014; Liu et al., 2015; Wang et al., 2018). This 
belt bounding the IndochinaSimao and South 
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China blocks likely extends southeastward to 
the BangxiChenxing fault in Hainan Island 
(e.g., Faure et al., 2016). However, on the basis 
of investigations into the regional paleogeogra
phy of southwestern China, Carter et al. (2001) 
and Carter and Clift (2008) suggested that the 
Jinshajiang–Ailaoshan–Song  Ma suture zone 
might represent only a reactivated zone during 
the collision of Sibumasu with Indochina. A 
Late Permian–Late Triassic amalgamation of 
the Indochina and South China blocks is favored 
here (Fig. 2A), because ophiolitic fragments, 
bedded cherts containing early Carboniferous 
radiolaria, volcanosedimentary sequences, and 
subductionrelated igneous rocks have been 
widely reported along this suture zone (e.g., 
Jian et al., 2009a, 2009b; Fan et al., 2010; Lep
vrier et al., 2011; Metcalfe, 2002, 2013; Zi et al., 
2012; Faure et al., 2014, 2016; Liu et al., 2015, 
2017). In this subduction model of the Paleo
tethyan Ocean plate, the basins in the southern 
South China block are interpreted as a foreland 
basin receiving materials from the collisional 
belt between the South China block and Indo
china blocks (Fig. 2A; Yang et  al., 2012; Qiu 
et al., 2017). Furthermore, Wang et al. (2007b) 
have proposed that the driver of the Indosinian 
orogeny in the South China block was triggered 
by intracontinental convergence during the as
sembly of Pangea. In this case, the less compe
tent South China orogen was squeezed between 
the more competent North China and Indochina 
blocks (Fig. 2B). Accordingly, this orogenic 
mechanism caused a largescale positive flower 
structure involving toptotheSE and toptothe
NW thrusting with a sinistral strikeslip compo
nent in the South China block (Chen, 1999; Yan 
et al., 2003; Wang et al., 2005, 2007b, 2013). Li 
and Li (2007) attempted to integrate the subduc
tion and intracontinental collision hypotheses 
by invoking a flatslab subduction model of 
the PaleoPacific Ocean plate to explain defor
mation and granite magmatism up to 1300 km 
from the inferred subduction zone (Fig. 2C). In 
this model, the SEdipping thrusting, synoro
genic magmatism, and foreland basin deposi
tion propagated toward the cratonic interior in 
response to developing flatslab subduction of 
the PaleoPacific Ocean plate (Fig. 2C).

Today, the South China block is bounded to 
the north by the QinlingDabie orogenic belt, 
a suture between the North China and South 
China blocks (Fig. 1; Metcalfe, 1996), and to 
the northwest by the SongpanGanzi fold sys
tem, which is interpreted to be a remnant oce
anic basin from suturing of the North China and 
South China blocks (Meng and Zhang, 1999). 
The South China block is bordered by the Paleo
tethys tectonic zone to the southwest/south 
and by the  Pacific Ocean plate to the southeast 

(Fig.  1). The South China block was formed 
by amalgamation of the Yangtze and Cathay
sia blocks in the early Neoproterozoic (Fig. 1; 
Charvet et al., 1996; Zhao and Cawood, 1999; Li 
et al., 2009; Wang et al., 2013). The Jiangshan
Shao xing fault (Jiang Shao fault) is thought to 
be the boundary between the two blocks in the 
northeastern South China block, while its south
western extension is unclear (Fig. 1C; Charvet 
et al., 1996, 2010; Li et al., 2009). The Yangtze 
and Cathaysia blocks have different crystalline 
basement compositions. The oldest rocks are the 
Kongling Complex near the Yangtze Gorge Dam 
in the Yangtze block, consisting of Mesoarchean 
to early Paleo proterozoic highgrade metamor
phic tonalitetrondhjemitegranodiorite (TTG) 
gneisses, metasedimentary rocks, and amphibo
lites (Gao et al., 1999; Qiu et al., 2000; Zheng 
et  al., 2006). Minor ca. 1.7 Ga volcanic rocks 
(Greentree and Li, 2008) and ca. 1.1–0.9  Ga 
magmatic rocks outcrop on the western and 
southeastern margins of the Yangtze block (Li 
et  al., 2009). Neoproterozoic (0.84–0.74  Ga) 
granites, mafic rocks, and sedimentary rocks are 
widespread and are mostly distributed around 
the margins of the Yangtze block (e.g., Li et al., 
2010). In the Cathaysia block, the oldest crystal
line basement rocks are the ca. 1.8 Ga gneisses 
and amphibolites of the Badu Group, which 
are limited to the southern Zhejiang–north
western Fujian area (Fig. 1C; Yu et  al., 2009, 
2010, 2012). Meso protero zoic (ca. 1430  Ma) 
rocks, consisting mainly of granodiorites, are 
restricted to Hainan Island (Li et  al., 2002, 
2008). The Kwangsian granitic rocks (mostly 
dated at 450–420 Ma) are the primary product 
of Paleozoic magmatism and are predominantly 
exposed to the east of the Xuefeng Domain (Fig. 
1C; Chen and Jahn, 1998; Charvet et al., 1996, 
2010; Wan et  al., 2010; Wang et  al., 2007a, 
2007b, 2013). The Indosinian granitic plutons 
widely outcrop in the region between the Xue
feng Domain and Yunkai Domain (Fig. 1C). 
These granites intruded the preTriassic strata as 
stocks and batholiths and are mainly dated at ca. 
250–200 Ma (Wang et al., 2007a, 2013).

MAJOR BASINS IN THE SOUTHERN 
SOUTH CHINA BLOCK

In the South China block, series of basins 
have been identified, such as Youjiang (also 
named Nanpanjiang basin) and Shiwandashan 
Basins, and other small basins, i.e., Pingxiang, 
Yongding, and Yong’an Basins (Fig. 1C). These 
basins are separated by major faults and/or 
differential uplift and can be subdivided into 
two greater basins separated by the NE/ENE
trending Yunkai Mountain (Qiu et  al., 2017; 
Hu et al., 2017). Yunkai Mountain is located in 

western Guangdong and eastern Guangxi Prov
inces (Fig. 1C) and is commonly believed to 
be a component of the Cathaysia block (Chen 
and Jahn, 1998). The Precambrian metamorphic 
basement of Yunkai Mountain, which contains 
abundant Neoarchean zircon grains (Yu et  al., 
2010), is covered unconformably by Devo
nian and younger strata, all intruded by early 
Paleozoic and Permian–Triassic granites, and 
affected by associated tectonothermal events 
(BGMRGD, 1988; Wan et al., 2010).

