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Abstract Triassic flysch in the Songpan-Ganzi Complex (SGC), eastern Tibet, is an important and rich
record of tectonism associated with evolution and closure of the eastern Paleo-Tethys Ocean. However,
current models for tectonic evolution of the ocean remain controversial, in large part due to ambiguity of the
origin of SGC deposits. We constrain provenance of Middle-Upper Triassic turbidites from central SGC
and the adjacent Yidun and West Qinling terranes by using detrital zircon U-Pb geochronology. The results
show that the detrital zircon ages mainly comprise five populations: 240-310 Ma; 400-480 Ma;

750-1,000 Ma; 1,700-2,000 Ma; and 2,300-2,600 Ma. These ages indicate the East Kunlun and North China
block served as major sediment sources for most of central SGC and West Qinling. The predominance of
Paleozoic zircons in Upper Triassic turbidites indicates uplift and exhumation of the East Kunlun orogen
during the Late Triassic. The southern SGC and Yidun turbidites display quite similar zircon age spectra
(significant age peaks at approximately 1,850 Ma), implying that Songpan-Ganzi and Yidun depocenters
were adjacent to each other by the Middle Triassic. This finding suggests that the Ganzi-Litang Ocean, as a
part of eastern Paleo-Tethys Ocean, probably had been closed by the Middle Triassic. We favor subsequent
deformation and uplift of the Triassic flysch was coeval with or possibly predated latest Triassic
shortening within the Longmenshan thrust belt, resulting in recycling of the flysch into surrounding
sedimentary basins (e.g., Sichuan and Qamdo basins) since latest Triassic time.

1. Introduction

The Songpan-Ganzi Complex (SGC), located in the eastern Tibetan Plateau, is a triangular expanse of inten-
sely deformed Middle-Upper Triassic (Anisian through Norian; Nie et al., 1994) flysch wedged amid a com-
plicated collage of tectonic blocks and orogenic belts. The SGC is characterized by thick (averaging
approximately 8 km) and widespread (>300,000 km?) deep-water marine calciclastic and siliciclastic gravity
massive flow deposits identified as the largest Triassic accumulation of sediment on Earth and one of the
largest sinks by volume of submarine clastic detritus preserved over geologic time scales (Chang, 2000;
Nie et al., 1994; Xu et al., 1992). As such, it has attracted considerable attention and study for decades
(e.g., Billerot et al., 2017; Chang, 2000; de Sigoyer et al., 2014; Ding et al., 2013; Nie et al., 1994; Roger
et al., 2004, 2010; She et al., 2006; Weislogel et al., 2006, 2010; Zhang et al., 2008).

Development of the Songpan-Ganzi basin (SGB) during the Middle-Late Triassic and subsequent deforma-
tion occurred synchronously with several significant geological events in this region, including (1) collision
between the North China block (NCB) and South China block (SCB) and ultrahigh-pressure metamorphism
of the Dabie terrane (Faure et al., 2001; Hacker et al., 2004; Meng & Zhang, 2000; Yin & Nie, 1993), (2) clo-
sure of the eastern Paleo-Tethys Ocean (PTO; Liu et al., 2015), (3) plate convergence and collision along
major suture zones (Pullen et al., 2008; Roger et al., 2003, 2010; Yang et al., 2012, 2014; Zhang et al.,,
2006), and (4) thrust faulting in the Longmenshan thrust belt and exhumation of eastern Tibet (Burchfiel
et al., 1995; Harrowfield & Wilson, 2005; Huang et al., 2003; Worley & Wilson, 1996; Yong et al., 2003).
Triassic clastic sediment influx into the basin thus preserves records of tectonic evolution for both the sedi-
ment source areas and the eastern PTO, which hosted the SGC itself. However, the provenance of SGC
deposits remains ambiguous in part due to a lack of clear correlation of the flysch strata with preserved
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deposits of one or more associated terrestrial feeder depositional systems. In addition, identification of sedi-
ment transport systems is hindered by structural overprinting from subsequent tectonism and deformation
associated with ocean basin closure.

