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Abstract

Provenance analyses of Lower to Middle Triassic strata from the Greater
Youjiang Basin along with the Permian strata of Hainan Island, provide a record of
the collisional assembly of the South China Craton and Indochina Block and their
incorporation into Asia. Detrital zircons from Lower and Middle Triassic samples
show similar overall age spectra ranging from Archean to Triassic with major age
groups at 300-250 Ma, 480-420 Ma, and 1200-900 Ma, as well as at 400-300 Ma in
one Triassic sample. Permian siltstones from Hainan Island, to the southeast of the
Greater Youjiang Basin, record different age spectra with major age groups at 400-300
Ma and 530-420 Ma and subordinate components at 1200-900 Ma and 1900-1700 Ma.
These age data in combination with available paleocurrent data and regional
geological relations suggest that Precambrian detrital zircons were derived from the

Precambrian basement or recycled from the overlying early Paleozoic sedimentary
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rocks that contain Precambrian detritus. Early Paleozoic detrital zircons were derived
from igneous rocks in the South China Craton. Devonian-Triassic detrital zircons in
the Triassic strata were likely sourced from coeval magmatic activity related to
closure of Paleo-Tethys branch ocean that lay to the southwest, whereas 400-300 Ma
detrital zircons in the Permian siltstones of Hainan Island were likely derived from a
Paleozoic magmatic arc source that extended along the eastern-southeastern margin of
China from Hainan Island to Japan in response to subduction of the Paleo-Pacific
oceanic crust.

Detrital zircon, trace element, and sandstone modal data for Permo-Triassic
strata from the Greater Youjiang Basin indicate that the basin evolved from a
trailing-edge passive margin setting to a peripheral foreland basin during closure of
the Paleo-Tethys Ocean and collision between Indochina and South China. The
initiation time of the foreland basin decreases from southeast to southwest across the
basin, probably reflecting oblique collision. In contrast, the Permian strata on Hainan
Island record a provenance history distinct from the Greater Youjiang Basin, which is
related to late Paleozoic to Mesozoic subduction of the Paleo-Pacific Plate beneath
South China.

Keywords: Greater Youjiang Basin; Hainan Island; Paleo-Tethys; Paleo-Pacific;

Permian-Triassic orogeny

1 Introduction

A major phase in the assembly of Eurasia involved the accretion of the South
China Craton (SCC) and Indochina Block onto pre-existing blocks in Asia during the
Permo-Triassic Indosinian orogeny (Metcalfe, 2011; Wang et al., 2013a; Faure et al.,
2014). This orogenic event was recorded in widespread igneous activity and
metamorphic events, and a change in sedimentation patterns from deep marine to a
shallow marine/terrigenous dominated environment in South China (e.g., Wang et al.,
2013a). Orogenesis is inferred to be driven by the termination of subduction of the

Paleo-Tethys Ocean and subsequence accretion of the South China and Indochina
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blocks onto Eurasia (Lepvrier et al., 2008; Cai and Zhang, 2009; Zhao et al., 2012;
Zhang et al., 2013; Zi et al., 2013; Faure et al., 2014; Faure et al., 2016; Halpin et al.,
2016; Qiu et al., In Press), and/or by the subduction of the Paleo-Pacific Plate beneath
the eastern-southeastern margin of the South China Craton (Li and Li, 2007; Li et al.,
2012; Hu et al., 2015a; Li et al., In Press).

There is a succession of mid-Paleozoic to early Mesozoic sedimentary rocks in
the southwest to south portion of the craton (A, B and C areas in Fig. 1). They provide
a record of the break-up history of the craton from the northern margin of Gondwana,
associated with the opening of the Paleo-Tethys, the drifting of the craton across the
ocean and its accretion onto Eurasia, as well as the collision between the South China
and Indochina blocks (Zeng et al., 1995; Yang et al., 2012a; Lehrmann et al., 2014).
The succession has traditionally been broken into a number of different basins (e.g.
Youjiang, Pingxiang and Qinfang basins) separated by faults (e.g. Pingxiang-Nanning
Fault) (BGMRGR, 1985; Meng et al., 2002). However, the bounding faults truncate
rock units along the inferred basin margins, implying that they represent an imposed
structural boundary and did not constitute the basin edge during sediment
accumulation. In combination with continuity of sedimentary facies and similar
detrital provenance of the Triassic units across the fault boundaries (e.g. Yang et al.,
2012a; Hu et al., 2014, 20154, this study), we consider the Devonian to Triassic strata
in southwest China (Youjiang, Pingxiang-Chongzuo and Qinfang areas in Figure 1)
accumulated in a single basin, here termed the Greater Youjiang Basin, as the
traditional Youjiang Basin constitutes the major component of this expanded
succession. The present day disruption of the Greater Youjiang Basin into the three
currently recognized basins likely reflects Mesozoic northeast trending sinistral
strike-slip faults and thrusts (Zhang and Cai, 2009; Cai, 2013) that in part bound and
disrupt the Greater Youjiang Basin. In this paper, we present new data on the
sedimentation and provenance records of the Triassic succession in
thePingxiang-Chongzuo area of the Great Youjiang Basin (B area in figure 1) and the
Permian succession of Hainan Island, which lies to the southeast of the basin (D area

in Figure 1). We combine this data with that from other time equivalent sequences
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along the southern margin of the craton (A, C, E areas in Figure 1) to provide a
regional context for the data and to illuminate sedimentary basin evolution and

tectonic setting of the South China Craton during the Permian and Triassic.