To the west of Yunkai Mountain, Youjiang Ba
sin lies close to the southwestern margin of the 
South China block and is bounded by the Ziyun
Danchi fault to the northeast and the Shizong
Mile fault to the northwest (Fig. 1C; Yang et al., 
2012; Hu et al., 2017). Permian to Early Triassic 
sedimentation within the basin was dominated 
by marine clastic and volcanic clastic strata and 
isolated carbonate platforms (Yang et al., 2012). 
Middle Triassic sedimentation consists of a thick 
siliciclastic succession dominated by medium 
to finegrained terrigenous turbidites and shales 
(BGMRGX, 1985; Duan et  al., 2018). By the 
end of the Late Triassic, marine sedimentation 
had ended. Sedimentation was then dominated 
by fluvial systems and a shallowmarine shelf 
clastic environment (Carter and Clift, 2008). In 
addition, the northeasttrending Shiwandashan 
Basin (Fig. 1C) is mainly composed of a late 
Paleozoic–Middle Triassic sedimentary succes
sion of sandstone and shale. It is separated from 
Yunkai Mountain to the southeast by the Bobai
Cenxi fault and from the Youjiang Basin in the 
northwest by the PingxiangNanning fault (Fig. 
1C; Hu et  al., 2015a). In the Qinzhou section 
of this basin, the Late Permian–Early Triassic 
succession is an unconformably bound package 
overlain by the Upper Triassic strata and under
lain by Devonian siliciclastic rocks (Fig.  3; 
BGMRGX, 1985). The Upper Permian strata 
include four formations (in ascending order), 
P2

a, P2
b, P2

c, and P2
d, which show features of terri

genous paralic deposition of shore facies (Fig. 3; 
Liang and Li, 2005).

To the east of Yunkai Mountain, Early Permian 
strata in the Kaiping area are dominated by shal
lowmarine carbonates (Fig. 3). A marked change 
in sedimentation occurred in the Late Permian 
with deposition of muddy shale with interbedded 
medium to thickbedded, finemedium sand
stone (Longtan Formation;  BGMRGD, 1988). 
The overlying Early Triassic Formation consists 
mainly of yellow to pink muddy shale interca
lated with siltstone. The succession is overlain 
unconformably by Lower Jurassic conglomer
ates and quartz sandstones, siltstone, and muddy 
shale (Fig. 3; BGMRGD, 1988). In the Meizhou 
area (Fig. 1C), the Lower Permian Qixia Forma
tion consists of shallowmarine carbonates pass
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ing up into shallowwater siliciclastic units of 
the Wenbishan Formation. The Middle Permian  
Formation is composed of gray bedded mud
stones and siltstone (Fig. 3). The geology east 
of Yunkai Mountain is complex because of later 
tectonic movements (e.g., Yanshanian move
ment), but on the whole, sedimentation in the 
basins is mainly composed of Early  Permian car
bonate and Late Permian to Late Triassic clastic 
sediments with delta, lit toral, or coastal swamp 
facies (BGMRGD, 1988).

SAMPLING AND ANALYTICAL 
METHOD

Three sections through the Upper Permian 
to Upper Triassic successions in the Kaiping, 
Meizhou, and Qinzhou areas were measured and 
sampled for detrital provenance analysis (Figs. 
1 and 3). Weathered surfaces were removed 
from samples prior to analysis. The Gazzi

Dickinson method was used to point count eight 
sandstones, with ~300 grains counted from each 
sample (Dickinson and  Suczek, 1979). Grains 
and clasts <60 µm were not counted, and the 
resulting data are available in Supplemental 
Table S1.1

Zircon UPb dating and in situ Hf isotopic 
analysis were performed at the Key Laboratory 
of Isotope Geochronology and Geochemistry, 
Guangzhou Institute of Geochemistry, Chinese 
Academy of Sciences. The laser ablation–
induc tively coupled plasma–mass spectrometry 
(LAICPMS) system was composed of an Agi
lent 7500a ICPMS coupled with a Resonetics 
RESOLution 50M ArF excimer laser source 
(λ = 193 nm). It can wash out 99% of the signal 
in less than 1.5 s due to its innovative sample 

cell design (Xia et al., 2013). The multicollector 
(MC) ICPMS was fitted with a collector block 
containing eight variableposition Faraday cups, 
one fixed central Faraday cup, and eight ion 
counters. This collector system has a relative 
mass range of more than 17%, allowing simul
taneous acquisition of ion signals ranging from 
mass 202Hg to 238U, an important factor in ob
taining highly precise and accurate UPb age de
terminations. A newly designed interface cone 
assemblage, consisting of a Jet sample cone and 
X skimmer cone (from Thermo Scientific), and 
a large dry interface pump (100 m3/h pumping 
speed) were equipped with the machine to fur
ther improve the instrument sensitivity (Zhang 
et al., 2014). Helium was used as the carrier gas 
to enhance the transport efficiency of the ablated 
material. The helium carrier gas inside the abla
tion cell was mixed with argon gas before enter
ing the ICPMS to maintain stable and optimum 
excitation conditions. Analyses were conducted 
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Figure 3. Regional stratigraphic 
columns of Permian to Triassic 
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Stratigraphic units: D3l—Liu-
jiang Formation; P1q—Qixia 
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b, P2

c, P2
d—four 

formations of Late Permian in 
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tan Formation; P2d—Dalong 
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sic Formation; T3p—Pingtong 
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Formation; T3xp—Xiaoping 
Formation; J1—Early Juras-
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men Formation; J1jn—Jinji 
Formation.

1GSA Data Repository item 2019018, Supple
mental Tables S1–S3, is available at http:// www 
.geosociety .org /datarepository /2019 or by request to 
editing@ geosociety .org.
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with a beam diameter of 24 µm; each analysis 
included ~30 s blank gas measurement followed 
by a further 30 s analysis time when the laser 
was switched on. The common Pb composition 
could not be accurately corrected for due to its 
very low counts (204Pb) and interference from 
204Hg in gas. Harvard zircon 91500 (Wiedenbeck 
et al., 1995) was used to calibrate the UThPb 
ratios and absolute U abundances. The zircon 
standard Plešovice (Sláma et al., 2008) was used 
to monitor unknown samples (mean 206Pb/238U 
age = 337.6 ± 1.3 Ma, mean square of weighted 
deviations [MSWD] = 0.078, n = 109). They al
ways gave ages within 3% error of their recom
mended values. Isotope ratios were calculated 
using ICPMSDataCal 7.7 (Liu et al., 2010). The 
relative probability age of detrital zircon grains 
was processed using Isoplot (version 3.23; Lud
wig, 2003). Errors for individual analyses are 
given as 1σ. Systematic uncertainty for propa
gation was 2%. Concordance was calculated 
as 100 – 100 × abs(207Pb/235U age – 206Pb/238U 
age)/(206Pb/238U age). Thus, we only discuss the 
data in which the 207Pb/235U age and 206Pb/238U 
age were concordant within uncertainty. Ages 
were calculated using 207Pb/206Pb and 206Pb/238U 
data for the older (>1 Ga) and younger (<1 Ga) 
zircon grains, respectively (Griffin et al., 2004). 
LuHf isotopic analyses were obtained on the 
same zircon grains that were previously ana
lyzed for UPb isotopes. Ratios used to correct 
measured data were 0.79381 for 176Yb/173Yb 
and 0.02656 for 176Lu/175Lu (Segal et al., 2003; 
Wu et  al., 2006). The standard zircon Penglai 
was also analyzed as an unknown to check the 
reliability of the method (mean 176Hf/177Hf  = 
0.282895 ± 0.000007, MSWD = 3.8, n = 48). 
The initial 176Hf/177Hf ratios were calculated 
using the decay constant for 176Lu of 1.867  × 
10–11 yr–1 (Scherer et  al., 2001). The zircon 
UPb ages and the presentday chondritic val
ues of 176Hf/177Hf = 0.282772 and 176Lu/177Hf = 
0.0332 (BlichertToft et  al., 1997) were used 
for calculating εHf(t). Singlestage model ages 
(TDM1) were calculated relative to depleted man
tle with a presentday (176Lu/177Hf)DM = 0.0384 
and (176Hf/177Hf)DM  = 0.28325 (Vervoort and 
BlichertToft, 1999; Griffin et al., 2000). Two
stage model ages (TDM

C) were calculated for 
the source rock of magma by assuming a mean 
176Lu/177Hf value of 0.015 for the average conti
nental crust (Griffin et al., 2002).

