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The southwestern margin of the South China Craton preserves a Late Permian to Early
Triassic sedimentary succession, the provenance of which helps to constrain the
magmatic history and tectonic evolution of the Paleo-Tethyan Orogen. In this study,
we present new detrital zircon U-Pb age, trace element, Hf isotope and whole-rock
geochemical composition analyses from the Lower Triassic Qingtianbao Formation, to
distinguish the provenance of clastic rocks. The results show that the detrital zircons of the
Qingtianbao Formation are characterized by an age spectrum of unimodal, with an age
peak of ~260 Ma, and have a geochemical affinity to within-plate sources. Most of these
zircons have positive εHf(t) values (+1.6 to +5.9), similar to those of the Emeishan rhyolites.
The whole-rock geochemistry of most clastic samples shows no Nb–Ta anomalies on
primitive mantle-normalized elemental diagrams. These features imply a source related to
the Emeishan volcanic rocks. Integration of the geologic and provenance records in the
southwestern margin of the South China Craton, we suggest that the Paleo-Tethyan
Ocean may undergo a unidirectional subduction westward beneath the Indochina Block
during the Late Permian–Early Triassic.
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1 INTRODUCTION

During the middle-late Paleozoic, the South China Craton separated from the Gondwana Land and
then experienced convergence and collision, as well as accretion (Metcalfe, 2013; Cawood et al., 2018;
Wang et al., 2021). It made the Paleo-Tethyan Ocean gradually opened and closed during the
Silurian–Triassic (Metcalfe, 2006, 2013; Wang et al., 2021). Meanwhile, there are multiple
tectonomagmatic events in the southwestern margin of the South China Craton and Indochina
Block, including the Emeishan large igneous province (ELIP) (Figure 1) (Chung and Jahn, 1995; Xu
et al., 2001, 2004, 2008; Xiao et al., 2004; Zhou et al., 2006; Huang et al., 2018). These magmatic rocks
provide significant detritus for adjacent basins, which could reveal the tectonic setting of the basin
(Cawood et al., 2012). Moreover, large volumes of magma are produced in the convergent plate
margin settings, but rocks from this setting have comparatively poor potential for preservation in the
geological record (Scholl and von Huene, 2009; Cawood et al., 2012). Magmatic rocks are poorly
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exposed along the Paleo-Tethyan Ocean between the South China
Craton and Indochina Block (Figure 1), and thus its subduction
polarity has been controversial. Some studies suggested that the
subduction was bidirectional (e.g., Zhong et al., 2013; Hou et al.,
2017; Xia et al., 2019; Xu et al., 2019), whereas other studies
argued that the subduction was unidirectional (e.g., Faure et al.,
2014; Ngo et al., 2016; Yu et al., 2016; Gan et al., 2021; Li et al.,
2021; Wang et al., 2021). The latter suggested that the
southwestern margin of the South China Craton was a passive
continental margin (Yan et al., 2019), and the Paleo-Tethyan
Ocean may only undergo a subduction westward beneath the

Indochina Block during the Late Permian–Early Triassic (Jian
et al., 2009; Faure et al., 2014; Ngo et al., 2016; Li et al., 2021;
Wang et al., 2021).

In this study, we integrate new whole-rock geochemistry
compositions, detrital zircon geochronological and
geochemical data, as well as zircon Hf isotopic analyses of the
Lower Triassic clastic rocks in the southwestern margin of the
South China Craton. These data, when combined with data from
the Late Permian to Early Triassic sequences in the southwestern
South China Craton, allow us to better constrain the subduction
polarity of the Paleo-Tethyan Ocean.

