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ARTICLE INFO ABSTRACT

Keywords: The affinity and tectonic setting of the Qinfang basin have long been an enigma. Here we conduct detrital zircon
Qinfang basin U-Pb geochronology and Hf isotope analysis of Lower-Middle Devonian to Middle Jurassic samples from the
Provenance

basin. Along with published age data and paleontology from the basin and its east and west sides, this study
constrains the sediment provenance and tectonic setting of the basin. Sandstones of Devonian-Jurassic exhibit an
age distribution with major age groups at 2700-2300 Ma (absence for Jurassic), 1200-800 Ma, 600-400 Ma, and
334-246 Ma (for Jurassic alone). Zircons (peak ~2500 Ma) were sourced from the Yangtze block, while
~1200-800 Ma grains may originate from the Yunkai massif and Jiangnan orogen. ~600-400 Ma zircons came
from Yunkai massif and/or Cambrian to Silurian sediments in the basin. Carboniferous-Early Triassic (334-246
Ma) zircons were probably supplied by an older sequence in the Great Youjiang basin and the Darongshan-
Shiwandashan igneous rocks. The Qinfang basin and its two sides are considered to share a common East
Gondwana source in Silurian. The similarity in age spectra between Silurian-Devonian samples in the basin and
Ailaoshan belt suggests that the basin is a remnant of the Paleo-Tethyan (Ailaoshan) Ocean. However, the
distinct age distribution between the basin and Indochina block shows that the basin is not a part of the Indo-
china block. By Middle Jurassic following the final closure of the Ailaoshan Ocean in the Late Triassic, the
adjacent western area may be still tectonically active, thereby feeding the basin with detritus of Early Permian.

Tectonic setting
Detrital zircon
Paleo-Tethyan Ocean
East Gondwana

1. Introduction

The South China block (SCB), one of the main continental pieces
derived from Gondwana (e.g., Metcalfe, 2013), was formed by the
amalgamation of the Cathaysia block to the southeast with the Yangtze
block to the northwest during early Neoproterozoic (Fig. 1). After that,
the first Phanerozoic orogenic activity, which was termed different
names in different studies [such as “Kwangsian movement” in Ting
(1929), “early Paleozoic orogeny” in Faure et al. (2009) and Charvet
(2013), or “Wuyi-Yunkai orogeny” in Li et al. (2010)], occurred in the
early Paleozoic. The orogenic activity plays a significant role in the
evolution of the SCB. The effects of this orogeny on the SCB were mainly
reflected by an extensive granite intrusion during 460-400 Ma in the
Cathaysia block, a regional large-scale angular unconformity between

the Devonian cover and metamorphosed pre-Devonian strata, and
pervasive deformation and metamorphism in the Cathaysia block and
adjacent Yangtze block (Li et al., 2010; Wang et al., 2011a, 2012a,
2013a; Charvet et al., 2010; Shu et al., 2008, 2015). To date, there is no
evidence suggesting that there is a relict early Paleozoic ocean in the
SCB. Also, the abrupt change in the sedimentary facies occurred from the
Yangtze to Cathaysia blocks. Both them were invoked to suggest that
intracontinental deformation, rather than oceanic subduction, led to this
orogenic event (Faure et al., 2009, 2014, 2016; Charvet, 2013; Charvet
et al.,, 2010; Ren and Li, 2016; Shu et al., 2014; Wang et al., 2010a,
2013a).

Interestingly, recent studies suggested a disparity that Silurian se-
quences within the Cathaysia block are only present in the Qinfang basin
of the southern Cathaysia block but absent in its adjacent areas (Figs. 2,
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3; Zhang et al., 2018; Xu et al., 2014a and references therein), which has
long puzzled researchers’ understanding regarding the early Paleozoic
geology of South China (Zhang et al., 2018). Furthermore, a lot of de-
bates are present concerning the tectonic setting of the Qinfang basin, of
which one popular dispute is that the basin is considered either a re-
sidual Cambrian ocean (e.g., Li et al., 1994; Liu and Xu, 1994) or a
portion of an intracontinental basin within the Cathaysia block (Wang
et al., 2010a; Yao and Li, 2016). Another dispute is regarding the tec-
tonic affiliation. The basin was considered to belong to either the
Indochina block (Cai and Zhang, 2009) or the SCB (e.g., Yao and Li,
2016; Zhang et al., 2018) during the early Paleozoic.

Recently, Xu et al. (2017) suggested that the Qinfang basin is not a
remnant of the Paleo-Tethyan (Ailaoshan) Ocean. One important reason
is that age distributions of detrital zircons in the Qinfang basin and the
Ailaoshan belt from the Silurian strata are similar, but those from the
Devonian strata are distinct. However, there is only one Devonian
sample (68 detrital zircons) analyzed in their study, which is not enough
to represent the Devonian strata in the basin as local non-uniformity or
insufficient analyses may be present. For example, one Devonian sample
analyzed by Zhang et al. (2018) displayed a different age distribution of
detrital zircons with that reported in Xu et al. (2017). Furthermore, this
is also true for the Silurian sample of the Qinfang basin reported in these
two studies (Xu et al., 2017; Zhang et al., 2018). Concerning the dis-
crepancies, the source of detrital zircon and the tectonic affinity of the
basin reported previously may be questionable. Therefore, it is necessary
to perform a further study on detrital zircons and integrate all data to
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make the age distribution of detrital zircon from related strata more
representative.

Here, we investigate the detrital zircon U-Pb ages and Hf isotopes of
Lower-Middle Devonian to Middle Jurassic sandstones from the Qinfang
basin (Figs. 2 and 3). Combining with the previous age and Hf isotope
data, we compare the sediment provenance between the Qinfang basin
and its east and west sides and discuss depositional ages and prove-
nance, thereby constraining the affinity and tectonic setting of the basin.

2. Geological background
2.1. South China block

A large number of studies have come to a consensus that the SCB was
formed through the welding of the Cathaysia with Yangtze blocks along
a boundary forming the Jiangnan orogen during early Neoproterozoic
(Fig. 1; Cawood et al., 2013; Li et al., 2002, 2007; Shu et al., 2011; Wang
et al., 2013b; Ye et al., 2007), although both the time (e.g., ~440 Ma,
Peng et al., 2016a, 2016b; 0.86-0.83 Ga, Wang et al., 2007a; Shu et al.,
2011;0.90-0.88 Ga, Li et al., 2003; Wang and Li, 2003; ~1.0-0.9 Ga, Li
et al., 2002, 2007; ~1.9 Ga, Dong et al., 2015) and the way (either
single- or double-sided subduction) of the welding (e.g., Cawood et al.,
2013; Zhao, 2015) are controversial. The boundary appears roughly
parallel to the Jiangshan-Shaoxing fault zone and associated structures
(Charvet et al. 2010), but it is unclear in its southwestern extension
(Fig. 1). After welding, the intraplate deformation history with three
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Fig. 1. (a) Main tectonic elements of East Asia (modified from Metcalfe, 2006). (b) Simplified geological map of the South China block (based on the 1:5,000,000
geological map of China), in which the boundary of the Jiangnan orogen and Jiangshan-Shaoxing fault zone is from Li et al. (2008a) and Cawood et al. (2013).
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Fig. 2. (a) Geological map for the Qinfang basin (modified from 1:200,000 Qinzhou geological map, Regional Geology of Guangxi Zhuang Autonomous Region).
Italics Dongxing (bounded in green dashed line), Xiaodong (in black dotted line), Qinzhou (in yellow dashed line), Hepu (in blue dashed line), and Lingshan (in black
dashed line) represent the locations where five stratigraphic columns drawn in Fig. 3 were labeled. The region that consists of these five areas roughly corresponds to