2 Geological Setting

The South China Craton was formed through amalgamation of the Yangtze and
Cathaysia blocks along the Jiangnan Orogen during the early to middle
Neoproterozoic (Wang and Mo, 1995; Li et al., 2007; Cawood et al., 2013, In Press).
The craton includes dispersed Archean, Paleoproterozoic and minor early
Mesoproterozoic basement units (Gao et al., 1999; Greentree and Li, 2008; Xia et al.,
2012). The Neoproterozoic units record the assembly of the craton and its subsequent
stabilization (e.g., Li et al., 2002; Li et al., 2008; Yu et al., 2009; Zhao and Cawood,
2012). Early Paleozoic to Mesozoic sedimentary successions unconformably overlie
Precambrian basement (Wang et al.,, 2013a and references therein). The craton
underwent early Paleozoic and early Mesozoic orogenic events involving magmatic
and metamorphic activity. Permo-Triassic successions are distributed mainly in the
Greater Youjiang Basin, the Yong’an Basin, and along the Jiangshan-Shaoxing fault
system, with limited exposure on Hainan Island. The Permian deposits in the Greater
Youjiang Basin and along the Jiangshan-Shaoxing fault are dominated by carbonate
and chert whereas those in the Yong’an Basin and Hainan Island are dominated by
siliciclastic rock. Overlying Triassic successions are principally composed of
siliciclastic rock units except for carbonate platform accumulation in the Youjiang and
Pingxiang-Chongzuo areas of the Greater Youjiang Basin and along the
Jiangshan-Shaoxing fault in the early Triassic (BGMRFP, 1985; BGMRGR, 1985;
BGMRGP, 1988; BGMRHN, 1988).

2.1 Greater Youjiang Basin

The Greater Youjiang Basin extends across the Youjiang, Pingxiang-Chongzuo
and Qinfang areas of South China (Fig. 1). The basin is bounded by the Ziyun-Danchi
Fault to the northeast, by the Bobai-Cenxi Fault to the southeast, which separates it

from the Yunkai Massif, and to the northwest by the Shizong-Mile Fault, and is
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bounded to the southwest by the Babu suture zone (Fig. 1). The Greater Youjiang
Basin was initiated in the Silurian in the Qinfang area by rifting of the
Cambrian-Ordovician succession (Xu et al., In Press). The Devonian-Early Triassic
deposits consist of clastic, siliceous and pelitic carbonate rocks and intercalated
igneous rocks (Liang and Li, 2005). Turbiditic clastic detritus infilled the basin from
the Early Triassic in the Qinfang and Pingxiang-Chongzuo areas and from the Middle
Triassic in the Youjiang areas (Yang et al., 2012a; Hu et al., 2014). Late Paleozoic
ultramafic-mafic rocks are distributed along the southern margin of the Greater
Youjiang Basin and Triassic granites outcrop around the Qinfang area (Wu et al., 1999;
Wau et al., 2002; Guo et al., 2004; Zhao et al., 2012).

In the Pingxiang-Chongzuo area (Fig. 1), basal Devonian strata of the Greater
Youjiang Basin are unconformable on the Cambrian basement. The Devonian to
Permian units are composed of siliciclastic rocks, chert and calcareous horizons with
accumulation of carbonates on localized platforms within the basin (BGMRGR, 1985;
Lehrmann et al., 2007b). The Lower Triassic strata consist of the Luolou, Nanhong
and Beisi formations and are well developed around the Shangsi, Zaimiao and Mabiao
areas (Figs. 2A, B). The Luolou Formation, lying in the north part of the
Pingxiang-Chongzuo area, consists of thick limestone. This contrasts with the time
equivalent lateral succession of the Nanhong Formation (Figs. 2B, 3), which is
composed of grey siltstone and shale in its lower part, and thick-bedded sandstone
interbedded with thin siltstone horizons in its middle and upper parts (Figs. 3, 4A, B,
C). The Beisi Formation, which outcrops across the middle and southern parts of the
Pingxiang-Chongzuo area, is another time-equivalent unit to the Nanhong Formation
and is a carbonate dominated succession, but also contains interstratified dacitic
volcanic rocks and tuffs in the middle part of this formation (Figs. 2A and 3;
BGMRGR, 1985 and geological map of Pingxiang 1:250000). The Beisi Formation is
conformably overlain by the Middle Triassic Banna and Lanmu formations (Fig. 3).
The lower part of the Banna Formation consists of interstratified siltstone and
limestone lenses, passing up into mudstone, siltstone and sandstone (Fig. 4H, 1, J, K).

The Lanmu Formation consists of interbedded siltstone, mudstone and fine sandstone
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(Fig. 4M). Sedimentary structures developed within the units include parallel and
cross-bedding (Figs. 4D, E, F, G, N, O). Paleocurrent data for the Nanhong Formation
indicates sediment transport to the northwest (Fig. 2B; Liang and Li, 2005) whereas
data for the Middle Triassic units is more complex with paleocurrent data indicating
alternating flow to the northeast-northwest and south (Fig. 2A; Song et al., 2013).

2.2 Hainan Island

Hainan Island is located offshore from the South China mainland to the southeast
of the Greater Youjiang Basin (Fig. 1). The island consists of a basement of early
Mesoproterozoic igneous and sedimentary rocks and Neoproterozoic sedimentary
units (BGMRGP, 1988; Yao et al., 2017), overlain by Paleozoic to Mesozoic strata
(Xu et al., 2014b; Zhou et al., 2015). The Permian-Early Triassic units are
sporadically distributed in the Jiangbian and Danzhou areas along the
Changjiang-Qionghai Fault (Fig. 2C; BGMRGP, 1988).

The Permian sequence is unconformable on the Silurian succession and
disconformable with the Carboniferous succession in the southwest of Hainan Island
(BGMPGP, 1988). The Permian succession consists of grey siltstone, shale, and fine
sandstone (Jiang et al.,1998; Long et al., 2007) interbedded with limestone lenses and
chert. The radiolarian fossil Pseudoalbaillella sp is preserved in the chert layers
(Long et al., 2007), as well as conodont fossils Neogondolella sp, Sweetognathus
whitei-Rabeignathus asymmetricus similar to the Aktastinian Sweetognathus
whitei-Neogondonella bisselli and sporopollen fossil Parafusulina sp (Tang et al.,
1998). The Triassic succession is made up of conglomerate, sandstone and siltstone
which are scattered across Hainan Island (BGMRGP, 1988). Paleozoic igneous rocks
have a limited distribution whereas the Mesozoic igneous rocks are widespread on the

island (Li et al., 2006; Chen et al., 2013; Wang et al., 2013c).