FIGURE 1 | (A) Tectonic outline of SE Asia (modified after Metcalfe, 2013; Wang et al., 2021). (B) Simplified geological map of the South China Craton and its
adjacent regions showing the distribution of representative magmatic rocks (modified after Fan et al., 2008; Ali et al., 2010; Metcalfe, 2013; Yang et al., 2014; Hu et al.,
2017; Shellnutt et al., 2020; Wang et al., 2021; Huang et al., 2022a). Data sources: Zhou et al. (2006); Hoa et al. (2008); Jian et al. (2009); Fan et al. (2010); Liu et al.
(2011); Qing et al. (2011); Li et al. (2012); Chen et al. (2014); Lai et al. (2014); Zhong et al. (2014); Usuki et al. (2015); Halpin et al. (2016); Liu et al. (2017); Yan et al.
(2017); He et al. (2018, 2020); Shen et al. (2018); Xu et al. (2018); Shellnutt et al. (2020); Tran et al. (2020); Gan et al. (2021); Wang et al. (2021); Huang et al. (2022a; and
Huang et al. (2022b). NC: North China Craton, QL-DB: Qinling–Dabie Orogen, SG: Songpan-Ganzi Terrane, QT: Qiangtang, L: Lasha, I: India, WB: West Burma, S:
Sibumasu, SI: Simao, JS: Jinshajiang Suture, ALS: Ailaoshan Suture, RRF: Red River Fault, SMS: Song Ma Suture, DBPF: Dien Bien Phu Fault, CMS:
Changning–Menglian Suture, IS: Inthanon Suture.

Frontiers in Earth Science | www.frontiersin.org June 2022 | Volume 10 | Article 9324862

Han et al. Provenance and Subduction Polarity

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


2 GEOLOGICAL SETTING

The South China Craton is bounded to the north by the
Qinling–Dabie Orogen belt, to the northwest by the Songpan-
Ganzi Terrane, and to the southwest by the Jinshajiang and
Ailaoshan–Song Ma Suture (Figure 1) (Metcalfe, 2013; Wang
et al., 2021). It is adjacent to the Pacific Ocean to the southeast,
and the rocks of Hainan Island are also considered to belong to it
(Cawood et al., 2018). During the early Neoproterozoic, the South
China Craton was formed by collision of the Yangtze and Cathaysia
blocks (Li et al., 2009; Cawood et al., 2018). The Ailaoshan–Song Ma
Suture between South China and Indochina/Simao is known as the
remnants of a branch of the Paleo-Tethyan Ocean (Figure 1) (Faure
et al., 2014; Wang et al., 2021). This Paleo-Tethyan branch ocean is
generally suggested to be opened in the Silurian–Devonian and finally
closed no earlier than Middle Triassic (e.g., Jian et al., 2009; Fan et al.,
2010; Zi et al., 2012; Xu et al., 2019). Opening and spreading of the
Paleo-Tethyan branch ocean, expressed as transgression, led to
regional subsidence in the western margin of the South China
Craton and the deposition of the carbonate platform before the
Middle Permian (Liu and Xu, 1994). During the late Middle
Permian, the regional crustal uplift, called the “Dongwu uplift
movement,” existed in the South China Craton and resulted in a
widespread unconformity across most of South China (Hou et al.,
2020). The ELIP was recognized as an important magmatic event that
occurred in the South China Craton (Xu et al., 2001; Zhou et al., 2002;
Xiao et al., 2004; Huang et al., 2014, 2016, 2018; Shellnutt et al., 2020).
It mainly comprises voluminous continental flood basalt,

ultramafic–mafic intrusive and extrusive rocks, rhyolite, and
granitic rock (Xu et al., 2001, 2010; Xiao et al., 2004; Zhou et al.,
2006; Liu et al., 2016; Huang et al., 2022a). The ELIP mainly erupted
around the Permian Guadalupian–Lopingian boundary
(~260–257Ma) (Zhou et al., 2002; Shellnutt et al., 2012, 2020;
Zhong et al., 2014, 2020; Huang et al., 2016, 2018, 2022b). The
eruption of the ELIP covers an area of ~2.5 × 105 km2 in the South
China and northern Vietnam (Figure 1) (Chung and Jahn, 1995; Xu
et al., 2001; Ali et al., 2010), and its volume is ~3.8 × 106 km3 (He et al.,
2007). The total thickness of the volcanic sequence ranges frommore
than 5 km in the west of the province to several hundredmeters in the
east (He et al., 2007). The Emeishan volcanic rocks overlie the
limestone-dominated Middle Permian Maokou Formation and are,
in turn, covered by Upper Permian clastic rocks in the east and Lower
Triassic sedimentary rocks in the west (He et al., 2007). The Emeishan
basalts were often divided into high-Ti and low-Ti groups according to
Ti/Y ratios andTiO2 values (Xu et al., 2001). In thewestern parts of the
ELIP, such as the Binchuan and Panzhihua areas (Figures 1, 2), the
volcanic sequence is usually composed of low-Ti basalts at the bottom,
high-Ti basalts in the middle, and felsic volcanic rocks (rhyolite and
trachyte) at the top (Xu et al., 2010; Huang et al., 2022a).