ANALYTICAL RESULTS

Petrographic Analysis

The mineral compositions of all samples are 
reported in Supplemental Table S1 (see foot
note 1). Sample KP21 was collected from 

the Kaiping area. It is a reddish finegrained 
sandstone sample of Late Permian age, consist
ing of ~60% quartz, ~5% feldspar, and ~35% 
lithic fragments. The feldspar records metaso
matism to muscovite. The shape of the grains 
is angular to subrounded with lots of clasts 
tending to be poorly sorted with a muddy matrix.  
Samples MZ14 and MZ15A (Late Permian  
age) and samples MZ04A and MZ12 (Late 
Triassic age) were collected from the Meizhou 
area in northeastern Guangdong Province. 
These sandstone samples are similar and show 
high maturity, with more than 90% quartz, 
~1% muscovite, and rare feldspar and lithic 
fragments (sedimentary, metamorphic, and 
volcanic fragments). The shape of the detrital 
grains is rounded to subrounded and the quartz 
particles are in contact with each other, which 
means that these grains are recycled and have 
been transported over long distances. Samples 
QZ01C, QZ03, and QZ02A were collected 
from the Qinzhou area of the Shiwandashan 
Basin. These sandstones are poorly sorted with 
subangular to angular detrital grains. Sample 
QZ01C is a cinerous finegrained graywacke 
of Late Permian age. The major components 
are monocrystalline quartz (~62%) and lithic 
fragments (~34%), with minor polycrystalline 
quartz and feldspar. Sample QZ03, from the 
lower section of Upper Permian strata, is domi
nated by monocrystalline quartz (~68%) with 
lithic fragments (~25%) and trace amounts 
of polycrystalline quartz (~1%) and feldspar 
(~5%). Sample QZ02A is a finegrained sand
stone sample of Early Triassic age and is com
posed of monocrystalline quartz (~58%) with 
minor polycrystalline quartz (~3%), lithic frag
ments (~36%), and feldspar (~2%; Supplemen
tal Table S1 [footnote 1]; Fig. 4).

Zircon U-Pb Ages and Lu-Hf Isotopes

Zircon grains extracted from the samples are 
light yellow to colorless. These grains are usu
ally 80 µm to 200 µm long, with aspect ratios 
of 1:1–3:1. The shapes of studied zircon grains 
range from subrounded to angular. The internal 
structure of most of the grains shows oscillatory 
zoning (Fig. 5), suggesting a magmatic origin. 
Some metamorphic zircon grains were recog
nized from homogeneous internal structure. The 
majority of the zircon grains have Th/U >0.1, 
which also is indicative of an igneous origin, and 
some grains show Th/U <0.1, corresponding to 
metamorphic origins (Fig. 6; Rubatto, 2002). 
Some of the metamorphic grains have some en
claves, rounded growth lines, and roundshaped 
kernel. Detailed age and LuHf isotope data for 
these samples are listed in Supplemental Tables 
S2 and S3 (see footnote 1).

Sample KP21 from Kaiping (P2) 
(GPS: 22°17′18.8″N, 112°35′29.7″E)

In total, 50 detrital zircon grains were ana
lyzed for this sample, which yielded 49 concor
dant ages (3071–261 Ma) with two major peaks 
at ca. 279 Ma and ca. 395 Ma. Subordinate age 
peaks are present at ca. 897 Ma, ca. 1126 Ma, 
and ca. 958 Ma, with some scattered ages be
tween 1100 Ma and 2500 Ma (Fig. 7A).

Fortynine Hf isotope analyses of 49 zircon 
grains were made for sample KP21. Zircon 
grains with the ca. 279  Ma age peak (300–
260 Ma) exhibit εHf(t) values of –7.66 to +3.36, 
yielding TDM

C model ages ranging from 1.07 to 
1.79  Ga. The 400–350  Ma zircon grains have 
negative εHf(t) values from –10.28 to –1.39, 
with TDM

C model ages from 1.48 to 2.04 Ga. The 
Precambrian zircon grains have εHf(t) values of 
–10.18 to +9.77, and a corresponding large range 
of TDM

C model ages from 1.30 to 3.19 Ga (Fig. 8).

Samples QZ01C and QZ03 from 
Qinzhou, Shiwandashan Basin (P2) 
(GPS: 21°45′14.3″N, 108°13′35.4″E; 
GPS: 21°44′31.7″N, 108°3′4.1″E)

In total, 55 detrital zircon grains from sample 
QZ03 were analyzed and yielded 54 concor
dant ages. These concordant ages have a range 
from early Paleozoic to Neoarchean (ca. 2831–
414 Ma) with two major peaks at ca. 439 Ma 
and 991 Ma, two minor peaks at ca. 620 Ma and 
ca. 1114 Ma, scattered ages between 1763 Ma 
and 2460 Ma, and one Neoarchean zircon grain 
at 2831 Ma (Fig. 7B).

The 60 detrital zircon grains from sample 
QZ01C yielded 59 concordant ages (ca. 3221–
424  Ma) with two significant age peaks at ca. 
435 Ma and 971 Ma. Minor age peaks are shown 
at ca. 530  Ma, ca. 625  Ma, and ca. 810  Ma 
(Fig. 7C).

Fifty Hf isotope analyses of 50 zircon grains 
were made for sample QZ03. The grains within 
the 439 Ma age peak (474–414 Ma) have εHf(t) 
values ranging from –10.71 to –1.54 and TDM

C 
model ages from 1.51 to 2.39  Ga. The 1100–
962 Ma age group has εHf(t) values ranging from 
–13.02 to +9.01 and TDM

C model ages from 1.28 
to 2.66  Ga. The 2500–2400  Ma zircon grains 
have εHf(t) values of –4.68 to +1.04 with TDM

C 
model ages from 2.86 to 3.23 Ga (Fig. 8).

Sample QZ02A from Qinzhou, 
Shiwandashan Basin (T1) 
(GPS: 21°43′58.6″N, 108°07′41.7″E)

In total, 55 detrital zircon grains from this 
sample were analyzed, and 52 concordant ages 
were found, varying from 423 to 3376  Ma. 
Two main age peaks of 432  Ma and 968  Ma 
together with two subordinate peaks of 514 Ma 
and 793 Ma were recognized, as well as some 
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scattered ages between 1600 Ma and 2800 Ma 
(Fig. 7D).