3 Sample setting and analysis methods

Three sections through the Lower to Middle Triassic successions in the
Pingxiang-Chongzuo area were measured and sampled for detrital provenance

analysis as well as two Permian siltstones from Hainan Island (Figs. 2 and 3).
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Weathered surfaces were removed from samples prior to analysis. The
Gazzi-Dickinson method was used to point count twenty-five sandstones, with
300-500 grains counted from each sample (see Data Set S1). Samples selected for
geochemical analysis included five mudstone/siltstone from the Nanhong Formation,
thirteen mudstone/siltstone from the Banna Formation and ten mudstone/siltstone
from the Lanmu Formation (Date Set S1; Fig. 3). Major, trace and rare earth element
(REE) analyses were carried out at the Laboratory of ALS Chemex (Guangzhou).
Major elements were determined using X-ray fluorescence spectrometry (XRF) on
fused beads with accuracy of analyses estimated to be ca. 1% (relative). Trace element
and rare earth element (REE) analyses were determined using inductively coupled
plasma atomic emission spectroscopy (ICP-AES) and inductively coupled plasma
mass spectrometry (ICP-MS). The accuracy of analyses is estimated between 0.01-10
ppm depending on abundance of the different trace elements (Data Set S2).

Three sandstone samples of the Lower Triassic Nanhong Formation, one
sandstone sample of the Middle Triassic Banna Formation, one sandstone sample of
the Middle Triassic Lanmu Formation and two Permian siltstone samples from
Hainan Island were collected for detrital zircon age analysis (Figs. 2C, 3). Zircons
were separated from the samples using conventional density and magnetic separation
techniques, then polished for back-scattered electron (BSE) and cathodoluminescence
(CL) imaging on a JXA-8100 at the State Key Laboratory of Geological Processes
and Mineral Resources (GPMR), China University of Geoscience (Wuhan). The
detailed analytical procedure is described by Liu et al. (2010). U-Pb ages for the
detrital zircons and trace elements were determined on an Agilent 7700a at GPMR,
China University of Geoscience (Wuhan). The analytical procedure followed Yuan et
al. (2004) and Liu et al. (2010). Off line selection, integration of background, analytic
signals, time-drift correction and quantitative calibration for U-Pb dating were
performed with ICPMSDataCal (Liu et al., 2010). Spot diameter was 32 um. Errors
on individual analyses are given at 1 sigma (Liu et al., 2010). All measurements were
normalized relative to standard zircons 91500 and GJ-1. Standard silicate glass NIST

SRM610 was used to calibrate the contents of trace elements (Liu et al., 2010).
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Common Pb correction was not performed as U-Pb ages are concordant or nearly
concordant. The average analytical error ranges from ca. + 10% for light rare earth
elements (LREE) to ca. + 5% for the other REE. Zircon U-Pb age concordance is
defined as 100 X (l-abs (*®°Pb/?*U Age-*"Pb/**U Age)/*°Pb/*U. Age and
probability density plots were calculated using the Isoplot program 3.0 (Luding, 2003).
In order to reduce the effects of Pb loss, ages older than 1000 Ma were based on
207pp/2%ph ages whereas for younger analyses they were based on 2°°Pb/*®U ages
(Compston et al., 1992). LA-ICP-MS detrital zircon age data for the analyzed detrital

zircons are listed in the Data Set S3.

4 Results

4.1 Sandstone petrography and modal analysis

Framework grains in all analyzed samples are angular to extremely angular with
poor to moderate sorting (Fig. 5). Detrital grains are 0.2-0.5 mm in length for the
Lower Triassic sandstone and around 0.1 mm for the Middle Triassic samples. Most
grains in the Permian siltstones on Hainan Island are less than 0.07 mm and are
unsuitable for point-counting. For samples from the Pingxiang-Chongzuo area, point
counted framework grains are quartz (monocrystalline and polycrystalline), feldspar
(invariably plagioclase), and lithic fragments (sedimentary, volcanic and metamorphic
fragments). The sedimentary fragments include clastic grains, limestone and chert.
\olcanic fragments are dominated by lathwork, felsic and vitric, and metamorphic
fragments are mainly composed of sericite, chlorite and epidote.

The major detrital components of the Lower Triassic samples are
monocrystalline quartz (62.1%-79.7%; average 72.0%) and unstable lithic fragment
(generally sedimentary or volcanic 17.1%-36.3%; average 22.7%), with a small
amount of plagioclase feldspar (0-3.73%; average 1.5%) (Date Set S1). The Middle
Triassic siltstones/sandstones contain a greater proportion of lithic fragment
(25.1%-45.4%; average 36%) and feldspar (0.63%-7.43%; average 5%), and less

quartz (47.1%-73%; average 59%) than the Lower Triassic samples. The proportion
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of volcanic fragments shows an overall increase from the Lower Triassic to Middle
Triassic samples. All the counted samples are plotted on the Q-F-L and Qm-F-Lt
diagrams and fall within or close to the recycled-orogen field (Figs. 6A and B),
whereas they lie along or close to the Lv-Ls tie and largely in arc orogen source on
the Qp-Lv-Ls diagram (Fig. 6C).

4.2 Whole rock geochemistry

The SiO, content of the Lower Triassic samples (average 63.7%) is slightly
higher than that of the Middle Triassic samples (average 60.4%). All samples contain
moderate Al,O3 (12.6%-19.7%) and Fe,O3 values (4.28%-7.79%). Alkali elements
Na,0O, K;O and CaO in the Lower-Middle Triassic samples are 0.09 %-1.48 %,
1.45%-4.44% and 0.15%-5.5%, respectively.