3 SAMPLED STRATIGRAPHY AND
ANALYTICAL METHODS

The Lower Triassic Qingtianbao Formation at Dengchuan
consists of yellowish gray to purplish red sandstone,

FIGURE 2 | Geological map of the Dengchuan area (modified after Yunnan Geologic Bureau, 1966, Yunnan Geologic Bureau, 1973).

Frontiers in Earth Science | www.frontiersin.org June 2022 | Volume 10 | Article 9324863

Han et al. Provenance and Subduction Polarity

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


mudstone, and conglomerate (Figure 3; Figures 4A, B). It is
unconformably underlain by the Emeishan basalts and
conformably overlain by breccia limestones of the Middle
Triassic Beiya Formation (Figure 3) (Yunnan Geologic
Bureau, 1973; Zhou et al., 2013). The Qingtianbao Formation
can be classified into three sedimentary facies including alluvial-
fan facies, fluvial facies, and delta facies (Figure 3) (Zhou et al.,
2013). The vertical changes of sedimentary facies at Dengchuan
indicate that the large-scale transgression occurred in this area,
and it has experienced environmental changes from land to
shallow sea during the Early Triassic to Middle Triassic (Zhou
et al., 2013). Twenty-four samples, including ten petrologic
samples, twelve geochemical analysis samples, and two zircon

analysis samples, were collected from the Qingtianbao Formation
at Dengchuan, Yunnan Province, in the southwestern margin of
the South China Craton (Figures 2, 3). The detrital compositions
of sandstones from the Lower Triassic Qingtianbao Formation
mainly comprise quartz (15–25%), feldspar (45–55%), and lithic
fragments (15–45%). The dominant lithic fragments are basalts
and felsic volcanic rocks (Figures 4C, D). Accessory minerals
include zircon and magnetite. Both the roundness and sorting of
sandstone samples are moderate (Figures 4C, D).

All samples were crushed (to 60 mesh) in a corundum jaw
crusher. About 50 g of each sample was ground to a powder of less
than 200 mesh in an agate ring mill. Whole-rock major and trace
elements were analyzed with XRF (Primus Ⅱ, Rigaku, Japan) and

FIGURE 3 | Simplified stratigraphic section and sampling locations at Dengchuan (modified after Zhou et al., 2013).
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ICP−MS (Agilent 7700e) at Wuhan Sample Solution Analytical
Technology Co., Ltd., Wuhan, China, respectively. The analytical
precision is generally less than 5% and accuracy is better than 5%
for most major and trace elements. The detailed analytical
techniques of XRF and ICP-MS for element concentrations are
the same as described by Ma et al. (2012) and Liu et al. (2008),
respectively.

Zircon grains were separated by conventional heavy liquid and
magnetic techniques, followed by hand picking under a binocular
microscope and mounting in epoxy and polishing for the back-
scattered electron (BSE) and cathodoluminescence (CL) imaging.
U-Pb dating and trace element analysis of zircons were conducted
by LA-ICP-MS at Wuhan Sample Solution Analytical Technology
Co., Ltd., Wuhan, China. Detailed equipment configuration and data

FIGURE 4 | Representative field outcrops and photomicrographs of clastic rocks at Dengchuan. (A) Boundary between the Middle Triassic Beiya Formation and
Lower Triassic Qingtianbao Formation. (B) Sandstone and purple mudstone in the middle part of the Qingtianbao Formation. (C) Sandstone sample Ts-10. (D)
Sandstone sample Ts-19. The photomicrographs of samples are in cross-polarized light. Volcanic rock fragments of lathwork (Lvl) and microlitic (Lvm); quartz (Q);
feldspar (F); and zircon (Zr).