Fortyeight Hf isotope analyses of 48 zircon 
grains were conducted. The 480–400 Ma zircon 
grains have εHf(t) values from –10.46 to +1.22 
and TDM

C model ages from 1.34 to 2.08  Ga, 
while the Precambrian zircon grains have εHf(t) 
values ranging from –23.64 to +8.99 and TDM

C 
model ages from 1.37 to 3.32 Ga (Fig. 8).

Samples MZ14 and MZ15A from Meizhou (P2) 
(GPS: 24°29′23.7″N, 116°10′54.3″E; 
GPS: 24°29′32.2″N; 116°10′10.4″E)

In total, 55 detrital zircon grains analyzed for 
sample MZ14 yielded 52 concordant ages (ca. 
3539–259 Ma) with an age peak at ca. 294 Ma 
and a shoulder age peak at ca. 373 Ma. Two mi
nor age peaks are shown at ca. 440 Ma and ca. 
943 Ma (Fig. 7E).

Also, 55 detrital zircon grains were analyzed 
for sample MZ15A, which yielded 53 concor
dant ages (ca. 2524–260  Ma) and three age 
populations with age peaks at ca. 261 Ma, ca. 
376 Ma, and ca. 1867 Ma, along with three sub
ordinate age peaks at ca. 422 Ma, ca. 919 Ma, 
and ca. 2494 Ma (Fig. 7F).

Thirtyeight zircon grains (MZ14) with con
cordant ages were analyzed for Hf isotopes. 
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Figure 4. Thin section petrography of some samples. All images are under cross-polarized light. Abbreviations 
for minerals: Qtz—quartz; Pl—plagioclase; Ms—muscovite; Ls—sedimentary fragments; Lv—volcanic frag-
ments; Lm—metamorphic fragments.
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The 294–276  Ma zircon grains have εHf(t) 
values from –13.74 to +4.63 and TDM

C model 
ages from 1.05 to 2.18 Ga, indicating that their 
parent magmas were mainly produced by re
working of 2.18–1.05  Ga continental crust. 
The 381–366  Ma zircon grains have only 

negative εHf(t) values from –19.06 to –8.58 
with TDM

C model ages from 1.91 to 2.58  Ga. 
The 2500–1800  Ma zircon grains have εHf(t) 
values of –13.8 to +9.19, and a corresponding 
large range of TDM

C model ages from 1.95 to 
3.84 Ga (Fig. 8).

Samples MZ12 and MZ04A from Meizhou (T3) 
(GPS: 24°34′19.5″N, 116°21′2.1″E; 
GPS: 24°32′32.9″N, 116°3′55″E)

In total, 50 detrital zircon grains from sample 
MZ12 were analyzed, and 49 concordant ages 
were found, varying from ca. 291 to 2666 Ma. 
The ages mainly cluster in the range of 478–
435  Ma, with a major peak at 445  Ma and a 
number of subordinate peaks at ca. 299 Ma, ca. 
376 Ma, ca. 949 Ma, and ca. 1874 Ma (Fig. 7G).

Also, 55 analyses of 55 zircon grains were 
obtained for sample MZ04A, and 50 grains 
gave concordant analyses within uncertain
ties. The analyzed ages were between 205 Ma 
and 2639 Ma. Eighteen of the analyzed zircon 
grains were dated at 410–399  Ma, forming a 
significant age peak at ca. 402 Ma. Subordinate 
age peaks were present at ca. 205 Ma and ca. 
692 Ma (Fig. 7H).

Fortyfour dated zircon grains from sample 
MZ04A were analyzed for Hf isotopes. The 
zircon population within the significant 404 Ma 
age peak exhibited only negative εHf(t) values of 
–13.60 to –7.03, yielding TDM

C model ages rang
ing from 1.84 to 2.25 Ga. The subordinate age 
peak of ca. 399 Ma zircon grains showed εHf(t) 
values of –16.77 to –2.79, and a corresponding 
large range of TDM

C model ages from 1.57 to 
2.45 Ga (Fig. 8).

DISCUSSION

Provenance of Pre–Middle Devonian 
Detrital Zircon Grains

The 417 zircon grains from eight sandstone 
samples in the South China block yielded a wide 
range of UPb ages from Archean (ca. 3500 Ma) 
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to Mesozoic (ca. 205 Ma). The pre–Middle De
vonian zircon grains (>400 Ma) are dominated 
by two major Neoproterozoic and late Paleozoic 
age peaks at 460–400  Ma and 1100–890  Ma, 
along with a subordinate late Paleoproterozoic 
peak at 1870–1830 Ma (Fig. 7).

The 54 zircon grains in this study are of 
Archean and Paleoproterozoic age (ca. 3.5–
2.0 Ga). Considering Archean rocks in the South 
China block are scarce and are only found in the 

Kongling Complex within the Yangtze block 
(Gao et al., 1999; Qiu et al., 2000; Zheng et al., 
2006), and the Yangtze block was widely covered 
by carbonate deposits in the Late Permian–Early 
Triassic (Li and Li, 2007; X.H. Li et al., 2012), 
we propose that zircon grains with these ages 
were most likely recycled from the older strata 
in the Cathaysia block. The late Paleo protero
zoic zircon grains, with ages ranging from 
2.0 to 1.7 Ga, are rare in the sandstones in the 

 Kaiping and Qinzhou areas (~8.3% and ~4.8%, 
respectively), but they constitute a significant 
age group in the sandstones in the Meizhou area 
(~8%–20.8%, average 12.7%), as well as in the 
Yong’an and Yongding Basins in Fujian Prov
ince (Figs. 7 and 9; X.H. Li et al., 2012; Hu et al., 
2015b; this study). This age feature is consistent 
with the limited Paleoproterozoic granitoids in 
the Wuyi Domain (Fig. 1C; Wan et al., 2007; Yu 
et  al., 2009, 2012). Furthermore, zircon grains 
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with these ages could also have undergone multi
ple cycles from the former sedimentary succes
sions because numerous zircon grains of this 
age have been reported in early Paleo zoic sedi
ments in the Yangtze and Cathaysia blocks (e.g., 
Wang et  al., 2010). The late Meso protero zoic 
to early Neoproterozoic detrital zircon grains 
(1190–940 Ma) with an age peak at ca. 956 Ma 
are abundant in all the study samples, especially 
in those of the Shiwandashan Basin (Meizhou: 
~14.2%; Kaiping: ~22.9%; Qinzhou: ~31.5%; 
Figs. 7 and 9). Based on the sedimentary rec
ords and seismological and magnetotelluric 
sounding profiles through the Shiwandashan 
Basin, Liang and Li (2005) and X.C. Zhang 
et al. (2018) argued that Yunkai Mountain must 
have been emergent since the Late  Permian or 
Middle Devonian, respectively. Thus, the pres
ence of abundant 1190–940  Ma zircon grains 
in the former sedimentary units (e.g., Devonian 
and older) in the Yunkai Domain (e.g., Zhang 
et al., 2018) could ideally have acted as a nearby 
source to supply zircon grains with these ages 