All the Triassic samples show similar chondrite-normalized rare earth element
and primitive-normalized trace element distribution patterns, with light REE
enrichment (LREE/HREE ratio of 7.01-10.5 for the Lower Triassic samples and
6.57-7.7 for the Middle Triassic samples), a negative Eu anomaly, depletion in high
field strength elements (Nb, Ta and Ti), and enrichment in large ion lithophile
elements (Th, U and Ba), similar to those of the upper continental crust (Figs. 7A and
B; Taylor and McLennan, 1985; Sun and McDonough, 1989). Furthermore, the Lower
Triassic samples contain higher rare earth element contents (REE = 161-250 ppm,
average 205 ppm) than that of the Middle Triassic samples (REE = 130-186 ppm,
average 159 ppm). The Lower and Middle Triassic samples have similar Th/U ratios
of 4.22-5.13 and 4.32-5.07, respectively, whereas the Lower Triassic samples contain
high Th/Sc and Zr/Sc values of 0.98-1.14 (average 1.16) and 7-19.2 (average 11.7)
than that of the Middle Triassic samples (0.57-0.87; average 0.66; 7.25-15.1; average
9.8) (Figs. 7C and D; Data Set S2).

4.3 Detrital zircon ages

Detrital zircons from the Triassic strata in the Greater Youjiang Basin and the
Permian units on Hainan Island are transparent to semi-transparent, subhedral to
occasionally rounded. Lengths of the zircons are ~100 um for the Lower Triassic

samples and 50-100 pum for the Permian and Middle Triassic samples. Most analyzed
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zircon grains display oscillatory zoning and sector structure in cathodoluminescence
(CL) images and a small portion show core-rim and homogeneous structures (Fig. S1).
Of a total 515 analyses on 514 zircon grains from seven sandstones, 480 analyses
yielded concordant ages (Date Set S3). Most of the analyzed zircons contain high
Th/U ratio (> 0.1; Date Set S3). All analyses are plotted on concordia diagrams (Fig.
S2), whereas only analyses with concordance more than 90 are incorporated in the
combined probability density plot and histogram (Fig. 8) and discussed in the
following sections.

One hundred and fifteen analyses were conducted on 114 zircons of the Permian
siltstones from Hainan Island (15LJ15, 15L.J49) and 95 gave concordant ages ranging
from 2650 Ma to 216 Ma. Dominant age groups occur at 400-330 Ma, 520-420 Ma
and subordinate age groups at 1200-900 Ma and 1900-1700 Ma.

Two hundred and forty U-Pb age analyses were conducted on 240 zircons from
the Lower Triassic sandstone samples (BL-1, ZM4 and PM2), and 230 grains display
concordance greater than 90% and range in age from 3652 Ma to 226 Ma. Sample
BL1 from the Zaimiao section is dominated by age groups at 650-500 Ma, 1200-800
Ma, 1800-1200 Ma, with a subordinate age group at 460-420 Ma. Samples ZM4 from
the Zaimiao section and PM2 from the Mabiao section contain similar age patterns
with major age groups at 480-420 Ma, 1200-800 Ma but different subordinate age
groups including at 300-220 Ma, 670-550 Ma, 900-700 Ma, 1800-1300 Ma and
2800-2000 Ma (Fig. 8).

One hundred and sixty analyses were conducted on 160 zircons of the Middle
Triassic sandstones (PX20 and AZ20) and 155 analyses yield concordance greater
than 90%. The two samples display age spectra that range from 2847 Ma to 237 Ma,
with major age groups at 300-230 Ma, 1200-900 Ma and 900-700 Ma for sample
AZ20, and at 300-230 Ma, 400-300 Ma, 480-420 Ma and 1800-1500 Ma for sample
PX20.

5 Discussion
5.1 Provenance of the Permian and Triassic successions
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The Lower and Middle Triassic samples from the Pingxiang-Chongzuo area are

dominated by quartz and lithic fragments with little feldspar, and fall into the recycled
orogen field on the QFL diagram (Figs. 6a and b; Dickinson and Suczek, 1979),
coincident their high SiO, content (Data Set S2). REE and trace element patterns of
samples are similar to upper continental crust, along with high Th/Sc and Zr/Sc ratios,
indicating that detritus were sourced from felsic rocks (Figs. 7A-D). The presence of
some lathwork volcanic fragments in the Triassic samples indicates an additional
contribution from basaltic sources. On the basis of paleocurrents, which trend
northwest in the Lower Triassic strata (Fig. 2b; Liang and Li, 2005) and
north-northwest, south/southeast in the Middle Triassic succession (Fig. 2a; Song et
al., 2013), potential source areas are the Yunkai Massif, Hainan Island and/or North
Vietnam.
Detrital zircon spectra for the Permian siltstones from Hainan Island differ from the
Lower-Middle Triassic sandstones from the Pingxiang-Chongzuo area of the Greater
Youjiang Basin (Fig. 8). Devonian to Carboniferous (400-300 Ma) zircons are the
dominant component of the Permian siltstones (14.7%-37.7%) whereas they are
largely lacking from the Triassic samples, except for sample PX20, which contains
16.7% detritus of this age. The Triassic samples also contain Permian and Triassic
detrital zircons (300-230 Ma; (Fig. 8). 5.1.1 Provenance of pre-Devonian detrital
zircons