the Qinfang basin. (b) Study area in the Qinfang basin showing the sampling locations of this study. (c) Paleocurrent rose diagrams for the Upper Permian to Lower
Triassic succession (data from Liang and Li, 2005).
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Fig. 3. Schematic stratigraphic columns across the Qinfang basin. The red stars show sampling locations of samples WG06, WG07, WG08, and WG09 from this study,
and of samples QZ05 and QZ08 from Zhang et al. (2018) and 11QZ-7 from Xu et al. (2017). Columns a-e are in turn redrawn after 1:200,000 geological maps of the
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orogenic events during different periods (i.e., Jurassic-Cretaceous,
Permian-Triassic, and early Paleozoic) dominated the Phanerozoic
development and the present configuration of South China (Charvet
etal., 2010; Li et al., 2016; Lin et al., 2008; Shu et al., 2014, 2015; Wang
et al., 2013a). Of these orogenic events, the most significant tectono-
thermal event occurred in the Permian-Triassic, represented by the
convergences between the NCB and SCB along the Qinling-Dabie orogen
(e.g., Hacker et al., 1998; Meng and Zhang, 2000; Dong et al., 2011),
between the SCB and Indochina block along the Ailaoshan-Song Ma
suture zone (Lepvrier et al., 2008; Cai and Zhang, 2009; Faure et al.,
2014), and between the Sibumasu and Indochina blocks along the
Sukhothai zone (Arboit et al., 2014; Carter et al., 2001). These conver-
gences resulted in the closure of the Paleo-Tethys Ocean (Metcalfe,
2013). However, there is another view that the flat subduction of the
Paleo-Pacific plate beneath the Eurasian plate during the Permian-
Triassic transitional period made the SCB, especially its eastern
portion to be evolved into an Andean-type active margin (Li and Li,
2007; Li et al., 2012).

In addition to Jiangnan/Sibao orogen formed from a metaigneous
and metasedimentary Neoproterozoic assemblage (Qiu et al., 2000;
Zhao and Cawood, 2012), there is a spatially limited and poorly exposed
Archean and Paleoproterozoic basement in the SCB. This antique base-
ment is unconformably overlain by both a middle-upper Neoproterozoic
and lower Paleozoic succession, which are accumulated in an aulacogen
environment (i.e., Nanhua and Kangdian rifts; Cawood et al., 2018; Shu
et al., 2008, 2011; Wan, 2010; Wang and Li, 2003; Wang et al., 2012a;
Zhao and Cawood, 2012). Mesoarchean to early Paleoproterozoic
(~3200-2300 Ma) gneisses and amphibolites are found to be exposed in
the Kongling complex of the Yangtze block (e.g., Qiu et al., 2000; Zhao
and Cawood, 2012). In contrast, late Paleoproterozoic (~1800 Ma)
metamorphic rocks are mainly distributed in the Wuyi massif of the
Cathaysia block (Fig. 1b; Yu et al., 2009 and references therein). The
next younger rocks are Mesoproterozoic (1600-1400 Ma) rocks confined
to Hainan Island and composed mainly of granodiorites (Li et al.,
2008b). The youngest Precambrian successions, which are dominated by
early to middle Neoproterozoic igneous rocks, are found to distribute
along the Jiangnan orogen and around the western margin of the
Yangtze block (Fig. 1; Cawood et al., 2013; Wang et al., 2013b).

2.2. Qinfang basin

Tectonically, the Qinfang basin is bounded by the Pingxiang-
Nanning fault and Devonian to Middle Triassic Youjiang basin to the
northwest (Yang et al., 2012), by the Bobai-Cenxi fault and Yunkai
massif to the southeast, and by the Beibu Gulf and the South China Sea to
the southwest (Figs. 1 and 2a; BGMRGP, 1988). To the northeast,
however, the basin extends into the interior of the Cathaysia block,
resulting in a V-shaped region (e.g., Zhang et al., 2018). The basin is
filled with strata from the bottom of Lower Silurian to Lower Jurassic, in
which several unconformities occurred throughout the basin (Fig. 3).
The Lower-Middle Devonian Guitou Group (D;.5gt) in Hepu area, which
has a conformable relationship with the overlying Middle Devonian
Donggangling Formation (D,d) and an angular unconformability with
the underlying Upper Silurian, consists primarily of light-gray thick-
bedded coarse-grained sandstone with intercalated fine-grained sand-
stone at the top, and yellowish-white or light-grey basal conglomerate,
fine-grained conglomerate, conglomeratic sandstones and medium-
coarse grained sandstone at the bottom (Fig. 3d). The lower part of
the Upper Permian sequence in Pubei area, which is overlain conform-
ably by the upper part of the Upper Permian sequence and has an
unconformable relationship with the underlying Lower Permian Mao-
kou Formation, is composed mainly of grey-green mudstone, silty
mudstone, argillaceous siltstone, sandstone, with gravel-bearing coarse-
grained sandstone and intercalated gravel sandstone at the bottom
(Fig. 3e). The first formation of the Upper Permian in Dongxing area,
which is conformably overlain by the second formation of the Upper

Journal of Asian Earth Sciences 204 (2020) 104578

Permian and angular unconformably underlain by the forth formation of
the Lower Silurian Liantan Group, is characterized by gray thick-bedded
conglomerate and pebbly sandstone with intercalated silty mudstone at
the top, sediment hiatus in the middle portion, and interbeds of unequal-
grained sandstone and silty mudstone intercalated pebbly-bearing
clastic sandstone at the bottom (Fig. 3b). The Middle Jurassic Nadang
Group in Shangsi area, which is conformably overlain by the Upper
Jurassic and underlain by the Lower Jurassic Baixing Formation, con-
tains mica and argillaceous siltstone, calcareous siltstone with granitic
sandstone in the upper portion, sediment hiatus in the middle portion,
and lithoclastic sandstone and peddled lithoclastic sandstone sand-
wiched with coal lines in the lower portion (Fig. 3a).

According to Liang and Li (2005), the strata from the Upper Permian
to Lower Triassic are considered to record the change from the foreland
basin to Indosinian orogen further south (e.g., Cai and Zhang, 2009; Hu
et al., 2015a; Tang et al., 2013; Zhao et al., 2010, 2012). As shown in
Fig. 2, middle Paleozoic-early Mesozoic granites occur widely in this
basin. The Paleozoic succession, which is conformable and composed of
siliciclastic Paleozoic strata that display a fault contact relationship with
the northern Mesozoic-Cenozoic Nanning basin, are mainly exposed in
the central and eastern portions of the Qinfang basin (i.e., Qinfang area),
while the Mesozoic succession is found to appear principally in the
western portion (i.e., Shiwandashan area) (Fig. 2; BGMRGZAR, 1985).
Capping the Paleozoic-Lower Triassic foreland succession, a basin-
throughout Middle Triassic unconformity corresponds to an extensive
emplacement into the pre-Middle Triassic succession (Fig. 2a;
BGMRGZAR, 1985) of Indosinian S-type granite (240-230 Ma, Zhao
et al., 2010).