to the Qinzhou area, as well as to the Kaiping 
area (Fig. 1C). Moreover, the late Meso protero
zoic to early Neoproterozoic magmatic rocks 
sporadically exposed in the Wuyi Domain of the 
Cathaysia block and in the Ailaoshan–Song Ma 
tectonic zone, and the Neoproterozoic to early 
Paleozoic sedimentary successions in the South 
China block (Wang et  al., 2010; Usuki et  al., 
2013; Shu et  al., 2015) could also have acted 
as potential sources to supply materials of this 
age. Late Neoproterozoic to early Paleozoic 
(650–500 Ma) zircon grains occur in all the stud
ied samples (Figs. 7 and 9). However, igneous 
rocks with an age of 650–500 Ma, comparable 
with the timing of the PanAfrican event in east 
Gondwanaland ( Cawood et  al., 2013), are not 
known to exist in the South China block. Thus, 
they are most likely sourced from the rework
ing of older sedimentary units, such as the early 
Paleozoic sedimentary rocks in the Cathaysia 
block (Wang et al., 2010; Xu et al., 2014) and the 
southwestern margin of the  Yangtze block along 
the Ailaoshan–Song  Ma tectonic zone (Wang 

et  al., 2014). The Kwangsian (also named 
“Caledonian”; ca. 460–400 Ma)  detrital zircon 
grains are ubiquitous in all the studied samples 
(accounting for ~11.5%–27.1%). These zircon 
grains usually display subhedral to  enhedral 
crystal form, indicating short transport from 
their source area(s) (Fig. 5). The Kwangsian 
granitic rocks (mostly dated at 450–420  Ma), 
which are widely distributed in southeastern 
China to the eastern part of the Jiangnan Do
main, could constitute the likely source (Fig. 
1C; Chen and Jahn, 1998; Charvet et al., 1996, 
2010; Wan et  al., 2010; Li et  al., 2010; Wang 
et al., 2007a).

In summary, 417 zircon grains from eight 
sandstone samples in the South China block 
yield a wide range of UPb ages from Archean 
(ca. 3500  Ma) to Mesozoic (ca. 205  Ma). Ig
neous rocks and multicycled sediments in the 
WuyiYunkai Domains, Hainan Island, and the 
Jinshajiang–Ailaoshan–Song Ma orogenic belt 
are all likely sources for these pre–Middle De
vonian zircon grains in the analyzed samples. 
The dominant Neoproterozoic cluster (990–
960  Ma) of detrital zircon grains in the Shi
wandashan Basin, together with the NWNNW 
paleocurrent directions preserved in the Upper 
Permian to Middle Triassic strata (Liang and 
Li, 2005), argues that Yunkai Mountain should 
have been the major source for the detritus in the 
Shiwandashan foreland basin. Paleoproterozoic 
igneous rocks (ca. 2000–1600 Ma), mainly lo
cated in the NW Fujian and SW Zhejiang Prov
inces, provided more materials to the adjacent 
Meizhou, Yongding, and Yong’an Basins than 
the distal Kaiping area (Figs. 7 and 9).

Sources of the Post–Early Devonian 
Igneous Zircon Grains: Did Two Magmatic 
Events (400–350 Ma and 300–260 Ma) 
Occur in East Asia?

The post–Early Devonian detrital zircon 
grains in the samples from Kaiping and Meizhou 
commonly show three age clusters at 400–
350 Ma, 300–260 Ma, and 257–205 Ma, while 
these ages are rare/absent in the samples from 
the Shiwandashan Basin (including the Qinzhou 
area; Figs. 7 and 9). Yunkai Mountain, which is 
adjacent to the Qinzhou area, may be the reason 
that there are rare younger materials (<400 Ma) 
in the Shiwandashan Basin. Abundant >400 Ma 
materials eroded from the Yunkai Mountain 
would dilute the proportion of the young materi
als (<400 Ma).

The proportion of 400–350 Ma zircon grains, 
with an age peak at ca. 380 Ma, accounts for 
~10.5%–12.1% and ~6.1% in the Upper 
Permian– Upper Triassic samples in Meizhou 
and the Upper Permian sample in Kaiping, re
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spectively. However, there are no rocks of this 
age identified in the South China block except 
for a few reports of granite with ages of 380–
360 Ma in Hainan Island (Fu and Zhao, 1997; 
Ding et al., 2005). Thus, the sources of the 400–
350 Ma zircon grains are enigmatic and debat
able. X.H. Li et al. (2012) proposed that these 
grains in the Late Permian strata of the Yong
ding Basin were sourced from local crustal 
uplifts due to the “Huinan Movement,” which 
was first mentioned by BGMRFJ (1985). Hu 
et  al. (2015b, 2017) thought that these grains 
could have been derived from ca. 380–340 Ma 
metamorphic rocks in the South Kitakami belt 
of  Japan (Isozaki et al., 2010), which was likely 
one segment of the South China block in the 
late Paleozoic to early Mesozoic. Moreover, on 
the basis of paleocurrents, Duan et al. (2018) ar
gued that the 400–350 Ma and the 300–260 Ma 
zircon grains in the Middle Triassic strata in 
the Youjiang Basin may have originated from 
a nowmissing magmatic source terrane near 
the southeastern South China block, which was 
formed by the subduction of the PaleoPacific 
plate beneath the Cathaysian margin of South 
China since the early Paleozoic. However, it is 
well known that the PaleoPacific was a huge 
ocean, which indicates that the related mag
matic arc was formed in the framework of 
largescale plate subduction. So, it is hard to 
imagine that there are no relict 400–350 Ma and 
300–260  Ma rocks in southeastern China to
day. Furthermore, in the Middle Triassic, there 
were already many uplifted areas in the South 
China block that could be potential sources for 
the detritus in the Youjiang Basin, such as the 
WuyiYunkai Domains in the western Cathay
sia block (Fig. 1; Liang and Li, 2005; Li and 
Li, 2007; Hu et al., 2015b; Zhang et al., 2018). 
Thus, the source of sediments in Youjiang Ba
sin would be diverse. Accordingly, simply us
ing the paleocurrents to trace the provenance of 
the Late Permian–Triassic sediments through a 
complex geological background is inappropri
ate. Moreover, the interpretations above were 
mainly based on the following lines of evi
dence: (1) The west part of the Jiangnan oro
gen was mainly covered by carbonate during 
the Permian–Early Triassic, and thus would 
not have constituted an exposed source, and 
(2) outcrops of rocks with these ages on Hainan 
Island are extremely limited and unlikely to 
have provided abundant 400–350  Ma detrital 
zircon grains in the analyzed samples (X.H. Li 
et al., 2012; Hu et al., 2015b; Duan et al., 2018). 
However, recent studies have pointed out that 
there are indeed abundant 400–350 Ma detrital 
zircon grains in Permian strata on Hainan Is
land (L.M. Zhang et al., 2017; Hu et al., 2017). 
The long columnar and euhedral crystal forms 