Precambrian detrital zircons (>550 Ma) are preserved in all analyzed samples.
They are the dominant age group in the Lower Triassic samples and Middle Triassic
sample AZ20, but are subordinate to Phanerozoic age detritus in the Permian samples
and Middle Triassic sample PX20 (Fig. 8). The Precambrian detrital zircons are
euhedral to subhedral and under CL imaging display sector and oscillatory zoning and
core-rim structure, suggesting derivation from multiple sources. Paleoproterozoic (ca.
1800) and Neoproterozoic (1200-900 Ma) magmatic rocks exposed in the Yunkai and
Wuyi massifs to the southeast and east of the study area (Wang et al., 2011b; Wang et
al., 2013b; Yao et al., 2017), together with at least some paleocurrent data indicating

sediment transport to the west-northwest, argue for these massifs to have acted as
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potential source areas (Figs. 2A and 2B; Liang and Li, 2005; Song et al., 2013).
Reworking of the Neoproterozoic and early Paleozoic sedimentary successions in the
Cathaysia Block and Hainan Island, provide another potential source for this age
detritus. These older successions are dominated by detrital zircons with ages of
2000-1700 Ma and 1200-900 Ma (Yu et al., 2010; Xu et al., 2014b; Zhou et al., 2015;
Yao et al., 2017). Detrital zircons with ages in the range 900 Ma to 700 Ma are a
minor component in all samples (Fig. 8) and rocks of this age are widely distributed in
the Jiangnan orogen (Li et al., 2008; Zhao and Cawood, 2012; Yin et al., 2013), and
constitute the likely original source. However, in the Early Triassic, the Jiangnan
orogen was submerged and detrital zircons of this age were probably derived from
recycled material from the Yunkai Massif, which contains 900-700 Ma detrital zircons
(Xu et al., 2014a). A minor component of the late Neoproterozoic detrital zircons
(650-550 Ma) are present in the Lower Triassic samples, but primary magmatic
sources of this age are absent from the South China Craton (including Hainan Island)
and North Vietnam. Detrital zircons of this age are present in the early Paleozoic
sedimentary units from the Yunkai Massif (Xu et al., 2014a), and this is considered as
the probable source for this detritus.

Cambrian detrital zircons (530-470 Ma) are a major age group in the Permian
samples from Hainan Island and an extremely rare component in the Triassic samples
(1-4 grains) from the Greater Youjiang Basin (Fig. 8). Magmatic units on the island
that have yielded a Sm-Nd age of 527 Ma (Ding et al., 2002) and the early Paleozoic
sedimentary units in the Cathaysia and eastern Yangtze blocks, which contain
Cambrian detrital zircons (Wang et al., 2010; Xu et al., 2014a), could be the potential
sources of this age detritus. The rarity of 530-470 Ma detrital zircon in the Triassic
samples possibly reflects the greater distance from the Greater Youjiang Basin to
source areas than that of the samples on Hainan Island.

The 470-420 Ma detritus in analyzed samples are subhedral to euhedral with
oscillatory zoning and Th/U ratios of more than 0.1, suggesting derivation from
first-cycle source and corresponding with widespread mid-Paleozoic magmatic

orogenic events in the Cathaysia Block (Peng et al., 2006; Wang et al., 2007; Wang et
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al., 2011c; Chen et al., 2012).
5.1.2 Provenance of Devonian-Triassic Triassic detrital zircons

Devonian-Carboniferous (400-300 Ma) detrital zircons are a major age group in
all the Permian siltstones from Hainan Island but are only present in one sample
(PX20) from the Pingxiang-Chongzuo area (Fig. 8). Most 400-300 Ma zircons are
subhedral to euhedral, with well-developed oscillatory zoning and Th/U ratio more
than 0.1, suggesting minimal transport from magmatic sources. Potential source rocks
are exposed along the southwestern and southeastern margins of the South China
Craton. Igneous rocks on Hainan Island are a probable source for the Devonian and
Carboniferous detritus in the Permian samples. Granite on the island has yielded a
Devonian age of 368 *= 5 Ma (SHRIMP zircon U-Pb age, Ding et al., 2005) whereas
volcanic rock has yielded Carboniferous ages of 345 &= 4 Ma (LA-ICP-MS zircon
U-Pb age, Chen et al., 2013) and 328 Ma (whole rock 39Ar/40Ar age, He et al.,
2016).

Mid-Paleozoic igneous rocks on Hainan Island are however, an unlikely source
for the 400-300 Ma detritus in the Middle Triassic sample PX20. This is because the
Yunkai Massif likely acted as a topographic barrier that prevented transport of detritus
from the southeast Hainan Island since the Late Permian as well the lack of detritus of
this age from the intervening Late Permian-Triassic strata in the Qinfang area (Liang
and Li, 2005; Liang et al., 2013; Hu et al., 2015b). The Jinshajiang-Ailaoshan-Song
Ma-Babu zone, along the southern-southwestern margin of the Greater Youjiang
Basin (Fig. 1), is a more likely source, and is consistent with the paleocurrent data
indicating flow to northeast. The suture zone contains Devonian to Carboniferous
(400-300 Ma) igneous rocks and tuffs, related to the Paleo-Tethys branch ocean (Fig.
9; Zhong et al., 1998; Wu et al., 1999; Guo et al., 2004; Jian et al., 2009a; Jian et al.,
2009b; Huang, 2013; Halpin et al., 2016; Nie et al., 2016). Furthermore, the majority
of the Greater Youjiang Basin formed a bathymetric high in the Permian and hence
would have prevented transport of detritus from the southwest of the Greater Youjiang
basin towards Hainan Island (Huang et al., 2013).

Syn-orogenic Permo-Triassic zircons (300-230 Ma with peak age at ~250 Ma)
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are the dominant age group in the Middle Triassic samples (20.8%-23.1%, Table S-1),
as well as a minor component in the Lower Triassic samples (2.8%-6.9%, Fig. 8).
These detrital zircons are euhedral to subeuhedral, with high Th/U ratios and
oscillatory zoning, suggesting a magmatic origin and short transport distance from
source areas (Belousova et al., 2002). Suitable sources are coeval magmatic rocks
distributed along the southern margin of Guangxi Province in
Napo-Pingxiang-Dongxi-Yunkai and Hainan Island and North Vietnam (Fig. 9; Li and
Li, 2007; Qin et al., 2011; Hu et al., 2012; Jia et al., 2012; Qin et al., 2012; Roger et
al., 2012; Halpin et al., 2016), which is consistent with the north-directed paleocurrent
data. Permian-Triassic igneous units on Hainan Island are considered an unlikely
source as the intervening Late Permian-Triassic units in the Qinfang area contain only
a small amount of 300-200 Ma detritus (0.4%-4.3%) in comparison to the Middle
Triassic strata in the Youjiang and Pingxiang-Chongzuo areas (21.8%-21.9%, Figs. 10
and 11). A single zircon grain in the Permian sample 15LJ15 yielded an age of ca. 216
Ma, younger than the depositional age. In CL, the grain is black and has a Th/U ratio
of 0.96, and is interpreted to reflect post-depositional alteration (Belousova et al.,
2002) perhaps related to the widespread Late Triassic tectonic events in the South
China Craton (e.g. Li and Li, 2007).
5.2 Permo-Triassic paleogeographic evolution of Southwest China