2.3. Yunkai massif, Hainan Island and northeast Vietnam terrane

The NE/ENE-trending Yunkai massif, located in eastern Guangxi and
western Guangdong Provinces, represents a crystalline basement
adjoining to the Qinfang basin (Figs. 1b and 2a). It is an important
tectonic zone that experienced a strong Kwangsian tectono-magmatic
event, which is characterized by ~460-430 Ma syn-orogenic crustal
thickening and ~430-400 Ma post-orogenic extension (Charvet et al.,
2010; Li et al., 2010; Shu et al., 2015; Wang et al., 2012a, 2013b). The
base of the massif is widely occupied by Paleoproterozoic metamorphic
complexes (BGMRGZAR, 1985; BGMRGP, 1988; Zhang et al., 2012),
which have an unconformable contact with overlying pelagic/hemi-
pelagic deposits of Sinian and lower Paleozoic. All these strata and rocks
were intruded by granites of the early Paleozoic (465-395 Ma) and
Permo-Triassic (270-230 Ma) ages and were influenced by later tectono-
thermal activities (BGMRGP, 1988; Peng et al., 2006; Wang et al.,
2007b; Lin et al., 2008; Zhang and Cai, 2009; Wang et al., 2011a).
Together with the northern Hainan Island (Zhang and Cai, 2009), this
massif forms the portion of the Precambrian basement of the Cathaysia
block (e.g., Yu et al., 2010; Zhao and Cawood, 2012).

Locating near the southern end of the South China mainland and to
the southeast of the Qinfang basin (Fig. 1), appearing is Hainan Island,
which is composed of a basement including Neoproterozoic sedimentary
units (BGMRGP, 1988; Yao et al., 2017) and early Mesoproterozoic
(1600-1400 Ma) igneous (Li et al., 2008b) and sedimentary rocks.
Overlying the basement of the island are Paleozoic to Mesozoic strata
(Xu et al., 2014b; Zhou et al., 2015). Mesoproterozoic rocks also occur in
the western Yangtze block (e.g., the Dongchuan Group; Wang and Zhou,
2014), certainly not just on Hainan Island. Additionally, it also under-
went Permian-Triassic tectono-thermal events (Tang et al., 2013; Xie
et al., 2006; Xu et al., 2007).

Similarly, the northeast Vietnam terrane is also characterized by a
Precambrian metamorphic basement (e.g., Chen et al., 2014), overlying
of which is a series of Paleozoic-early Mesozoic magmatic and meta-
morphic rocks (Chen et al., 2014; Faure et al., 2014; Vuong et al., 2013;
Yan et al., 2006). The south margin of the terrane is marked by the Song
Chay ophiolitic mélange, which is considered to record the convergence
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and collision of the SCB with the Indochina block (e.g., Faure et al.,
2014; Lepvrier et al., 2008).

3. Sampling

In this paper, four sedimentary rock samples for detrital zircon
analysis were collected from the Lower-Middle Devonian to Middle
Jurassic strata of Qinfang basin, within which a disconformity takes
place between Upper and Lower Triassic strata due to the Indosinian
orogeny (Figs. 2 and 3). The Permian and Triassic sedimentary se-
quences are absent in the Hepu area (Fig. 3d). Sample WG06 was
collected from the Middle Jurassic (Nadang Group) in the Shangsi area
(shown in stratigraphic column of Xiaodong, Fig. 3a) of the western
Qinfang basin. Samples WG07 and WG09 were collected from the first
formation of the Upper Permian in the Dongxing area of the southwest
Qinfang basin and the lower part of the Upper Permian in the Pubei area
(shown in stratigraphic column of Lingshan, Fig. 3e) of the northeast
Qinfang basin, respectively. Lower-Middle Devonian sample WG08 was
collected along the road of Gongguan to Quzhang Town, in the Hepu
area of the southeast Qinfang basin (shown in stratigraphic column of
Hepu, Fig. 3d). Sample WGO6 is yellow medium-grained sandstone in
which there is ~68% quartz, ~21% feldspar, and ~11% lithic frag-
ments. In contrast, sample WG07 appears gray fine-grained sandstone
with ~65% quartz, ~20% feldspar, and ~15% other minerals (such as
mica and heavy minerals) contained. Sample WGO08, gray-white me-
dium-grained sandstone, consists of ~94% quartz, ~4% lithic frag-
ments, and ~2% feldspar. Upper Permian sample WGO09 is also grey fine-
grained sandstone composed of ~82% quartz, ~12% lithic fragments,
and ~6% mica and heavy minerals.

4. Analytical methods

Zircon grains were extracted from whole-rock samples using heavy-
liquid and magnetic separation and then randomly selected by manual
hand-picking with the help of a binocular microscope, following which
the selected zircon grains were mounted in a thin layer of epoxy resin on
petrographic slides and polished down to roughly half sections to expose
the interiors. All these processes were designed to prevent or minimize
cross-contamination between samples. Cathodoluminescence (CL) im-
aging and optical observation were combined to inspect the zircon
morphology, and the clearest, least fractured rims of the zircon crystals
were selected as suitable targets for further in-situ analyses. The CL
imaging was performed in a JXA-8100 Electron Probe Microanalyzer
with a Mono CL3 Cathodoluminescence System at the State Key Labo-
ratory of Isotope Geochemistry (SKLIG), Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences (GIGCAS). Zircon U-Pb
dating on four samples (i.e., WG06, WG07, WG08, and WG09) and Hf
isotopic compositions and trace elements of zircons from samples WG06
and WGO08 were obtained using an Agilent 7500a laser ablation ICP-MS
instrument in combination with an excimer 193 nm laser ablation sys-
tem (GeoLas 2005) at the State Key Laboratory of Continental Dynamics
(SKLCD), Northwest University, Xi’an, China. The system was employed
in relation to an Elan6100 DRC Q-ICP-MS and a Nu Plasma HR MCICP-
MS. The following operating conditions were used for all analyses: a 40
pm spot diameter with a 10 Hz repetition rate at 10-15 J/cm? energy
density. Through a Y-shaped connector, the zircon aerosol generated by
the laser was split behind the ablation cell into two transport tubes and
concurrently introduced into the two mass spectrometers. Among them,
the Q-ICP-MS was employed to determine U-Pb ages, while the MC-ICP-
MS instrument was applied to measure trace elements and Hf isotopic
compositions. Analytical procedures similar to those described by Liu
et al. (2010) and Yuan et al. (2008) were carried out. ICPMSDataCal7.2
(Liu et al., 2008) was used to calculate the U-Pb ages, and then Harvard
zircon 91,500 and GJ-1 were used as the external standards for cali-
bration. With the Isoplot program (Ludwig, 2001), concordia diagrams,
probability distribution plots, and weighted mean calculations were
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performed.