of these zircon grains indicate that Hainan Is
land could have acted as a nearby source to 
supply zircon grains with these ages to northern 
Hainan Island (L.M. Zhang et  al., 2017) and 
even to the South China block hinterland, such 
as the Meizhou, Yong’an, and Yongding Basins. 
Moreover, grains with these ages not only oc
cur in the sedimentary deposits in the Cathay
sia block, but they also can be found in the 
Middle Triassic strata in Youjiang Basin (Yang 
et  al., 2012; Yang and He, 2012; Duan et  al., 
2018), the Paleozoic strata near the west side 
of the Ailaoshan belt (Wang et  al., 2014), the 
Wuliang shan Group in the western Simao block 
(Xing et al., 2016), and modern river sediments 
of SE Asia in Indochina (monazite—Yokoyama 
et al., 2010; zircon—Bodet and Schärer, 2000). 
Therefore, the widespread detrital zircon grains 
of 400–350  Ma age in the southern South 
China block and its peripherals (Table 1) indi
cate a regional magmatic event rather than only 
a local crustal uplift near the Fujian Province 
(Table 1; Fig. 9). However, this uplift cannot 
be precluded for some samples in the Yong’an  
and Yongding Basins and southeast Guangdong 
Province usually have a relatively higher pro
portion of 400–350 Ma zircon grains than those 
from the Youjiang, Shiwandashan, Pingxiang, 
and Kaiping areas (Figs. 7 and 9).

Considering rare zircon grains of this age can 
be found in the Late Triassic SongpanGanzi 
complex (~5% in abundance; Weislogel et  al., 
2006) or in Paleogene strata of the Sichuan Ba
sin (~3.8% in abundance; Jiang et  al., 2013), 
and no eastward paleocurrents are preserved 
in Middle Triassic strata of the Youjiang Basin 
(Yang et al., 2012; Duan et al., 2018), we argue 
that the SongpanGanzi orogenic belt, located 
in the western part of the South China block, 
could not be the source. This speculation can 
be further supported by the fact that no coeval 
rocks are found in the SongpanGanzi orogenic 
belt. In addition, to the north, the North China 
block collided with the South China block dur
ing the Late Triassic (ca. 220–210 Ma; Li et al., 
1993; Metcalfe, 2013), and so it also was not 
a possible source for the 400–350 Ma or 300–
260 Ma zircon grains in this study. This can be 
further supported by the small proportion of the 
2.6–2.4  Ga age group in the Permian–Trias
sic samples in the southern South China block 
(Fig. 7), whereas this is a characteristic age peak 
for the North China block (Diwu et  al., 2008; 
Zheng et  al., 2013). Instead, there are wide
spread magmatic rocks of this age along the 
Ailaoshan–Song Ma–Bangxi–Chenxing tec
tonic zone, including granites and mafic rocks 
with an age ranging from 387 to 340 Ma in the 
Jinshajiang–Ailaoshan–Song Ma tectonic zone 
(LAICPMS zircon, 365–351 Ma—Lai et  al., 

2014a; sensitive highresolution ion microprobe 
[SHRIMP] zircon, 383–376 Ma—Jian et  al., 
2009a; SmNd whole rock, 387 Ma—Vượng 
et  al., 2013), rhyolite dated at 374  Ma in the 
northern part of the Central Thailand volcanic 
belt (Intasopa and Dunn, 1994), tuffaceous chert 
within the Late Devonian strata of the Inthanon 
zone of northern Thailand (Hara et  al., 2010), 
Late Devonian tholeiitic volcanics and early 
Carboniferous alkali basalts in the south margin 
of Youjiang Basin (Guo et  al., 2004), and tuff 
yielding ages of 380–360  Ma within the Late 
Devonian volcanogenic sediments of the south
ern Lancangjiang zone in western Yunnan Prov
ince (Table 1; Nie et  al., 2016). These rocks, 
together with the significant northward decrease 
in the amount of volcanic lithic fragments and 
400–350  Ma detrital zircon grains, and the 
northnortheastward paleocurrents preserved in 
the Middle Triassic strata in the Youjiang Basin 
(Yang et al., 2012; Liang et al., 2013) suggest 
that there should be a Middle–Late Devonian 
igneous belt on the south margin of the South 
China block or its southern peripheral blocks 
that supplied detritus of this age to the entire 
southern South China block.

Although ages of 400–350  Ma have been 
widely recorded in Late Permian to Late Tri
assic sediments in the South China block, the 
origin of the coeval source rocks is still obscure. 
Some researchers thought that they may reflect 
a continuous lithospheric thinning event result
ing from asthenospherelithosphere interaction 
within the South China block (Guo et al., 2004), 
or they were the result of a thermal effect from 
deep thermodynamics during the disintegration 
of Gondwana (Ding et al., 2005), while others 
have proposed that they represent a continua
tion of Late Ordovician–Late Silurian “Proto
Tethyan” subduction or the initial subduction 
stage of the Paleotethyan Ocean that occurred 
in the Late Devonian (Hara et  al., 2010; Nie 
et  al., 2016). Because rare volcanoes have 
been reported from the Sibumasu and Indo
china blocks in northern Thailand during the 
Late Devonian–early Carboniferous, it is pos
sible that such a volcano existed but has been 
mostly eroded away or covered by sedimen
tary rocks (Hara et al., 2010). In this study, the 
400–350 Ma zircon grains have only subchon
dritic εHf(t) values of –19.1 to –1.4 with TDM

C 
model ages from 1.48 to 2.58 Ga, implying that 
they were produced by Precambrian rocks and 
had almost no juvenile mantle material incor
porated (Fig. 8B). Therefore, although further 
work is required to resolve the origin of these 
rocks, the tectonic settings of intraoceanic rift
ing can be ruled out.

In addition, there is another significant age 
group ranging from 300 to 260  Ma in Late 
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Permian–Late Triassic sandstones from Guang
dong and Fujian Provinces (X.H. Li et al., 2012; 
Liang et al., 2013; Hu et al., 2015b; this study), 
Middle Triassic strata of the Youjiang Basin 
(Yang et  al., 2012; Yang and He, 2012; Duan 
et al., 2018), Late Triassic strata of the Shiwan
dashan Basin (Hu et al., 2014), and post–Middle 
Triassic sediments of the Wuliangshan Group 
(where the youngest zircon age is ca. 259 Ma; 
Xing et al., 2016). These detrital zircon grains 
are generally euhedral to subhedral, suggesting 
short transport from their sources. However, in 
the same way, late Paleozoic igneous rocks are 
limited in the South China block and are only 
known from ca. 290–260 Ma potassic to calc
alkaline intrusive rocks in Hainan Island (Li 
et al., 2006; Xie et al., 2006; Chen et al., 2011). 
In contrast, outboard of the South China block, 
large numbers of igneous rocks yielding ages 
varying from ca. 300 to 260 Ma have been re
ported in the Jinshajiang–Ailaoshan–Song Ma 
suture zone, such as the Jiyidu  tonalite (283 ± 
3  Ma) from the Jinshajiang zone, the Baliu 
rhyolitic ignimbrite (289  ± 3  Ma) from the 
Ailaoshan zone, and the Chieng Khuong 
diorite (ca. 280  Ma) from the Song  Ma zone 