The composition and provenance of the Permo-Triassic sedimentary units in the
Greater Youjiang Basin helps constrain the paleogeographic evolution of South China
and its role in the assembly of Asia. They provide a record of the break-up history of
the South China Craton from the northern margin of Gondwana, associated with the
opening of the Paleo-Tethys, the drifting of the craton across the ocean and its
accretion onto Eurasia, as well as the collision between the South China and
Indochina blocks (e.g., Cocks and Torsvik. 2013; Metcalfe. 2013). Moving up section,
the Lower Triassic to Middle Triassic samples in the basin display an overall increase
in the proportion of feldspar, lithic fragments and Devonian or younger (<400 Ma)
detrital zircons (e.g., Figs. 10-11), whereas there is a decrease in the proportion of

monocrystalline quartz, SiO, contents, REE contents, and Th/Sc and Zr/Sc ratios
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(Yang et al., 2012a; Hu et al., 2015b, this study). This likely indicates an increasing
component of the first-cycle detritus up-section. Abundant syn-orogenic detrital
zircons (300-240 Ma, 20.8%-23.1%, Table S-1) preserved in the Middle Triassic
samples indicates widespread uplift and exhumation of the basin hinterland during the
Indosinian orogeny.Sedimentary facies in the Greater Youjiang Basin record
significant changes in the setting of South China over time. Devonian to late
Paleozoic strata in the basin record the rift and drift history of South China from
northern Gondwana during opening of the Paleo-Tethys (Zeng et al., 1995; Lehrmann
et al., 2007a; Du et al., 2013). Shallowing of the basin and development of terrestrial
facies, commencing in the Late Permian-Triassic is inferred to represent conversion to
a foreland basin associated with collision between the South China and Indochina
blocks (Cai and Zhang, 2009; Zhao et al., 2012; Faure et al., 2016). The timing of this
conversion appears to be diachronous from southeast to southwest, occurring in the
Late Permian in the Qinfang area, in the Early Triassic in the Pingxiang-Chongzuo
area, and in the Middle Triassic in the Youjiang area (Fig. 9; Liang and Li, 2005; Yang
et al., 2013 and this study; Hu et al., 2014; Hu et al., 2015b; Qiu et al., In Press, this
study). Late Triassic units are limited to Qinfang area, and consist of a thick
succession of inferred molasse sediments derived from source areas similar to that of
the early-middle Triassic succession in the Greater Youjiang Basin (Hu et al., 2014).
This evolving basin setting is supported by the cumulative proportion plot of the
difference between the measured crystallization ages (CA) of individual zircon grains
present within a sample and the depositional age (DA) of the sample (Fig. 12). The
Late Permian samples plot in or close to the extension-related basin setting whereas
the Triassic samples move progressively into the syn-orogenic field with decreasing
depositional age (Cawood et al., 2012). Trace element data also indicate a change
from extension to convergent settings between the Permian and Triassic samples (Fig.
7E). This evolving basin paleogeography is shown schematically in Figure 13.

5.3 Subduction of the Paleo-Pacific beneath the eastern-southeastern margin
of the SCC

On the basis of seismic reflection profiles, the distribution of the
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Devonian-Permian magmatic rocks, and detrital zircon chronology data from Japan
and southeast China, Isozaki et al. (2010) and our group (Hu et al., 2015a) have
proposed that the South China Craton extended farther to the east (including Japan)
in the Paleozoic and Mesozoic (Cocks and Torsvik, 2013; Isozaki et al., 2014). This
Greater Cathaysia Block was subsequently removed through multiple episodes of
subduction erosion during the Mesozoic (Fig. 14; Isozaki et al., 2010; Isozaki et al.,
2014; Aoki et al., 2015; Isozaki et al., 2015). Permian siltstones in Hainan Island
comprise different detrital zircon age spectra and source areas with that of the Greater
Youjiang Basin (section 5.1) and likely represent a remnant of this Greater Cathaysia
Block. The 400-300 Ma detritus in the Permian samples of Hainan Island (29.5% this
study) and in samples of the Yong’an Basin (21.9% in the Permian sandstone and 13.4%
in the Triassic sample) (Figs. 10 and 11; Li et al., 2012; Liang et al., 2013; Hu et al.,
2015a) were likely derived from an eastern magmatic arc source related to the
subduction of the Paleo-Pacific plate beneath the eastern-southeastern margin of
China (Li and Li, 2007; Li et al., 2012; Hu et al., 2015a). The Permian siltstone
detrital zircon data along with the presence of Devonian-Permian magmatic units on
Hainan Island are consistent with the proposal that the island represents the southwest
extension of this Paleozoic to Mesozoic accretionary belt (Hu et al., 2015a). Permian
detrital zircons (300-260 Ma) are common in the Permo-Triassic sandstones in the
Yong’an Basin but absent in Hainan Island samples. This could be due to: 1) the
Permian magmatic rocks are not exposed at this time on Hainan Island; 2) as the
inferred southern-most extent of the subduction zone of the Paleo-Pacific, the Permian
magmatic rock were not well developed on Hainan Island.