According to a decay constant for ”Lu of 1.865E-11 (e.g., Scherer
et al., 2001), we calculated the initial 17®Hf/'77Hf values. It is assumed
that a mean '7°Hf/*”7Hf value is 0.015 for the average continental crust
(Griffin et al,, 2002). Furthermore, present-day 1761£/177Hf and
176Lu/Y77Hf ratios of chondrite are 0.282772 and 0.0332, respectively;
and those of depleted mantle are 0.28325 and 0.0384, respectively
(Blichert et al., 1997; Vervoort and Blichert, 1999). Based on this, we
computed the model ages (Tpy), which are suitable for grains either
derived from juvenile magma produced directly from the depleted
mantle or by remelting the material just extracted from the depleted
mantle. For this reason, the model ages are believed to represent only
the minimum age for the magma source material from which zircon is
crystallized. By assuming that parental magma was produced by melting
of an average continental crust sourced from the depleted mantle, in
contrast, the crustal model ages (Tcpy) are considered to reflect the
reworking of older crust with juvenile material added (e.g., Belousova
et al., 2010). The Tpy is characterized by ey¢(t) which is at least 0.75
times the ey values of the depleted-mantle curve, while the calculation
of Tepm was performed for all other analyses. The U-Pb age and REE data
of zircons were also collected for Hf isotope analysis. Using 2°Si as the
internal calibration, U, Th, and Pb concentrations were corrected.

5. Results
5.1. CL images and Th/U ratios

Representative CL images of the detrital zircons of the four samples
along with spot ages are shown in Fig. 4. Some zircons show approxi-
mately round grain morphology, which indicates that they have un-
dergone long-distance transportation and abrasion or possible multi-
cycled deposition. The other zircon grains are subhedral to euhedral
in crystal morphology, suggesting that they experienced short trans-
portation from the source region. Igneous zircons from various rocks are
characterized by a Th/U ratio ranging from 0.2 to 1.0, while the meta-
morphic zircon has a lower Th/U ratio, less than 0.1 (e.g., Kinny et al.,
1990). For this reason, the Th/U ratio of zircon is usually employed to
distinguish its origin (e.g., Maas et al., 1992). Considering that there
may be some exceptions that igneous zircons exhibit a low Th/U ratio
and vice versa, it is, therefore, risky to distinguish the metamorphic
origin from the igneous origin of zircons in terms of the Th/U ratio alone
(Hidaka et al., 2002). Despite this, the Th/U ratios are still effective in
making a rough estimate of the origins of zircons. Here, the composition
zoning in most zircons is planar or oscillatory, and Th/U ratios of 168
grains among the 241 zircon U-Pb ages are greater than 0.4 (see Fig. 5
and Supplementary Table S1), which indicates that these zircons were
sourced from magmatic protoliths. Although slightly high Th/U ratios
(Table S1), shiny CL images (Fig. 4; Hidaka et al., 2002) suggest that a
few zircons [such as zircon WG06-41 (1003 Ma)] are metamorphic
origin, indicating that Mesoproterozoic metamorphism may occur in the
source region, thereby providing a metamorphic imprint for the source
material for later deposition.

5.2. U-Pb age of detrital zircons

We performed a total of 241 analyses for 241 zircon grains from the
four sandstone samples and listed the zircon U-Pb isotopic compositions
in Table S1. Analyses in the data table and Concordia plots are reported
at a 1o level. Although all analyses are plotted on Concordia graphs
(Fig. 6), only 227 analyses showing discordance lower than 10% are
plotted in the frequency distribution histogram (Fig. 7). The 2°°Pb/238y
ratios are used to define U-Pb ages less than 1000 Ma, while the
207pb/296pb ratios are applied to older ages. Zircon U-Pb data of the
Lower Devonian to Middle Jurassic sandstones yield various groups of
ages (Figs. 6 and 7), which means that the Qinfang basin was fed by
multiple sources and experienced a complex erosion process.
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Fig. 4. Representative CL images showing internal structure and morphology of detrital zircons from the Qinfang basin.

Fifty-eight analyses were carried out on sample WG06, among which
fifty-three ages ranging from 1914 + 54 Ma to 246 + 7 Ma were obtained
on or near the concordia curve (Fig. 6a). In this distribution range, the
age spectra of the grains with ages of 2000-600 Ma are scattered
(Fig. 6a). The age spectra are characterized by three groups. Specifically,
group 1 involves 23 grains ranging from 246 Ma to 334 Ma with one
prominent peak at 288 Ma, group 2 includes 14 grains from 412 Ma to
599 Ma with one major peak at 471 Ma and mean age at 473 Ma, and
group 3 contains 15 grains varying from 679 Ma to 1576 Ma with a
subordinate peak at 1000 Ma. Furthermore, the age of 1914 + 54 Ma

was yielded for the oldest grain (Fig. 7a).

Sixty-three zircon grains were selected for sample WGO07 to be
analyzed, and sixty analyses are shown on or near the concordia curve
(Fig. 6b). Ages of these zircon grains vary from 3650 + 39 Ma to 458 +
11 Ma, most of which can be divided into five distinct age groups: 458
Ma to 595 Ma (n = 14) with a prominent age peak at 471 Ma and a
subordinate age peak at 576 Ma; 808 Ma to 1213 Ma (n = 22) with a
major age peak at 988 Ma; 1332 Ma to 1661 Ma (n = 8) with a subor-
dinate age peak at 1447 Ma; the fourth group consisting of three ages of
1936 Ma, 1944 Ma and 1981 Ma with a peak at 1965 Ma and a mean age
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at 1954 Ma; and the final group including 2321 Ma to 2687 Ma (n = 12)
with a dominant age peak at 2482 Ma. Also, a concordant age of 3650 +
39 Ma was obtained for the oldest grain (Fig. 7b).

Sample WGO8 has a frequency distribution similar to that of sample
WGO7. Analyses of sixty zircon grains yield fifty-six ages on or near the
concordia curve (Fig. 6¢). The age groups are classified into three
ranges: 448 Ma to 563 Ma (n = 14) with a distinct age peak at 471 Ma
and the average age at 482 Ma; 686 Ma to 1584 Ma (n = 29) with three
subordinate age peaks at 871 Ma, 1012 Ma, and 1412 Ma; 2402 to 2673
Ma (n = 10) with two subordinate ages at 2435 Ma and 2671 Ma.
Concordant ages of 3398 + 25 Ma and 3628 + 15 Ma were yielded for
the two oldest grains (Fig. 7c).

Sixty analyses of zircon grains were conducted for sample WG09, of
which fifty-eight analyses are displayed on or near the concordia curve
(Fig. 6d). Ages between 401 + 12 Ma and 3032 + 44 Ma are yielded for
sample WG09. However, there is only one major age group clustered
from 401 Ma to 563 Ma (n = 23) with a major age peak at 465 Ma.
Between 720 Ma and 1735 Ma (n = 31), there is a relatively dispersive
age spectrum with two subordinate age peaks at 826 Ma and 1011 Ma.
The rest of four zircon grains display concordant ages of 2331 + 48 Ma,
2492 + 42 Ma, 2610 + 46 Ma, and 3032 + 44 Ma (Fig. 7d).
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Fig. 6. LA-ICPMS U-Pb concordia age plots for detrital zircons from the sandstone samples from the Qinfang basin.
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5.3. Hf isotopic composition

Hf isotopic composition analyses were performed on zircon grains
from both samples WG06 and WG08, and the results are listed in Sup-
plementary Table S2. A wide range of '7SHf/Y”’Hf (0.281249 to
0.282848 and 0.280260 to 0.282683, respectively) and '7%Lu/}"7Hf
(0.000257-0.001920 and 0.000030-0.003389, respectively) ratios are
shown for the zircons of these two samples.