FIGURE 5 | (A) Chondrite-normalized REE diagram. (B) Primitive mantle-normalized trace element diagram. Normalized data are from Sun et al. (1989). The
average upper continental crust (UCC) (Rudnick andGao, 2003), arc-related magmatic rocks (Omrani et al., 2008), Emeishan high-Ti basalts (Xiao et al., 2003, 2004; Fan
et al., 2008; Song et al., 2008; Anh et al., 2011; Lai et al., 2012; Huang et al., 2014), Emeishan rhyolites (Xu et al., 2010; Cheng et al., 2017; Hei et al., 2018; Huang et al.,
2022a), and Emeishan trachytes (Shellnutt and Jahn, 2010; Xu et al., 2010) are displayed for comparison.
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reduction were given in Zong et al. (2017). The analyses were
performed on an Agilent 7700e ICP-MS instrument with a
GeoLasPro laser ablation system that consists of a COMPexPro
102 ArF excimer laser (wavelength of 193 nm and maximum
energy of 200mJ) and a MicroLas optical system. In this study,
the spot diameter and frequency of the laser were set to 32 µm and
5Hz, respectively. Zircon 91500 was used as standards for U-Pb
dating. Standard silicate glass SRM610 was used to calibrate the
contents of elements. Each analysis consisted of approximately
20–30 s blank measurement and 50 s of data acquisition from the
sample. Integration of background, off-line selection, analyzed signals,
time-drift correction, and quantitative calibration for trace element
analysis and U-Pb dating were conducted with Excel-based software
ICPMSDataCal (Liu et al., 2008, 2010). All the age calculations and
concordia diagrams were made using Isoplot 3.0 (Ludwig, 2003).

In situ zircon Hf isotopic measurements were performed using a
Neptune Plus MC-ICP-MS (Thermo Fisher Scientific, Germany) in
combination with a GeoLas HD excimer ArF laser ablation system
(Coherent, Göttingen, Germany) at Wuhan Sample Solution
Analytical Technology Co., Ltd, Wuhan, China. The Hf isotopic
analyses were carried out on the same spots that were previously
analyzed for U-Pb dating. The analysis parameters mainly include
beam diameter of 44 μm, the ablation energy density of ~7.0 J/cm2,

background signal acquisition of 20 s, and ablation signal acquisition of
50 s. Detailed operating conditions and analytical methods were
described by Hu et al. (2012). Zircon Plešovice, 91500, GJ-1, and
TEM were analyzed as standard samples. The test value is consistent
with the recommended value within the error range. Integration of
analyte signals and off-line selection, and mass bias calibrations were
performed using Excel-based software ICPMSDataCal (Liu et al.,
2010). The decay constant of 176Lu is 1.867 × 10–11/year (Söderlund
et al., 2004). The values of εHf(t) are calculated relative to chondrites
whose 176Hf/177Hf and 176Lu/177Hf ratios are 0.282,772 and 0.0332,
respectively (Blichert-Toft andAlbarède, 1997). The single-stagemodel
age (TDM1) was calculated relative to the depletedmantle using 0.28325
for the 176Hf/177Hf ratio and 0.0384 for the 176Lu/177Hf ratio (Griffin
et al., 2000). The two-stage model age (TDM2) was calculated by
assuming that zircon parental magma is derived from an average
continental crust with a176Lu/177Hf ratio of 0.015 (Griffin et al., 2000).

4 RESULTS

4.1 Whole-Rock Geochemistry
The mudstone samples contain variational SiO2 (21.42–58.18%),
Al2O3 (7.29–19.74%), TiO2 (0.93–2.92%), and CaO (0.54–32.8%)

FIGURE 6 | Cathodoluminescence (CL) images of representative zircons from clastic rock samples at Dengchuan.
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values, with low Na2O values (0.01–0.64%) and high K2O values
(2.2–6.11%) (Supplementary Table S1). The TiO2 values are
0.93–2.92%, which are lower than Emeishan high-Ti basalts
(>2.5%) (Xiao et al., 2003, 2004; Zhou et al., 2006; Fan et al.,
2008; Song et al., 2008; Xu et al., 2008; Anh et al., 2011; Lai et al.,

2012; Huang et al., 2014; He et al., 2018), but higher than
Emeishan rhyolites (0.40–0.75%) (Xu et al., 2010; Cheng et al.,
2017; Hei et al., 2018; Huang et al., 2022a). High CaO contents in
some samples are consistent with the presence of limestone
fragments in sandstone samples.

FIGURE 7 | (A,B) U-Pb concordia plots for detrital zircons at Dengchuan. (C,D) Histograms and probability curves for detrital zircon ages at Dengchuan.