Previous detrital zircon provenance studies on the SGC flysch have generated a variety of interpretations
about the associated source areas and by association the tectonic setting of the basin. Investigations on
the eastern SGC turbidites (e.g., Brugier et al., 1997; Weislogel et al., 2006, 2010) suggested that collisional
orogenic belts between NCB and SCB, including the southern margin of the NCB and the northern margin
of the SCB, were the major sediment source areas. This led to the interpretation of the eastern PTO as a rem-
nant ocean basin, in which flysch deposition was analogous to the Cenozoic Bengal fan (Copeland &
Harrison, 1990). Alternate interpretations for SGC turbidite provenance and tectonic setting have been
developed based on a regional data set of detrital zircon ages from across the entire SGC, including the
Hol-Xil area in the western area of the SGC (Figure 1). Ding et al. (2013) contended that the
Neoproterozoic zircons found in these turbidites were preferred to be derived from the western margin of
the SCB. And the SCB detritus was proposed to be transported into the eastern PTO by large-scale
(>1500 km) horizontal transport systems that infilled the eastern PTO as back-arc extension from slab
roll-back rifted the Yidun terrane away from the West Qinling/East Kunlun, consistent with the
Mediterranean-style model proposed by Pullen et al. (2008). However, Ding et al. (2013) noted that the trans-
port of SCB-derived material into the Hoh-Xil region required rapid progradation of submarine fans
(>150 km/Ma) or else these sediments were sourced from unrecognized material near the Hoh-Xil region
with a detrital zircon signature similar to the SCB. Also, Y. X. Zhang et al. (2014) added detrital zircon ages
from five turbidite samples and advocated that the Kunlun and Qinling orogens mainly supplied sediment to
the northern SGC, along with some amount of sediment contribution from the Qiangtang terrane, which has
crust of Gondwanan origin and could have supplied zircons of Pan-African age (500-650 Ma).

These existing models of the SGB development imply significant differences in tectonic setting and basin
evolution for the eastern PTO. The discrepancy among models is in large part due to the poorly characterized
provenance record for the central SGC deposits. The paleogeographic position of the central SGC lies at the
juncture of several potential source areas, such as NCB, SCB, East Kunlun, Qinling-Dabie, and Qiangtang
terrane, which would impart variable provenance signatures on SGC detritus. Thus, the Triassic sedimen-
tary record of the central SGC could be used to reconstruct crucial paleogeographic relationships and to test
the existing models of early Mesozoic tectonic evolution for the eastern PTO.

Here we present provenance analysis results for Middle-Upper Triassic turbidites from central SGC, Yidun,
and West Qinling terranes, based on paleocurrent orientations, sandstone framework-grain petrography,
and detrital zircon U-Pb geochronology. Our sampling targeted regions where SGC provenance has been
poorly characterized and included sampling basement rocks from the East Kunlun orogen, Zhongza massif,
and the Longmenshan thrust belt for comparison (Figure 1). From spatial and temporal variation of detrital
zircon age distributions of SGC, Yidun, and West Qinling turbidites and through comparison with detrital
zircon ages from basement rocks, we interpret the provenance and filling history of the eastern PTO and
reconstruct the Triassic tectonic evolution of SGC and adjacent regions in the eastern Tibetan Plateau.

2. Geological Setting
2.1. SGC

The SGC flysch deposits are currently folded and sit at elevations of ~4,000 m forming a major lithospheric
terrane of eastern Tibet, spanning ~2,000 km from east to west and as much as 500 km from north to south in
present coordinates. The SGC is bound by the Kunlun-Qaidam-Qilian-Qinling terranes and NCB to the
north, the Qiangtang and Yidun terranes to the south, and the Longmenshan thrust belt and SCB to the east
(Figure 1; Nie et al., 1994; Xu et al., 1992; Yin & Harrison, 2000). The SGB represents a remnant of eastern
PTO, which occupied the area between Eurasia and Gondwana from late Paleozoic to early Mesozoic
(Metcalfe, 2006). Northward subduction of Paleo-Tethyan oceanic lithosphere beneath the amalgamated
North China-Kunlun-Qaidam continental lithosphere started in the Late Devonian or Early Permian
(Matte et al,, 1996). The elongated Cimmerian plate, including the Qiangtang terrane, rifted from
Gondwana by the Late Permian and began moving northward (Gehrels et al., 2011; Pullen & Kapp, 2014);
by the latest Triassic, the Yidun terrane, possibly joined with the Qiangtang terrane to its west along the
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Figure 1. (a) Tectonic location of the Songpan-Ganzi Complex in eastern Tibet. (b) Geological setting of the West Qinling,
central Songpan-Ganzi Complex and Yidun terrane, modified from Yan et al. (2014). The paleocurrent measuring and
sampling locations are marked as yellow-filled pentagons and circles, respectively. The zircon U-Pb age data of volcanic/
volcaniclastic rock interbeds in the turbidites are from Cai et al. (2010), Wang et al. (2011), Wang, Zhou, et al. (2013), and
Li et al. (2016).