Fifty-three zircon grains selected from sample WG06 were analyzed
for Hf isotopes (Table S2, Fig. 8). Most Cambrian to Triassic (514-246
Ma) detrital zircons show negative ey¢(t) values (-0.43 to —47.53), and
seven grains embody positive egf(t) (+2.36 to +8.17) with model ages
between 896 Ma and 601 Ma. Three late to middle Neoproterozoic
(799-599 Ma) grains exhibit negative ey¢(t) values of -15.14 to —26.68
and a positive eyg(t) value of +8.62. In contrast, most zircon grains with
middle Mesoproterozoic to early Neoproterozoic ages (1287-869 Ma)
yield negative ey¢(t) values (-2.59 to —14.26), indicating that these zir-
cons were sourced from crustal materials. In this age range, only one
grain shows a positive eyg(t) of +8.27. For ages lying between 1576 Ma
and 1311 Ma (late to middle Mesoproterozoic), three zircon grains are
characterized by positive ey(t) values (-0.31 to +4.35) with model ages
between 1855 Ma and 1782 Ma, and the only one left has a negative
ege(t) of -8.09 with a model age of 2263 Ma. Besides, one middle
Paleoproterozoic (1914 Ma) grain yields a negative eys(t) of -1.67 with a
model age of 2375 Ma.

Hf isotope analyses were carried out on fifty-two dated zircon grains
from sample WGO08. For detrital zircons with Cambrian to Ordovician
ages (529-448 Ma), most yield negative ey(t) values (—4.17 to -18.39)
with model ages between 1824 Ma and 1230 Ma, and only one grain
shows a positive egg(t) of +8.33 with a model age of 796 Ma. Among
twenty-seven early Mesoproterozoic to late Neoproterozoic (1584-563
Ma) zircon grains, twenty-three grains yield negative eyg(t) values
(-1.02 to -39.11) with model ages varying from 2946 Ma to 1622 Ma,
and the other four zircons display positive eg¢(t) values (+2.55 to +3.85)
with model ages of 1793-1109 Ma. One late Paleoproterozoic (1833 Ma)
grain exhibits a negative eyg(t) of —23.32 with a model age of 3118 Ma.
Six early Paleoproterozoic (2483-2402 Ma) zircon grains embody
negative ey(t) values (-0.01 to -13.09) with a mean value of —4.48 and
model ages varying from 3249 Ma to 2766 Ma. Four Neoarchean
(2673-2522 Ma) grains display eyg(t) ranging from -4.51 to -10.71 with
amean of -7.92. Additionally, two older Archean zircon grains with ages
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of 3398 Ma and 3628 Ma have ey¢(t) of -10.42 and -9.39, respectively
(Table S2, Fig. 8).

6. Discussion
6.1. Variation in age spectra with depositional ages

The analyses on detrital zircons of Lower-Middle Devonian to Middle
Jurassic sandstones from the Qinfang basin yield a similar range of late
Neoproterozoic- to Lower Devonian-aged grains and late Mesoproter-
ozoic- to early Neoproterozoic-aged grains, but late Paleozoic- to early
Mesozoic-aged grains are only present in the Jurassic sample WG06
(Fig. 7).

Except for the Jurassic sample, all samples have zircon grains older
than 2.3 Ga. Neoarchean-early Paleoproterozoic ages are concentrated
between 2.7 and 2.3 Ga, with a major age peak at ~2.5 Ga in both
samples WG07 and WGO08 and a subordinate age peak at ~2.7 Ga in
sample WGO8. Late Paleoproterozoic-early late Paleozoic zircon grains
in the range of 1.9-0.4 Ga occur in all samples, of which samples WG06
and WGO09 display a similar scatter and a subdued peak at ~1.0 Ga,
while samples WG07 and WGO08 exhibit a similar distribution and
several distinctly subordinate peaks. Even so, all samples display a
prominent age peak at ~471 Ma.

Late Paleozoic-early Mesozoic zircon grains are present only in the
Jurassic sample and absent from the Devonian and Permian sequences
(Fig. 7). This fact suggests that the sources feeding the Qinfang basin
varied during the Devonian to Jurassic, implying that the basin was
located in a tectonically active setting and was fed by continuous sedi-
mentation during that period although local interruptions occurred
(Fig. 3).

6.2. Provenance of Lower-Middle Devonian to Middle Jurassic
successions in the Qinfang basin

As shown in Fig. 7, 241 zircon grains from the four Lower-Middle
Devonian to Middle Jurassic sandstone samples in the Qinfang basin
show a broad age range of 3650-246 Ma with major peaks centered at
2700-2300 Ma and 1200-800 Ma for samples WG07 and WGO08,
600-400 Ma for all samples, and 334-246 Ma for sample WGO06. The
difference in age distribution between Upper Permian samples WG07
and WG09 may be associated with either local non-uniformity or