FIGURE 8 | (A,B) Chondrite-normalized REE patterns for zircons from clastic rock samples at Dengchuan. Normalized values for chondrite are from Sun et al.
(1989).
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All samples have similar chondrite-normalized rare Earth element
(REE) patterns with LREE enrichment and slightly negative Eu
anomalies. In primitive mantle-normalized plots (Figure 5B),
most of the analyzed samples show negative Sr anomaly and no
Nb–Ta anomaly, similar to Emeishan high-Ti basalts and rhyolites
(Figure 5B). Some samples (Ts-4, Ts-5, and Ts-9) from the upper
part of the Qingtianbao Formation show slightly negative Nb–Ta
anomalies, similar to the UCC (Rudnick and Gao, 2003) and arc-
related magmatic rocks (Figure 5B) (Omrani et al., 2008).

4.2 Zircon U-Pb Ages
Zircon grains from sandstone samples are euhedral to subhedral
and only a few grains are moderately rounded. They are
80–150 μm in length and have aspect ratios between 1:1 and
2.5:1 (Figure 6). Most zircons have oscillatory zoning without
inherited core in the cathodoluminescence (CL) images and have
high Th/U ratios (0.33–1.43) (Supplementary Table S2),
indicating a magma origin (Hoskin and Schaltegger, 2003).

Seventy-five analyses were undertaken on 75 detrital zircon
grains from the sandstone samples Ts-2, and sixty-eight ages
displayed concordance greater than 90% (Figure 7A). These
concordant ages range from 266 to 241 Ma, with a single peak
at 257 Ma (Figure 7C).

Of 72 analyses on 72 detrital zircon grains, 62 were concordant for
the sandstone sample Ts-19 (Figure 7B). The measured ages are
between 290Ma and241Ma,with a single peak at 258Ma (Figure 7D).

4.3 Zircon Trace Elements
Trace elements for 103 zircon grains with ages at ~ 260 Ma are
listed in Supplementary Table S3. Most of the analyzed grains
have REE patterns that increase steeply from La to Lu, with
positive Ce anomalies and negative Eu anomalies (Figure 8).
Some trace element data for zircon grains were plotted on the Th/
U vs. Nb/Hf diagram (Figure 9), which were constructed to
distinguish the tectonic setting of the parental magma (Yang

et al., 2012). Most zircons from the Qingtianbao Formation are
plotted in the within-plate/anorogenic field.

4.4 Zircons Hf Isotope
The Hf isotopic compositions for 76 zircon grains with ages
ranging from 290 Ma to 248 Ma are presented in Supplementary
Table S4. The results show that 73 zircon grains have positive
εHf(t) values ranging from +1.6 to +5.9 (Figure 10A) and two-
stage model ages ranging from 1,063 to 826 Ma, while only three
zircon grains have negative εHf(t) values ranging from −7.3 to
−6.1 (Figure 10A) and two-stage model ages ranging from 1,555
to 1,491 Ma (Supplementary Table S4).

5 DISCUSSION

5.1 Provenance of Lower Triassic
Succession
The studied sandstone samples from the Lower Triassic Qingtianbao
Formation yielded only one predominant peak at ~ 260Ma. The
contemporaneous igneous activity along the southwestern margin of
the South China Craton could be related to the ELIP or a convergent
plate margin magmatic arc generated by the closure of the Paleo-
Tethyan or Panthalassa Ocean (Zhou et al., 2002; Li et al., 2006; Jian
et al., 2009; Zhong et al., 2014). The low-Ti basalts of the ELIP are
preserved at the bottom of the Emeishan volcanic succession, which
were not accessible to surface erosion during the Late Permian and
Early Triassic, and thus they would not be the potential source (He
et al., 2007). Most studied samples are geochemically similar to
Emeishan high-Ti basalts and felsic volcanic rocks (Figures 5, 7,
11) but different from the arc-related magmatic rocks (Figure 9).
Some samples show similar geochemical features to the UCC and arc-
related magmatic rocks (Figure 5), suggestive of a possible genetic
link. However, the zircons from the studied sandstone samples mostly
fall into the within-plate/anorogenic zone (Figure 9A), which is