Jinsha suture (Yang et al., 2012, 2014; Zi et al., 2012), converged upon the SGC due to subduction along the

Ganzi-Litang suture (Figure 1b; Hou, 1993; Wu et al., 2016). Late-stage evolution and closure of the eastern

PTO are recorded by substantial shortening and low-grade greenschist facies metamorphism of SGC flysch

strata (Chang, 2000; Huang et al., 2003; Roger et al., 2010). The SGB was extensively intruded by Late
JIAN ET AL.
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Triassic-Early Jurassic igneous rocks, mainly A-type, I-type, and adakitic granitoids (L. Y. Zhang et al., 2014,
and references therein). Previous studies provided different interpretations for the origins of the magmatism,
including partial melting of thickened lower continental crust and/or Paleo-Tethys subducted oceanic slab
(adakitic rocks), postcollisional settings (A-type), and partial melting of lithospheric mantle (e.g., de Sigoyer
et al., 2014; Lu et al., 2017; Yuan et al., 2010; L. Y. Zhang et al., 2014).

2.2. Yidun Terrane

The Yidun terrane, which is bounded by the Jinsha and Ganzi-Litang sutures, is located to the southwest of
the SGC (Figure 1). From west to east, it includes the Precambrian-Paleozoic Zhongza massif, Middle
Triassic-Early Jurassic eastern Yidun felsic plutons, and middle Cretaceous West Yidun felsic plutons
(Figure 1b). The Zhongza massif is composed of Neoproterozoic basement rocks consisting of granitic
gneisses and metavolcanic rocks (Bureau of Geology and Mineral Resources of Sichuan Province
[BGMRSP], 1991) and a cover sequence of Paleozoic greenschist facies metasedimentary rocks, shallow-
to deep-marine carbonates, and clastic rocks intercalated with sporadic mafic volcanic rocks (BGMRSP,
1991; Chang, 2000). The Zhongza massif has previously been interpreted as a microcontinent that rifted
from the western Yangtze block during the opening of the Ganzi-Litang Ocean in the Late Permian (Hou,
1993; Song et al., 2004). The eastern Yidun Terrane includes widespread exposure of the Triassic Yidun
Group flysch that is intruded by large Late Triassic dioritic-granitic plutons (Jackson et al., 2018a, 2018b;
Reid et al., 2007; Weislogel, 2008). Similar to the Late Triassic granitoids intruded into the SGB flysch, the
origin of the Yidun felsic intrusive rocks is widely debated, but most models invoke partial melting of thick-
ened lithosphere or lower crust (e.g., Hou, 1993; Peng et al., 2014; Roger et al., 2010; Yuan et al., 2010).

2.3. West Qinling Terrane

The West Qinling is a part of Kunlun-Qilian-Qinling central orogenic belt of China and currently borders
with the Mesozoic SGC by the A'nyemagqin ophiolite mélange zone and the Mianlue suture (Figure 1).
The West Qinling, as well as the surrounding Kunlun-Qilian-Qaidam terranes, accreted to the NCB prior
to the Late Permian (Yin & Harrison, 2000). The A'nyemagin suture, connecting with the Qinling-Dabie oro-
gen (i.e., the Mianlue suture) to the east and the Kunlun suture to the west, is widely thought to have also
accommodated the subduction of the PTO (Bian et al., 2004; Guo et al., 2007; Meng & Zhang, 2000; Yang
et al., 1996). Middle-Late Triassic deep-water marine deposits are also widely distributed in the West
Qinling area (Meng et al., 2007), but the relationship between Triassic Songpan-Ganzi and West Qinling
basins is still poorly known. Proposed tectonic models for the Triassic West Qinling include an interconti-
nental trumpet-like rift with a westward opening between NCB and SCB (Yin et al., 1992), a forearc basin
overlying a late Paleozoic ophiolitic complex (Yan et al., 2014), a back-arc basin separated from the main
Songpan-Ganzi remnant ocean by the Kunlun arc (Yin & Harrison, 2000) and belonging to the northeastern
part of the SGB (Li et al., 2014; Weislogel et al., 2010; Zhou & Graham, 1996).