(Table 1; Liew and McCulloch, 1985; Hennig 
et al., 2009; Jian et al., 2009a, 2009b; Maluski 
et al., 2005; Fan et al., 2010; Chen et al., 2011; 
Lai et al., 2014b; Gardiner et al., 2016; Wang 
et al., 2018). In addition, Hennig et al. (2009) 
reported some Jinghong granodiorite intrusions 
with a UPb zircon age of 284–282 Ma in the 
southern Lancangjiang zone (Table 1). The 
chemical and isotope signatures show that these 
granodiorite intrusions formed in an arc setting 
(Hennig et al., 2009). Wang et al. (2018) also 
pointed out magmatism with arc and backarc 
geochemical signatures along the Jinshajiang–
Ailaoshan–Song  Ma, Wusu, and Truong Son 
suture zones, mainly dated at 289–260 Ma. In 
SE Asia, these rocks originated from the open
ing and closure of the Jinshajiang–Ailaoshan–
Song  Ma backarc basin/branch ocean, which 
formed at ca. 439–374  Ma and finally closed 
at ca. 247 Ma (Hennig et al., 2009; Jian et al., 
2009a, 2009b; Fan et al., 2010; Liu et al., 2012, 
2015, 2017; Vượng et  al., 2013; Wang et  al., 
2013), or they were related to closure of the 
main East Paleotethyan Ocean, which opened 
in the Middle–Late Devonian to earliest Car
boniferous and finally closed during the Trias

sic (Fan et al., 2010; Wang et al., 2018). These 
rocks, together with outcrops on Hainan Island, 
are all potential sources that could have sup
plied coeval detritus to the South China block 
hinterland, lending support to the provenance 
interpretation of the Late Devonian–Carbonif
erous detrital zircon grains. Moreover, consid
ering that the 300–260 Ma and 400–350 Ma age 
groups have been found in the Late  Permian 
Longtan Formation (P2l) in the Kaiping and 
Meizhou sections (Figs. 1, 7A, 7E, and 7F) and 
considering the oblique convergence of the Jin
shajiang–Ailaoshan–Song Ma–Chenxing back
arc basin/branch ocean (Carter and Clift, 2008; 
Hu et  al., 2015b), we propose that the South 
China block and the Indochina block may have 
welded together during the Late Permian (e.g., 
Chen et al., 2011) near Hainan Island, facilitat
ing the transport of these materials northward 
to the South China block hinter land. Alter
natively, zircon grains with these ages could 
have been floated to the South China block in 
the form of volcanic ash, or perhaps the back
arc basin/branch ocean was not broad enough 
to prevent them from being transported north
ward to the South China block. In any case, 

TABLE 1. GEOCHRONOLOGICAL DATA FROM MIDDLE–LATE DEVONIAN AND EARLY PERMIAN ZIRCON-BEARING INTERMEDIATE TO ACIDIC 
IGNEOUS ROCKS OR DETRITAL ZIRCONS FROM THE SOUTHERN MARGIN OF THE SOUTH CHINA BLOCK (SCB) AND SOUTHEAST ASIA

Location Sample name Lithology
Age
(Ma) Method* Reference

Jinshajiang–Ailaoshan–Song Ma–Hainan suture zone
Hainan HN-16/3 Felsic gneiss 370.0 ± 4.4 SHRIMP zircon Ding et al. (2005)
Hainan JD-1 Felsic gneiss 362.9 ± 7.0 SHRIMP zircon Ding et al. (2005)
Hainan Baomeiling Biotite moyite 369 ± 2. 9 Single zircon Fu and Zhao (1997)
Western Ailaoshan K09-16B Plagiogranite 365 ± 7 LA-ICP-MS zircon Lai et al. (2014a)
Western Ailaoshan K09-16C Plagiogranite 351 ± 11 LA-ICP-MS zircon Lai et al. (2014a)
Western Simao block WQ-1,MQ-17,MB-2 Tuff 378 ± 4, 366 ± 5, 382 ± 8 LA-ICP-MS zircon Nie et al. (2016)
Western Simao block WQ-7,MB-17 Upper Devonian sandstone 360–380 LA-ICP-MS zircon Nie et al. (2016)
Western Simao block 09YN Sandstone ~365 LA-ICP-MS zircon Xing et al. (2016)
Western Ailaoshan D01,C01,C02 Devonian–Carboniferous sandstone ~386 LA-ICP-MS zircon Wang et al. (2014)
Hainan 11HN-07,19,23,45 Permian sandstone 370–380 (major) LA-ICP-MS zircon L.M. Zhang et al. (2017)
Hainan 15LJ15,49 Permian siltstone 360–400 (major) LA-ICP-MS zircon Hu et al. (2017)
Pingxiang (SCB) PX20 Mid-Triassic sandstone 360–400 LA-ICP-MS zircon Hu et al. (2017)
Hainan Granite 267–272 SHRIMP zircon Li et al. (2006)
Hainan Shoshonitic intrusion 272 ± 7 SHRIMP zircon Xie et al. (2006)
Hainan Wuzhishan Granitic gneisses 263~269 LA-ICP-MS zircon Chen et al. (2011)
Yaxuanqiao 20SM-30 Volcanic rocks 265 ± 7 SHRIMP zircon Fan et al. (2010)
Yaxuanqiao 20SM-33 Volcanic rocks 265 ± 7 SHRIMP zircon Fan et al. (2010)
Dalongkai ML18A Plagioclase-pyroxenite 272 ± 2 LA-ICP-MS zircon Liu et al. (2017)
Dalongkai ML18E Plagioclase 272 ± 2 LA-ICP-MS zircon Liu et al. (2017)
Xuedui Plagiogranite 294 ± 4 SHRIMP zircon Wang et al. (2000)
Jiyidu 002-1 Granodiorite 263 ± 6 SHRIMP zircon Jian et al. (2008)
Liangjiuding 007-4 Trondhjemite vein 285 ± 6 SHRIMP zircon Jian et al. (2008)
Jiyidu SJ-101 Tonalite 283 ± 3 SHRIMP zircon Zi et al. (2012)
Baliu (Western Ailaoshan) K10-56 Rhyolitic volcaniclastics 289 ± 3 LA-ICP-MS zircon Lai et al. (2014b)
Chieng Khuong Diorite 280–270 LA-ICP-MS zircon Liu et al. (2012)

Southeast Asia
Loei PL 12-2 Breccia 359 ± 6 LA-ICP-MS zircon Zaw and Meffre (2007)
Chiang Mai Tuffaceous chert 350–400 Hara et al. (2010)
Loei LV-14 Tuff 350 ± 2 LA-ICP-MS zircon Qian et al. (2015)
Central Thailand Rhyolite 374 Intasopa and Dunn (1994)
Modern river sediments 350–400 Monazite Yokoyama et al. (2010);
Modern river sediments 350–400 Zircon Bodet and Schärer (2000)
Bentong-Raub 106 Granodiorite 267 ± 2 Single zircon U-Pb Liew and McCulloch (1985)
Jinghong JI-7 Granodiorite intrusions 284 ± 1 LA-ICP-MS zircon Hennig et al. (2009)
Jinghong JI-56 Granodiorite intrusions 282 ± 1 LA-ICP-MS zircon Hennig et al. (2009)
Sukhothai MY53 Granite 266 ± 2 SIMS zircon Gardiner et al. (2016)

*SHRIMP—sensitive high-resolution ion microprobe; LA-ICP-MS—laser ablation–inductively coupled plasma–mass spectrometry; SIMS—secondary ion mass 
spectrometry.
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all this evidence strongly indicates that there 
were two magmatic events (400–350  Ma and 
300–260 Ma) in East Asia, either within or be
yond the southern margin of the South China 
block, that acted as the potential sources for 
the Permian– Triassic sediments in the southern 
South China block hinterland.