20

Fig. 8. Plots of crystallization age versus eyg(t) for
the detrital zircons from the Qinfang basin (this
study), Western Australia (Veevers et al., 2005),
and Tethyan Himalaya zone (Zhu et al., 2011).
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insufficient analyses (Fig. 7). This local non-uniformity or insufficient
analyses may also occur in Devonian samples from the Qinzhou area
[11QZ-7 in Xu et al. (2017); Figs. 3c and 9h] and its adjacent Hepu area
(WGO8 in this study; Fig. 3d and 9g). In contrast, the similarity in age
distribution among some samples suggests a possible common source.
For example, samples WG07 and WGO08 were collected from the Upper
Permian and Lower-Middle Devonian sequences, respectively, both
which directly angular unconformity overlies Silurian strata (Fig. 3). In
these two samples, analyzed Neoarchean-early Paleoproterozoic zircon
grains with a peak of ~2500 Ma are found rounded with a rim-core
structure and oscillatory zoning (Fig. 4), which means that they have
suffered long-distance transportation from their source region and/or
multi-cycled sedimentary processing before their deposition. It was re-
ported that Archean igneous rocks were exposed in the Yangtze block (e.
g., Cawood et al., 2020; Peng et al., 2009; Zhao et al., 2020) rather than
the Cathaysia block. For example, Archean rocks have been recently
documented in the Cuoke area of the southwestern Yangtze block
(Cawood et al., 2020; Zhao et al., 2020), which is immediately adjacent
to the north of the Qinfang basin. Furthermore, detrital zircons of
Archean were also widely distributed in metasedimentary rocks and pre-
Permian clastic rocks in the Yunkai massif (Qin et al., 2006; Yu et al.,
2010). Combined with the studies by Li et al. (2008a) and Qin et al.
(2006), the Yunkai massif, along with Hainan Island, was likely to feed
the basin with the Paleoproterozoic (1900-1600 Ma) and Mesoproter-
ozoic (1400-1200 Ma) zircons during Early-Middle Devonian to Late
Permian. Interestingly, zircon grains with these ages were once reported
in Middle Triassic samples from the Youjiang basin (e.g., Yang et al.,
2012), northwest of the Qinfang basin. Considering that significant age
groups of ~1900-1700 Ma and ~1300-1100 Ma were reported in the
Proterozoic metasediments in Yunnan Province, which is right to the
northwest of the Youjiang basin (Wang et al., 2011b). Thus, the meta-
sediments may be a source feeding the Youjiang basin. However, this
derivation cannot be determined because of no available paleocurrent
data. For the same reason, it is uncertain that the Paleoproterozoic-
Mesoproterozoic grains in the two samples (WG07 and WG08) were
sourced from the metasediments. Besides, the two samples are post-
orogenic and are characterized by age distribution similar to the post-
orogenic sample from the Middle Devonian strata (Fig. 9f; Zhang
et al.,, 2018) and syn-orogenic samples from the underlying Silurian
strata (Fig. 9j-1; Xu et al., 2017), but distinct from the syn-orogenic
samples from the underlying Lower Devonian [sample 11QZ-7 in Xu
et al. (2017); Fig. 9h] and Upper Silurian [sample QZ5 in Zhang et al.
(2018); Fig. 9i] strata. These samples (i.e. 11QZ-7 and QZ5), collected
from the Qinzhou area where the Lower Devonian strata are conform-
able with the underlying Upper Silurian strata (Fig. 3¢), are found to lack
early Paleozoic (~500-400 Ma) zircons but possess a pattern of Pre-
cambrian (~1000-900 Ma) detrital zircon ages. This Precambrian
pattern is similar to that of both the late Neoproterozoic sediments (Yu
et al., 2008, 2010) and the early Neoproterozoic igneous rocks (Wang
etal., 2013b; Zhang et al., 2012) of the Yunkai massif. This fact suggests
that the Yunkai massif fed a lot of materials to the Qinfang basin during
the Silurian-Devonian (e.g., Xu et al., 2017; Zhang et al., 2018). Beyond
that, it was previously reported that there are 972 + 8 Ma Jiangnan
rhyolites with ~1100 Ma inherited magmatic zircons exposed in the
center of the Cathaysia block (e.g., Shu et al., 2008), 970-890 Ma
Shuangxiwu Group volcano-plutonic rocks present on the southeastern
margin of the Yangtze block (Li et al., 2009), and Neoproterozoic
(900-750 Ma) zircons dominated in the middle-late Neoproterozoic
sediments in the Jiangnan orogen (e.g., Wang et al., 2012b, 2012c; Zhao
et al,, 2011). In combination with the southwestward paleocurrents
(Yang et al., 2012), these rocks could serve as another potential source
for the Qinfang basin. It is noted that late Neoproterozoic-early Paleo-
zoic (650-500 Ma) detrital zircons occur in samples WG07 with an age
peak of 576 Ma and WGO8 (Fig. 7). These zircons may have been derived
from Cambrian-Silurian sedimentary rocks containing detritus of this
age in the Yunkai massif and the basin itself (Xu et al., 2017).
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The integration of detrital zircons from the four sandstone samples in
this study displays a major age group of Late Cambrian—Early Devonian
zircons with ages ranging from 498 to 412 Ma and a corresponding age
peak of ~471 Ma that is also present in the age distribution of each
sample (Fig. 7), implying that they have a possible common source. This
age range corresponds to ~500-410 Ma igneous rocks (e.g., granites)
and metamorphic rocks (e.g., gneisses, granulites, migmatites, and
amphibolites) that were considered to be produced by the early Paleo-
zoic Kwangsian movement in the SCB (Charvet et al., 2010; Li et al.,
2010; Wang et al., 2011a; Xu et al., 2011; Yan et al., 2017). Among
them, ~480-410 Ma granitic rocks were extensively exposed in the
Yunkai massif (Chen et al., 2012; Peng et al., 2006; Wang et al., 2011b).
Also, the age peak of 471 Ma is basically in accordance with the major
age peak of 480-460 Ma for Upper Permian-Triassic samples (TWZ4,
TWZ65, NSPZ7, and NTZ5) (Hu et al., 2014; Xu et al., 2017) and
Devonian and Silurian samples (Xu et al., 2017; Zhang et al., 2018) from
the same basin (Figs. 7 and 9) and the Yunkai massif. This fact suggests
that the detrital zircons as young as 471 Ma from sandstone clasts within
the younger (e.g., Late Permian to Middle Jurassic) strata are in agree-
ment with the source from the older (i.e., early Paleozoic) sediments in
the Yunkai massif and the Qinfang basin (e.g., Hu et al., 2014). In
combination with the southeast-northwest-directed paleocurrents dur-
ing Later Permian and Early Triassic in the Shiwandashan area (Fig. 2c;
Liang and Li, 2005) and early Paleozoic igneous and sedimentary units
in the Yunkai massif (e.g., Chen et al., 2012; Wang et al., 2011b; Yan
etal., 2017; Yu et al., 2010; Zhang et al., 2012), the above comparisons
imply that detritus of this age were likely derived from the Yunkai massif
and its surrounding areas.

Detrital zircon spectra for the Middle Jurassic sample WG06 are
distinct from the pre-Triassic material [except for samples ST-7W and
ST-9W from the Upper Carboniferous to Permian Bancheng Formation
(Ke et al., 2018)] because of both the presence of Middle Carboniferous
to Early Triassic (334-246 Ma) detrital grains and the absence of
prominent component of Proterozoic grains, but from the Triassic ma-
terial mainly because of the latter (Figs. 7 and 9). Integration of samples
ST-7W and ST-9W displays a similar age distribution to our sample
WGO06 (Fig. 9a and e), with the youngest detrital zircon age group of
300-265 Ma and the corresponding peak age of ~282 Ma (Fig. 9e; Ke
et al., 2018). This age group was considered to most likely source from
the Jinshajiang-Ailaoshan-Song Ma-Babu suture belt (Fan et al., 2010;
Hennig et al., 2009; Lai et al., 2014; Yan et al., 2006). In addition,
Hainan Island (Chen et al., 2011; Li et al., 2002, 2008b; Tang et al.,
2013; Xie et al., 2006) and Southeast Yunnan-North Vietnam (Chen
et al., 2014; Halpin et al., 2016; Roger et al., 2000) are also the possible
source for this age group. As shown in Figs. 4 and 5, the 334-246 Ma
detrital zircons are generally subhedral to euhedral, with oscillatory
zones and high Th/U ratios (greater than0.1), indicating that the zircons
are magmatic in origin and experienced short transportation (e.g., Maas
et al., 1992). According to the inference of Hu et al. (2014), Permian-
Early Triassic (300-246 Ma) zircons among them are likely supplied
by the Darongshan-Shiwandashan granites and dolerites (e.g., Chen
et al., 2011; Deng et al., 2004; Xu et al., 2018; Zhao et al, 2010, 2012),
which are overlain unconformably by the Upper Triassic strata and
immediately close to the Shangsi area where sample WG06 was
collected (Fig. 2). Also, zircons of this age may be provided by an older
sequence in immediately adjacent Bancheng Town, Qinzhou City where
samples ST-7W and ST-9W were collected (Ke et al., 2018). It was
recently reported that both one sedimentary rock from the Pingxiang-
Chongzuo area (right to the northwest of Qinfang basin) and all the
Permian siltstones from Hainan Island are found to contain detrital
zircons with a major age group of 400-300 Ma (Hu et al., 2017). Among
them, Carboniferous detrital zircons from the Qinfang basin (sample
WGO06) and the adjacent Pingxiang-Chongzuo area (sample PX20) may
be derived from rocks exposed along the southwestern and southeastern
margins of the SCB. In terms of Yang et al. (2012) and Hu et al. (2017),
for example, the 400-300 Ma ophiolitic gabbros, plagiogranites, and
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tuffs in the Jinshajiang-Ailaoshan-Song Ma-Babu suture zone (Guo et al.,
2004; Halpin et al., 2016; Huang, 2013; Jian et al., 2009a, b; Nie et al.,
2016; Wu et al., 1999; Zhong et al., 1999; Zi et al., 2012a), associated
with the Paleo-Tethys branch ocean, may be responsible for the
Devonian-Carboniferous detrital zircons in Lower-Middle Triassic sedi-
mentary rocks in the Youjiang basin and Pingxiang-Chongzuo area, in
accord with the northeast-directed paleocurrent data. In turn, Carbon-
iferous (334-300 Ma) zircons in our Middle Jurassic sample, may be
derived from such a relatively older sequence in the Youjiang basin and
Pingxiang-Chongzuo area, both which and Qinfang basin are considered
to form the Greater Youjiang basin, where the Devonian to Triassic
strata were deposited (Yang et al., 2012). In contrast, Carboniferous
(~330 Ma, He et al., 2018) igneous rocks on Hainan Island are unlikely
to feed the Pingxiang-Chongzuo area and Qinfang basin since the Late
Permian because the detritus from the Hainan Island cannot pass
through a topographic barrier consisting of the Yunkai massif (e.g.,
Liang and Li, 2005).