2.4. Triassic Stratigraphic Frameworks of the Central SGC, Yidun, and West Qinling Terranes

Triassic strata in the central SGC are named the Bayan Har Group (Table 1) and include calciclastic and sili-
ciclastic turbidites in the Lower and Middle Formations, while the Upper Formation comprises siliciclastic-
dominated turbidites (BGMRQP, 1991). The depositional ages of the Bayan Har Group succession can be
well constrained in the Triassic, by the youngest detrital zircon ages (265-211 Ma; Ding et al., 2013, and this
study), approximately 211-205-Ma volcanic rock interbeds (Figure 1b; Cai et al., 2010; Wang et al., 2011),
and widespread Norian (Late Triassic) intrusive rocks (L. Y. Zhang et al., 2014, and references therein).
This is consistent with the Late Triassic ages of volcanic/volcaniclastic rock interlayers (212-205 Ma) in
the eastern SGC turbidites (Figure 1b; Li et al., 2016). Triassic strata in the Yidun terrane, named as
Yidun Group, include five stratigraphic units, in order from oldest to youngest: Dangen, Lieyi, Qugasi,
Tumugou, and Lanashan Formations (Table 1). Volcanic rocks intercalated with turbidites of the Qugas
and Tumugou Formations were dated as approximately 230-228 Ma (Wang, Zhou, et al., 2013).
Geological mapping results of the West Qinling area indicate that the Lower and Middle Triassic, including
the Longwuhe and Gulangdi Formations (Table 1), are composed of carbonate and siliciclastic gravity mas-
sive flow sediments, whereas the Upper Triassic, that is, the Duofutun Group, consists of continental felsic
volcanoclastic rocks (BGMRQP, 1991; Meng et al., 2007). For the details of biostratigraphic constrains and
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lithostratigraphical descriptions of the Triassic central SCG, Yidun and West Qinling terranes, refer to
BGMRQP (1991), BGMRSP (1991), and Wang, Wang, et al. (2013).

3. Sampling and Analytical Methods

Turbidite samples were collected from 94 outcrops and primarily include Middle-Upper Triassic fine- to
medium-grained (meta-) sandstones. Precambrian and Paleozoic metasedimentary rock samples were col-
lected from 12 outcrops of the potential source areas, including the East Kunlun orogen, Zhongza massif,
and Longmenshan thrust belt. Each sample consisted of 2- to 3-kg fresh rocks. Paleocurrent orientation data
were collected from 11 locations in our study area (Figure 2). These locations include some sampled outcrops
and other outcrops where such indicators were accessible (Figures 1 and 2). The paleocurrent orientations
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were mainly determined by flute casts, ripple foresets, and gravel imbrications (Figures 2b and 2c).
Measurements were corrected for horizontal bedding rotations. Deformation of the Triassic turbidite strata
is characterized by long cylindrical folds (BGMRSP, 1991); complex stratigraphic deformations, such as
plunging folds and superposed folds, were avoided in paleocurrent data collection. Although the SGC strata
were intensely folded, paleomagnetic studies indicate negligible vertical axis rotations in the majority of the
northern Tibetan Plateau (e.g., Cogné et al., 1999; Dupont-Nivet et al., 2002; Halim et al., 1998). This is also
reinforced by global positioning system measurements (Chen et al., 2000; Royden et al., 1997), which suggest
that modern clockwise rotation, driven by convergence of India and Eurasia, mainly affects the region
southwest of the Xianshuihe fault, with minimal rotation in the areas to the north.