The contrasting provenance record of the Greater Youjiang Basin, the Yong’an
Basin, and the Hainan Island region reflect the differing paleogeographic settings of
these regions with respect to margins of the South China Craton and outboard oceanic
realms (Figs. 9 and 14). During the Permo-Triassic, the Greater Youjiang Basin
records the conversion from a passive margin setting facing the open-ocean
Paleo-Tethys to the south to a foreland basin associated with collision between the

South China and Indochina blocks. Whereas the Yong’an Basin and Hainan Island
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region faced the Paleo-Pacific Ocean, which was being subducted beneath the
eastern-southeastern margin of the South China Craton during the late Paleozoic to
Mesozoic (Fig. 14).

6 Conclusions

(1) The Lower Triassic and Middle Triassic samples in the Pingxiang-Chongzuo area
of the Greater Youjiang Basin display an overall increase in the proportion of feldspar,
lithic fragments, and Devonian or younger (< 400 Ma) detrital zircons, as well as a
decrease in the proportion of monocrystalline quartz, SiO, contents, REE contents,
and Th/Sc and Zr/Sc ratios from the Lower Triassic to Middle Triassic samples. This
likely indicates an increasing component of the first-cycle detritus up-section. These
data in combination with available paleocurrent data and regional geological relations
suggest that Precambrian detrital zircons were derived either from Precambrian
basement or via reworking of early Paleozoic sedimentary rocks that contain
Precambrian detritus in the South China Craton. Early Paleozoic detrital zircons were
derived from early Paleozoic igneous rocks in the craton. Devonian-Triassic detrital
zircons were likely sourced from syn-sedimentary magmatic activity related to
opening of the Paleo-Tethys Ocean that lay to the southwest.

(2) Major detrital zircon age groups in Permian siltstone on Hainan Island are at
400-300 Ma, 530-470 Ma and 470-420 Ma and a few grains on 1900-1700 Ma and
1200-900 Ma. In combination with the regional geological data, the pre-Devonian
detrital zircons are inferred to have been derived from similar sources to the Triassic
samples in the Greater Youjiang Basin. However, Middle Paleozoic detrital zircons
(400-300 Ma) were likely derived from a Paleozoic magmatic arc source that
extended along the eastern-southeastern margin of China from Hainan Island to Japan
that formed in response to subduction of the Paleo-Pacific Ocean.

(3) Integration of our data with that from contemporaneous strata and igneous rocks
along the southern margin of the South China Craton suggest that the Greater
Youjiang Basin in the Late Permian to Middle Triassic recorded the transition from an
extension-related continental rift to drift basin succession to a contraction-related

foreland basin sequence. This evolution of basin type was a consequence of closure of
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the Paleo-Tethys Ocean and oblique collision and accretion of the South China and
Indochina blocks onto Asia. In contrast, Hainan Island constituted the southwest part
of a magmatic arc suture zone related to subduction of the Paleo-Pacific (Panthalassa)
Plate beneath the eastern-southeastern margin of the South China Craton in the late

Paleozoic to Mesozoic.
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Figure Captions

Fig. 1. A: Tectonic framework of the East Asia (revised from Metcalfe (2006).

B: simplified geological map of the South China Block and location of the

study areas (base on the 1:5000000 geology map of China).

Fig. 2. A and B: Geological map of the Pingxiang-Chongzuo area and location of
measured sections (modified from 1:250000 Geologic Map of the Pingxiang area); C:
Geological map of the Hainan Island and location of analyzed samples (modified
from 1:1000000 Geologic Map of Hainan Island). Abbreviations: C,-P, Late
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Carboniferous-Permian; C, Carboniferous ; P, Permian; Tin, Lower Triassic Nanhong
Formation; T;l, Lower Triassic Luolou Formation; T;,b, Lower-Middle Triassic Besi
Formation; T,b, Middle Triassic Banna Formation; T,l, Middle Triassic Lanmu
Formation; J-Q, Jurassic-Quaternary

Fig. 3. Measured sections through the Lower-Middle Triassic succession in the
Pingxiang-Chongzuo area and showing stratigraphic position of analyzed samples.
Abbreviations: LP, Late Permian; ET, Early Triassic; MT, Middle Triassic.

Fig. 4. Representative field photographs of Permian and Lower-Middle Triassic
sequence in Hainan Island and Pingxiang-Chongzuo area; A, B) gray
siltstone-mudstone of the Lower Triassic Nanhong Formation at Zaimiao section; C)
thick sandstone interlay with thin mudstone-siltstone, Zaimiao section; D, E, F)
parallel and cross-bedding within Lower Triassic Nanhong Formation, Zaimiao
section; G) parallel bedding within the Middle Triassic Banna Formation, Anzhen,
Pingxiang area; H) thick sandstone interbedded with thin mudstone of Middle Triassic
Banna Formation; 1) wave bedding within Middle Triassic Banna Formation siltstone,
Kengying, Pingxiang area; J) mudstone and limestone contact in the low part of the
Banna Formation, Anzhen, Pingxiang area; K) limestone conglomerate in the low part
of the Banna Formation, Anzhen, Pingxiang area; L) Permian siltstone in the Danzhou,
Hainan Island, M) thin mudstone of the Middle Triassic Lanmu Formation, Ping’er,
Pingxiang; N, O) parallel and cross beddings within Middle Triassic Banna and
Lanmu Formation, Pingxiang area, P) Permian siltstone in the Jiangbian area, Hainan
Island.

28



Fig. 5. Photomicrographs of Permian and Lower-Middle Triassic sequence in Hainan
Island and Pingxiang-Chongzuo area, A, B) sandstone of Lower Triassic Nanhong
Formation in Pingxiang-Chongzuo area; C) sandstone of Middle Triassic Banna
Formation in Pingxiang-Chongzuo area; D, E) sandstone of Middle Triassic Lanmu
Formation in Pingxiang-Chongzuo area and (F) siltstone of Permian on Hainan island.
Fig. 6. QFL, OQmFLt and QpLvLs diagrams for the Triassic samples of
Pingxiang-Chongzuo area (after Dickinson and Suczek (1979). Q, total quartz; F, total
feldspar; L, lithic fragment; Qm, monocrystalline quartz; Qp, polycrystalline quartz;
Lv, volcanic lithic fragment; Ls, sedimentary lithic fragment; Lt=L+Qp.