FIGURE 9 | Th/Nb vs. Hf/Th diagram for zircons with ages of ~260 Ma from Lower Triassic clastic samples at Dengchuan (Yang et al., 2012). Zircon trace element
data for the upper and lower parts of Upper Permian sedimentary rocks in the northern Youjiang Basin (Yang et al., 2012, 2014, 2015; Huang et al., 2014; Yu et al., 2016),
the top of Upper Permian clastic rocks in the northern Youjiang Basin (Yang et al., 2012), Upper Permian sedimentary rocks in the southern Youjiang Basin (Yu et al.,
2016), and Lower Triassic clastic rocks in the northern Youjiang Basin are shown for comparison (Yang et al., 2012, 2014).
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consistent with the ELIP being derived from a mantle plume source
region (Chung and Jahn, 1995; Xu et al., 2001). The positive εHf(t)
values in most zircons from the Lower Triassic sandstones at
Dengchuan are similar to those from Emeishan rhyolites in
Binchuan and Tu Le (Usuki et al., 2015; Huang et al., 2022a) but
different from the arc-related magmatic rocks (most <0) reported in
the Hainan Island, southern Yunnan and Guangxi provinces (He
et al., 2018; Shen et al., 2018; Xu et al., 2018; Wang et al., 2021). These
chemical and isotopic characteristics suggest that the sources of the
Lower Triassic clastic rocks atDengchuan are not related to arc-related
magmatism but were derived from the ELIP. The nearby sources
related to the ELIP are consistent with the euhedral/prismatic crystal
morphology for most analyzed zircons. The presence of basaltic and
felsic volcanic lithic fragments in sandstone samples indicates that the
sources of clastic rocks in the Qingtianbao Formation are a mixture of
mafic and felsic rocks. This is consistent with the unconformity

contact of the Lower Triassic clastic rocks with Emeishan
rhyolites and high-Ti basalts at the Binchuan and Dengchuan
areas. (Huang et al., 2022a; this study). Using average
compositions of Emeishan high-Ti basalts (Xu et al., 2001;
Xiao et al., 2003, 2004; Fan et al., 2008; Song et al., 2008;
Anh et al., 2011; Lai et al., 2012; Huang et al., 2014),
rhyolites (Xu et al., 2010; Cheng et al., 2017; Hei et al., 2018;
Huang et al., 2022a), and trachytes (Shellnutt and Jahn, 2010; Xu
et al., 2010), two end-member mixing calculations based on
weathering-insensitive but source-responsive Al2O3/TiO2 and
La/Sm ratios (Yang et al., 2014, 2015) indicate that rhyolites and
high-Ti basalts may be the most possible sources with similar weight
percentages for detritus in the analyzed samples (Figure 11).

5.2 Indication of Subduction Polarity by
Provenance
The southwestern margin of the South China Craton and
Indochina Block have developed abundant magmatic rocks
with ages of ~300–200 Ma (Figure 1), which are related to
opening and closure of the Paleo-Tethyan or Panthalassa
Ocean and ELIP (Zhou et al., 2002; Li et al., 2006; Jian et al.,
2009; Zi et al., 2012; Zhong et al., 2014; Hu et al., 2017; Huang
et al., 2022b). The subduction of the Panthalassa Ocean plate has
been demonstrated beneath the eastern–southeastern margin of
the South China Craton during the Paleozoic to Mesozoic
(Isozaki et al., 2010; Hu et al., 2015a). The Permian arc-related
magmatic units in Hainan Island are inferred to represent the
southwest extension of this Paleozoic to Mesozoic accretionary
belt (Li et al., 2006; Hu et al., 2015b). The arc-related magmatic

FIGURE 10 | (A,B) Plot of εHf(t) values vs. U-Pb ages for zircons. Date
from Upper Permian sedimentary rocks at Nadou (Hou et al., 2017), Lower
Triassic clastic rocks at Gejiu and Jinping areas (Xu et al., 2019), Tu Le and
Binchuan rhyolites (Usuki et al., 2015; Huang et al., 2022a), and arc-
related magmatic rocks from Hainan Island, southern Yunnan and Guangxi
provinces (He et al., 2018; Shen et al., 2018; Wang et al., 2021) are shown for
comparison. The depleted mantle evolution line data are from Blichert-Toft
and Albarède, (1997) and Griffin et al. (2000).