6.3. Geological implications

6.3.1. Implications for the affinity of Qinfang basin

Our U-Pb dating of detrital zircons of the sandstones from the Lower-
Middle Devonian and Upper Permian sequences in the Qinfang basin
both display the youngest age population at ~470 Ma (Fig. 7). This age
group is the same as that from the Upper and Middle Silurian sequences
(Fig. 9j and k; Xu et al., 2017), younger than that from the Lower
Devonian (548 Ma in Fig. 9h; Xu et al., 2017) and Upper Silurian (522
Ma in Fig. 9i; Zhang et al., 2018), and older than that (426-458 Ma)
from the Upper Permian (Fig. 10; Hu et al., 2014, 2015a) and Middle
Devonian (Fig. 9f; Zhang et al., 2018) and Lower Silurian (435 Ma in
Fig. 91; Xu et al., 2017) sequences. Along the Qinzhou-Fangcheng fault,
detrital zircons from the sedimentary rocks in the Upper Permian display
a rough consistency but with some changes in the age distribution from
the southwest to northeast (Figs. 2 and 10). Furthermore, the age dis-
tributions of detrital zircons from the Devonian succession in the basin
are distinct between Xu et al. (2017) and Zhang et al. (2018). This is also
true for that from the Silurian succession between these two studies.
These comparisons suggest either local non-uniformity or insufficient
analyses for each sample. It is thus necessary to integrate detrital zircons
from sandstones of the same sequence within the basin.

Results show that the youngest age population of detrital zircons
from the sandstones in the Qinfang basin is defined at 435 Ma for the
Silurian sequence (Fig. 11¢; Xu et al., 2017; Zhang et al., 2018), 435 Ma
for the Devonian sequence (Fig. 11a; This study; Xu et al., 2017; Zhang
et al., 2018), and 447 Ma for the Upper Permian sequence (Hu et al.,
2014, 2015a; This study). These ages fall between 460 and 420 Ma
during which the Kangsian orogeny occurred, of which crustal thick-
ening took place from 460 to 435 Ma as an early phase, when the
amphibolite- to granulite-facies metamorphism, crustal anataxis, and
coeval magmatism occurred widely in the Yunkai and Wuyi massifs of
the Cathaysia block (Li et al., 2010; Wang et al., 2011a, 2012a; Yu et al.,
2005). Ar-Ar dating conducted previously on amphibole and mica in
mylonites from the two massifs suggested that after the first stage of
compression and thickening, post-orogenic extension and cooling
occurred between 435 Ma and 420 Ma (Li et al., 2010; Shu et al., 1999,
2014; Xu et al., 2011, 2016). These facts suggest that the Qinfang basin
was likely to form during or after the post-orogenic extension. The
similarity in age spectra and Hf isotopic compositions between Silurian
samples in the Qinfang basin and those equivalents in both the
Ailaoshan belt and Hainan Island suggests that they may be adjacent and
fed by a common source during that period (Fig. 11; Xia et al., 2015; Xu
etal., 2017; Zhou et al., 2015). At the same time, the Hf isotope data and
crustal model ages on zircon grains of early Paleozoic, early Neo-
proterozoic, and late Mesoproterozoic age groups in our samples WG06
and WGO8 are similar to those of zircon grains from Western Australia
and Tethyan Himalaya (Fig. 8), both which consisted of a portion of East
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Gondwana. Furthermore, several studies on the provenance of detritus
in the Cambrian-Ordovician strata from the Yunkai massif and west
Damingshan (e.g., Wang et al., 2010a; Xu et al., 2013, 2014a), located
on the east and west side of the Qinfang basin, respectively, indicated
that they also shared a common source. Along with these evidences, the
provenance comparisons between the Qinfang basin and its east and
west sides (Fig. 12) suggest that the common source they shared in the
early Paleozoic is East Gondwana (e.g., Western Australia and Tethyan
Himalaya).

6.3.2. Implications for the tectonic setting of Qinfang basin

In the past few decades, many researchers have put forward various
views on the tectonic setting of the Qinfang basin during the late
Paleozoic: an intracontinental rift (Liu et al., 1993) or a portion of an
intracontinental basin (e.g., Yao and Li, 2016), an expanded residual
trough (Xu et al., 2001; Zhang and Xia, 1998) or Cambrian ocean (e.g., Li
etal., 1994), a passive continental margin (Deng et al., 2003; Zhao et al.,
2007), and a part of Paleo-Tethys Ocean (Wu, 1999, 2003; Wu et al.,
1994a) or a branch ocean basin of Paleo-Tethys Ocean (He et al., 2018).
The Qinfang basin was filled with the Silurian to Middle Devonian sili-
ceous rocks and the overlying Upper Devonian to Upper Permian cherts
and silicic mudstones, indicating ongoing regional subsidence (Ma,
1996). Interestingly, synchronous sedimentary evolution also occurred
in the Ailaoshan belt (Feng et al., 1999; Xia et al., 2015; Xiong et al.,
1998; Xu et al., 2019a; Zhang and Lenz, 1998). This was likely associ-
ated with the opening of the Paleo-Tethyan (Ailaoshan) Ocean due to an
observation that there are 385-310 Ma mid-ocean ridge basalt (MORB)-
type ophiolites exposed along the Jinshajiang-Ailaoshan-SongMa-
Hainan Island tectonic belt (e.g., Jian et al., 2009a, 2009b; Zhang
et al., 2014). In contrast, there is no ophiolite exposed in the Qinfang
basin, and only mudstones interbedded with cherts dominate in the Late
Devonian to Carboniferous rock assemblages at the bottom of the basin
(e.g., Wang, 1994; Wu et al., 1994b). Also, radiolarians with a Paleo-
Tethyan affinity were recognized in the Late Devonian to Late
Permian cherts (Ke et al., 2018; Wang, 1994; Wu et al., 1994b), and
minor 261 + 5 Ma island arc-type basalts were found to expose near
Yulin area (Zhang et al., 2003). Furthermore, Late Permian to Early
Triassic granitic rocks (275-230 Ma), volcanic rocks (e.g., ~250 Ma
rhyolites), and mafic rocks (e.g., ~250-248 Ma dolerites) are also
widely exposed in the Qinfang basin (Chen et al., 2011; Deng et al.,
2004; Xu et al., 2018). These facts suggest that the Qinfang basin is not
only a remnant of the Ailaoshan Ocean but also a continental basin
rather than an ocean basin. However, Ma (1996) found that a Paleozoic
deep-sea deposit appeared in the basin. Recently, Ke et al. (2018) also
recognized radiolarian assemblages indicative of a deep-sea or pelagic
setting and a Tethyan affinity. Along with the Permian subduction-
related arc volcanic rocks and E-MORB type basalts in the Pingxing-
Chongzuo area (Qin et al., 2011, 2012), Ke et al. (2018) suggests that
the Qinfang basin is a Permian arc-related basin.