Fig. 7. Primitive-normalized REE patterns (A), spider diagrams (B), Th versus Th/U
(C) Zr/sc versus Th/Sc (D), Th-Sc-Zr/10 and La-Th-Sc diagrams for the Triassic
samples of Pingxiang-Chongzuo area, (E) Th-Sc-Zr/10 and La-Th-Sc diagrams
modified after Bhatia and Crook (1986) and Permo-Triassic data from Yang et al.,
2012a; Hu et al., 2014 and this study. Chondrite data and primitive mantle data are
from Sun and McDonough (1989); Th/Sc-Zr/Sc diagram after Mclennan et al. (1993),
Average upper continental crust (Taylor and McLennan, 1985) is plotted on diagrams
for comparision;

Fig. 8. Relative probability plots and age histograms of detrital zircons of samples in
Permian on Hainan Island and Lower-Middle Triassic sequence of
Pingxiang-Chongzuo area

Fig. 9. Schematic time-space diagram for the southern margin of South China Craton.
Abbreviations; Roadi-Roadian; Wordi-Wordian; Capit-Capitanian;
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Wuch-Wuchiapingian;  Chang-Changhsingian;  Indu-Induan;  Olene-Olenekian;
Anisi-Anisian; Ladin-Ladinian; Carni-Carnian; Noria-Norian; Rhae-Rhaetian. The
numerical and stage time scales are those of Gradstein and others (2012).
Paleo-Tethys subduction is from Zi et al.(2013) and the Emeishan Large Igneous
event is from Xiao et al. (2003), He et al. (2007) and Fan et al. (2008). Lithotectonic
units, timing of tectonothermal events and basins sources: Jinshajiang-Ailaoshan
Ocean Basin (BGMRYP, 1990; Wang et al., 1999; Mou and Wang, 2000; Tan, 2002;
Jian et al., 2003; Reid et al., 2007; Jian et al., 2009a; Searle et al., 2010; Liu et al.,
2011; Wang et al., 2011a; Zhang et al., 2011b; Zhu et al., 2011; Zi et al., 2012a; Zi et
al., 2012b; Zi et al., 2013; Nie et al., 2016); Youjiang area of Greater Youjiang Basin
(BGMRGR, 1985; Fan et al., 2008; Hu et al., 2012; Yang et al., 2012a; Yang et al.,
2012b; Du et al., 2013; Huang, 2013; Qiu et al., In Press); Pingxiang-Chongzuo area
of Greater Youjiang Basin (BGMRGR, 1985; Qin et al., 2012; Song et al., 2013 and
our unpublished data); Qinfang area of Greater Youjiang Basin (BGMRGR, 1985;
Deng et al., 2004; Liang and Li, 2005; Zhao et al., 2010; Wang et al., 2012; Hu et al.,
2014; Hu et al., 2015b); Hainan Island (BGMRGP, 1988; Ding et al., 2005; Xie et al.,
2006a; Xie et al., 2006b; Li and Li, 2007; Zhang et al., 2011a; Wang et al., 2012;
Chen et al., 2013; He et al., 2016); North Vietnam (Tran and Khuc., 2011; Roger et al.,
2012; Thanh et al., 2014; Halpin et al., 2016), Song Ma zone (Lepvrier et al., 2004;
Lepvrier et al., 2011; Liu et al., 2012; V Vuong et al., 2013; Faure et al., 2014; Lai et
al., 2014)

Fig. 10. Probability density diagram comparing detrital zircons age patterns in
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Permo-Triassic succession of South China Craton and North Vietnam

Fig. 11. Probability density diagram comparing Phanerozoic detrital zircons models in
Permo-Triassic succession of South China Craton and North Vietnam

Fig. 12. Cumulative probability curves of measured crystallization age for a detrital
zircon grains relative to the depositional age of Permo-Triassic samples in Greater
Youjiang Basin and Hainan Island (modified from Cawood et al. (2012)), data from
Yang et al., 2012a, Hu et al., 2014, 2015a and this study, convergent basin (A, rose
red), collisional basin (B, blue), and extensional basin (C, green), transition between
convergent-collisional setting (purple), convergent-extensional setting (brown), and
collisional-extensional setting (blue-green and brown).

Fig. 13. Model for schematic paleogeographic evolution of the Greater Youjiang
Basin in Permo-Triassic, showing derivation of detritus in the Greater Youjiang Basin
from inner craton and syn-orogenic belts in the south-southwest of the basin, based on
Yang et al. (2012a), Lehrmann et al., (2014), Hu et al. (2015b), Du et al. (2013). Zi et
al. (2013), Faure et al. (2014) and this study. Abbreviation: SCC - South China Craton;
JA zone - Jingshajiang-Ailaoshan suture zone; S (B) zone - Song Ma (Babu) suture
zone; PC/PC area - Pingxiang-Chongzuo area; HN - Hainan Island, the Yong’an Basin
located in east of the Greater Youjiang Basin and unmarked in this diagram.

Fig. 14. Paleogeograhpy reconstruction diagrams of South China Craton in
Permo-Triassic (modified after Li and Li (2007); Cocks and Torsvik (2013) and

Domeier and Torsvik (2014))
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Highlights

1.

Different source records in Hainan Island and Greater Youjiang Basin in Permian
and Triassic, respectively.

Greater Youjiang Basin converted from trailing edge passive margin to peripheral
foreland basin in Late Permian-Triassic

Oblique southeast to southwest between South China and Indochina blocks
Hainan Island constitute the southwest part of Paleo-Pacific Ocean subducted arc

suture zone in late Paleozoic-Mesozoic
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