FIGURE 11 | Bivariate plot of Al2O3/TiO2 vs. La/Sm for mudstone
samples of the Qingtianbao Formation with two end-member mixing lines
(Yang et al., 2015) using average values of Emeishan high-Ti basalts (Xu et al.,
2001; Xiao et al., 2003, 2004; Fan et al., 2008; Song et al., 2008; Anh
et al., 2011; Lai et al., 2012; Huang et al., 2014), Emeishan rhyolites (Xu et al.,
2010; Cheng et al., 2017; Hei et al., 2018; Huang et al., 2022a), and Emeishan
trachytes (Shellnutt and Jahn, 2010; Xu et al., 2010) shown for comparison.
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rocks with ages of ~298–246 Ma (Jian et al., 2009; Liu et al., 2011;
Li et al., 2012; Lai et al., 2014; Liu et al., 2017; He et al., 2020) were
reported in the eastern Indochina Block, indicating the westward
subduction of the Paleo-Tethyan Ocean. However, it is still
debated whether the Paleo-Tethyan Ocean has undergone a
subduction eastward beneath the South China Craton.

Detrital zircons with the main peak at ~ 260–250 Ma were
widely reported in the Late Permian to Early Triassic strata from
the southwestern margin of the South China Craton (Figures 1,
12) (Yang et al., 2012, 2014, 2015; Huang et al., 2014; Yu et al.,
2016; Hou et al., 2017; Xu et al., 2019). Zircons from the upper
and lower parts of Upper Permian sedimentary rocks in the
northern Youjiang Basin are mostly plotted in the within-plate/
anorogenic field (Figure 9) and were derived from the Emeishan
volcanic rocks (Yang et al., 2012, 2014, 2015; Huang et al., 2014;
Yu et al., 2016). However, zircons from the top of Upper Permian
and Lower Triassic clastic rocks in the northern Youjiang Basin
(Yang et al., 2012, 2014) and Upper Permian sedimentary rocks in
the southern Youjiang Basin (Yu et al., 2016) are mostly plotted in

the arc-related/orogenic field (Figure 9). Most of these zircons
have negative εHf(t) values (Figure 10) (Hou et al., 2017), similar
to those from arc-related magmatic rocks (most <0) in the
Hainan Island, southern Yunnan and Guangxi provinces
(Figure 1) (He et al., 2018; Shen et al., 2018; Xu et al., 2018;
Wang et al., 2021). This indicates that the detritus was likely to
have been derived from arc-related magmatic rock. Both
abundant negative and positive εHf(t) values for detrital
zircons with ages of ~260 Ma are present in Lower Triassic
clastic rocks at the Gejiu and Jinping areas, southern Yunnan
province (Xu et al., 2019), indicating that the detritus was likely
derived from a mixture of arc-related and ELIP-related magmatic
rocks. The arc-related magmatic rocks have been inferred to
generate from the subduction of the Paleo-Tethyan Ocean (Hou
et al., 2017; Xu et al., 2019). However, recent studies about arc-
related mafic rocks with ages of 254–250 Ma from the
Gulinjing–Nanxi area in southern Yunnan province suggested
that the subduction was linked to the Panthalassa Ocean to the
south and not the Paleo-Tethyan Ocean to the west (Figure 1)

FIGURE 12 | (A–F) Probability density diagram comparing detrital zircon age patterns in the Upper Permian—Lower Triassic succession from the southwestern
margin of the South China Craton.

Frontiers in Earth Science | www.frontiersin.org June 2022 | Volume 10 | Article 93248610

Han et al. Provenance and Subduction Polarity

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


(Wang et al., 2021). The Lower Triassic clastic rocks at
Dengchuan were sourced from the Emeishan volcanic rocks
and not from the arc-related magmatic rocks. This is
consistent with no Permian–Triassic arc-related magmatic
rocks found in the western margin of the South China Craton
(Wang et al., 2021). Our results do not support the eastward
subduction of the Paleo-Tethyan Ocean, and the southwestern
margin of the South China Craton may be a passive continental
margin during the Late Permian–Early Triassic (Figure 13).

6 CONCLUSION

Provenance studies indicate that the Lower Triassic clastic rocks
at Dengchuan were mainly derived from Emeishan volcanic

rocks, with a mixture of high-Ti basalts and rhyolites.
Integration of our data with those from Late Permian–Early
Triassic strata and magmatic rocks along the southwestern
margin of the South China Craton suggests that the Paleo-
Tethyan Ocean may undergo a unidirectional subduction
westward beneath the Indochina Block during the Late
Permian–Early Triassic.
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