In response to the Indosinian orogeny, the basin was once pushed
northward over the southern margin of the SCB (e.g., Cai and Zhang,
2009; Zhang and Cai, 2009). As mentioned above, however, detritus of
Silurian-Devonian at the bottom of the Qinfang basin were proved to be
fed by the immediately adjacent highlands (e.g., the west Damingshan
and Yunkai massif). This point, combined with the unconformable
relationship between the Silurian-Devonian strata and older strata in the
Yunkai massif, suggests that the basin is autochthonous. Different from
the inference by Xu et al. (2017) based on only one Devonian sample
(including 68 zircon grains), the age distributions of Devonian samples
in the Qinfang basin (Fig. 11a; Xu et al., 2017; Zhang et al., 2018; This
study) are similar to those of not only equivalents in the Ailaoshan belt
(Fig. 11b; Xia et al., 2015), but also Silurian samples in the same basin
(Fig. 11¢; Xu et al., 2017; Zhang et al., 2018). These similarities show
that the Qinfang basin and Ailaoshan belt may be fed by a common
source during Silurian to Devonian, supporting that the Qinfang basin is
aremnant of the Ailaoshan Ocean. However, they are distinct from those
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of Ordovician-Upper Triassic samples from the Indochina block
(Fig. 12k; Burrett et al., 2014; Yan et al., 2017), indicating that the
Qinfang basin is not a part of the Indochina block.

Similar to the Qinfang basin, the Late Devonian cherts in the adjacent
Youjiang basin also contain radiolarians characterized by a Paleo-
Tethyan affinity (e.g., Ren et al., 2011) and the basin was also formed
in association with the Ailaoshan Ocean opening (Du et al., 2013; Guo
et al., 2004; Huang et al., 2013). These evidences suggest that both the
two basins were linked during this period. Until the Late Carboniferous
to Early Permian, the Qinfang-Pingxiang-Chongzuo-Youjiang (i.e.,
Greater Youjiang) basin reached a maximum area, where voluminous
interbedding of banded black cherts and thin mudstones accumulated.
However, this is distinct from the overlying Middle Permian stratum that
is characterized by the interbedding of thin mudstones and thin cherts,
which in turn have an unconformable contact with their overlying sili-
ciclastic turbidites of Late Permian (Huang et al., 2013; Qiu et al., 2017).
Previous studies suggested that the change in these facies was syn-
chronous with the transition of the Ailaoshan Ocean from divergence to
convergence (e.g., Jian et al., 2009b; Zi et al., 2012b).

The Ailaoshan Ocean was generally inferred to close at ~260-220
Ma (e.g., Lai et al., 2014). However, two recent studies by Xu et al.
(2019a, 2019b) suggested that the final closure of the Ailaoshan Ocean
occurred in the Late Triassic. The subsequent oblique collision between
the SCB and Indochina block occurred in the period of Late Permian-
Middle Triassic (Faure et al., 2016; Liu et al., 2015; Zi et al., 2013),
resulting in the shallowing of carbonate sediment from marine to
terrestrial, which is inferred to mark a conversion to a foreland basin
from an intracontinental basin (e.g., Cai and Zhang, 2009; Faure et al.,
2016; Zhao et al., 2012). This process is exactly the Indosinian orogeny
that led to diachronous convergence of the Great Youjiang basin (Hu
et al., 2015a; Zhao et al., 2012), from the Late Permian convergence in
the Qinfang area, through the Early Triassic convergence in the
Pingxiang-Chongzuo area, and finally to the Middle Triassic conver-
gence in the Youjiang area (Hu et al., 2014, 2015b, 2017; Liang and Li,
2005; Qiu et al., 2017; Yang et al., 2013). This means that the Greater
Youjiang basin experienced a transition to a contraction-related foreland
basin from an extension-related continental rift-to-drift basin during the
Indosinian event (e.g., Hu et al., 2017). Also, it induced crustal thick-
ening and uplift of the basin due to both collision and input of volumi-
nous siliciclastic turbidites from the immediately highland (Liang and Li,
2005; Hu et al., 2014; Xing et al., 2016; Yang et al., 2012). By the Middle
Jurassic, however, the Qinfang basin has received much more Middle
Carboniferous- Early Triassic detrital zircons from the relatively older
strata in the western immediately area (e.g., T1-T3 Pingxiang-Chongzuo
basin and T Youjiang basin; Figs. 9 and 12) or basin self (Fig. 9e), but
not from the east side of the Qinfang basin (e.g., P»-J; Yong’an basin;
Fig. 12) because the subhedral to euhedral zircon crystals, indicative of
short transportation from their source region, were found in the Middle
Jurassic sample (Fig. 4a). This suggests that the adjacent west side of the
Qinfang basin may be still tectonically active at least until the Middle
Jurassic.

7. Conclusions

Lower-Middle Devonian to Middle Jurassic sandstones exhibit an
overall age distribution pattern of detrital zircon characterized by major
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age groups at 2700-2300 Ma (absence for Jurassic), 1200-800 Ma,
600-400 Ma, and 334-246 Ma (for Jurassic alone). Zircons (peak
~2500 Ma) was derived from the Yangtze block, while ~1200-800 Ma
grains may be sourced from the Yunkai massif and Jiangnan orogen.
Zircons of ~600-400 Ma came from Yunkai massif and/or recycled from
Cambrian to Silurian sediments of the basin itself. Carboniferous-Early
Triassic (334-246 Ma) zircons were likely to be supplied by an older
sequence in the Great Youjiang basin and the Darongshan-
Shiwandashan igneous rocks. The Qinfang basin and its two sides are
considered to share a common East Gondwana source in the period of
Silurian. The similarity in age spectra between Silurian-Devonian sam-
ples in the basin and the Ailaoshan belt suggests that the basin is a
remnant of the Paleo-Tethyan (Ailaoshan) Ocean. However, the distinct
age distribution between the Qinfang basin and Indochina block shows
that the basin is not a part of the Indochina block. By Middle Jurassic
following the final closure of the Ailaoshan Ocean in the Late Triassic,
the adjacent western area may be still tectonically active, thereby
feeding the basin with detritus of Early Permian.
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