Tectonic Implications of the South China 
Block During the Indosinian Period

The provenance analysis herein has shown 
that there should be two magmatic belts that 
wrapped around the southern South China 
block to supply materials northward, but this 
interpretation does not match with the Paleo
Pacific subduction model, which is based on the 
assumption that the active continental margin of 
the South China block existed since the earliest 
Permian (ca. 280 Ma; Fig. 2C; e.g., Li and Li, 
2007; X.H. Li et al., 2006, 2012; Z.X. Li et al., 
2012). Accordingly, an alternative provenance 
interpretation has been proposed involving 
derivation from the active continental margin 
of the southeastern coast of China and/or even 
from Japan (X.H. Li et al., 2006, 2012; Z.X. Li 
et al., 2012; Li and Li, 2007; Zhu et al., 2014; 
Pang et al., 2014; Hu et al., 2015b; Jiang et al., 
2015). Using sediment records (Fig. 1C), Hu 
et  al. (2014, 2015a, 2015b, 2017) further hy
pothesized that the South China block could be 
divided into western and eastern parts by Yunkai 
Mountain. In this model, the late Paleozoic to 
early Mesozoic sedimentation in the Youjiang
Shiwandashan Basins to the west of Yunkai 
Mountain was affected by the Paleotethys tec

tonic zone, while that in the Yong’an Basin to 
the east of Yunkai Mountain was under the influ
ence of the PaleoPacific tectonic zone.

The onset of PaleoPacific subduction is 
still controversial, ranging from the Devonian 
to Early–Middle Jurassic (Taylor and Hayes, 
1983; Engebretson et  al., 1985; Zhou and Li, 
2000; Li and Li, 2007; Carter and Clift, 2008; 
X.H. Li et al., 2012; Hennig et al., 2017; Breit
feld et al., 2017; Duan et al., 2018). Although it 
is difficult to judge when the PaleoPacific sub
duction started, the earliest Permian subduction 
of the PaleoPacific model need explain the fol
lowing: (1) SEdipping thrusting, synorogenic 
magmatism, and foreland basin deposition did 
not propagate toward the cratonic interior in re
sponse to developing flatslab subduction of the 
PaleoPacific Ocean plate (Faure et  al., 1996; 
Chen, 1999; Yan et al., 2003; Wang et al., 2005, 
2007b, 2013; Zhang et  al., 2013; Shu et  al., 
2015), and (2) late Paleozoic to early Mesozoic 
arc magmatism is not recognized in the South 
China block (X.H. Li et  al., 2012; Hu et  al., 
2015b, 2017; Duan et al., 2018).

Sedimentary sequences record significant 
information on their depositional environment 
and tectonic setting, and they can be used as a 
proxy for constraining “sourcetosink” pro
cesses (e.g., X.C. Zhang et  al., 2017; Hennig 
et  al., 2018). In this study, our data show that 
the UPb age spectra of detrital zircon grains 
in the Late Permian to Late Triassic sandstones 
in the South China block are chaotic (Figs. 7 
and 9). For example, sediments in the Shiwan
dashan Basin usually contain a small amount of 
late Paleozoic detrital zircon grains, while they 

are ubiquitous in the Youjiang Basin and in the 
southeastern South China block (Figs. 7 and 9). 
Moreover, sandstones in the South China block 
do not show a tendency for maturation west
ward (Fig. 4). The Late Permian to Triassic 
sandstone in the Meizhou section is quartzose 
sandstone, while those in the Shiwandashan 
Basin and the Kaiping section are mainly gray
wacke (Fig. 4). This information, together with 
the SWNE trend of fining grain size in Shiwan
dashan Basin in Guangxi Province and Yong’an 
Basin in Fujian Province (Liang et  al., 2013), 
indicates there may be a process of convey
ing sediments from south to north. These con
straints further demonstrate that sediments in 
the southern South China block should be partly 
sourced from areas within or beyond the south
ern margin of the South China block. Thus, our 
new data, together with published data from the 
southern South China block, show that the Late 
Permian–Triassic sedimentation in the southern 
South China block was most likely affected by 
the evolution of the East Paleotethyan Ocean 
and even the ProtoTethyan Ocean, and by the 
closure of the Jinshajiang–Ailaoshan–Song Ma 
backarc basin/branch ocean. This information, 
together with the largescale positive flower 
structure in South China, suggests that the Indo
sinian orogenesis in South China was most 
likely caused by farfield effects of subduction/
collision processes along the boundary of South 
China, e.g., the North China–South China and 
Indochina–South China collision (Figs. 2A, 2B, 
and 10; e.g., Faure et al., 2016; Charvet et al., 
2010; Wang et  al., 2007a, 2007b, 2013; Shu 
et al., 2008, 2009, 2015).
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CONCLUSIONS

Petrographic analysis and detrital zircon UPb 
geochronology show that the Late  Permian to 
Late Triassic sediments in the overlapping area 
of the Paleotethys and PaleoPacific tectonic 
zones were mainly derived from the Wuyi
Yunkai Domains of the Cathaysia block, as 
well as some potential rocks with ages of 400–
350 Ma and 300–260 Ma. Detrital zircon grains 
with ages of 400–350 Ma and 300–260 Ma are 
ubiquitous around the southern margin of the 
South China block, but nonexistent or rare co
eval igneous rocks in the South China block in
dicate that these age groups define two igneous 
events developed in East Asia, either within or 
beyond the southern margin of the South China 
block. The 400–350 Ma zircon grains have sub
chondritic εHf(t) values of –19.1 to –1.4 with 
TDM

C model ages from 1.48 to 2.58 Ga, implying 
that these rocks did not form in settings of intra
oceanic rifting, but may be associated with the 
evolution of the Tethyan Ocean. The origin of 
300–260 Ma rocks was most likely related to the 
subduction and closure of the main East Paleo
tethyan Ocean or the Jinshajiang–Ailaoshan–
Song Ma–Hainan backarc basin/branch ocean, 
because these rocks show arclike geochemical 
signatures. These age features in combination 
with the petrographic analysis and other evi
dence suggest that the Late Permian to Triassic 
sediments in the South China block were partly 
sourced from these two igneous belts within or 
beyond the southern South China block, rather 
than from rocks in the southeast China. Our new 
data lend support to the idea that the Indosin
ian orogeny in the South China block was most 
likely triggered by continental collisions. Mean
while, sedimentation in the southern South 
China block was largely affected by the evolu
tion of Tethys and not the PaleoPacific.
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