Petrographic observations and modal analysis were carried out on 16 selected sample thin sections, using
the Gazzi-Dickinson method (Dickinson, 1985; Jian et al., 2013), with 300-500 points counted per sample
(Table S1 in the Data Set S1).

Twenty-nine samples were selected for detrital zircon U-Pb analysis (Table S2 in the Data Set S1). In prepara-
tion for isotopic analysis, zircons were imaged using electron backscatter detection. Laser ablation multicol-
lector inductively coupled plasma mass spectrometer U-Th-Pb analysis of a random selection of detrital
zircon cores was conducted on a Nu Plasma HR multicollector inductively coupled plasma mass spectro-
meter coupled to a Photon Machines 193-nm excimer laser with a approximately 30-um spot size in the
University of Arizona LaserChron center (Gehrels et al., 2008). At least 100 grains were analyzed each
detrital sample. Interelemental and mass fractionation, along with session-wide instrumental drift, was
corrected using standard-sample bracketing with the Sri Lanka and R33 zircon reference materials. The
correction for initial-Pb on 2°°Pb/***U and **°Pb/*°’Pb was based on ***Hg-corrected measured ***Pb.
Raw data were reduced using NUPMagecalc (Gehrels et al., 2008). Results were analyzed and plotted using
Isoplot 3.0 (Ludwig, 2012) and DensityPlotter (Vermeesch, 2012). Following the conventional reporting of
detrital zircon dates, the dates with poor precision (> +10%), high discordance (> +20%), or reverse discor-
dance (> +5%) were omitted from the probability density function, the kernel density estimation plots, and
from interpretation. Ages <900 Ma are based on initial-Pb corrected **°Pb/>**U ratios, whereas ages
>900 Ma are based on initial-Pb corrected “*°Pb/>°’Pb ratios.

4. Results

4.1. Paleocurrent Measurement

Paleocurrent orientations in the West Qinling area trend toward the south and southeast, whereas paleocur-
rent orientations in the central SGC indicate dominantly southwest and west directed paleoflow (Figure 2).
In the southern SGC and the Yidun terrane, north and northeast directed paleoflow orientations prevail
(Figure 2). These paleocurrent measurements are consistent with previous paleoflow studies (Ding et al.,
2013; Weislogel et al., 2010).

4.2. Triassic Turbidite Detrital Framework Petrology and Modal Analysis

Detrital framework grains of most Triassic turbidite sandstone samples range from 700 to 100 um. They are
angular to subangular and poorly to moderately sorted (Figure S1). These sandstones contain abundant
quartz, sedimentary lithic fragments, and meta-sedimentary lithic fragments. The average quartz-feld-
spar-lithic fragment (Q-F-L) ratios of Middle Triassic and Upper Triassic samples are 60:17:23 and
60:14:26, respectively. Modal data plotted on the Q-F-L provenance discrimination ternary diagram
(Figure S1) indicate the SGC turbidite sandstone samples originated from a recycled orogenic source,
and on Qp-Lvm-Lsm provenance discrimination diagrams (Figure S1), the results further indicate deriva-
tion from a collision suture and fold-thrust belt source (Dickinson, 1985). Furthermore, some sandstones
show that they experienced some low-grade metamorphism, especially for the turbidites from the southern
SGC and Yidun terrane. The point-count data of analyzed sandstone thin sections are presented in
Table S1.

4.3. Triassic Turbidite Detrital Zircon U-Pb Geochronology

We report a total of 2,558 detrital zircon U-Pb ages from 25 Triassic turbidite samples, including 15
samples from the central SGC, 3 samples from the southern SGC, 3 samples from the West Qinling, and 4
samples from the Yidun terrane (Figures 3 and 4, S2-S4, and Tables S2 and S3 in the Data Set S1). The
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Figure 3. Detrital zircon U-Pb ages of the Triassic turbidite samples from the (a and b) central Songpan-Ganzi Complex
and (c and d) West Qinling. The results indicate that these zircon ages are dominated by five populations: 240-310 Ma;
400-480 Ma; 750-1,000 Ma; 1,700-2,000 Ma; and 2,300-2,600 Ma. Note that most Middle Triassic samples are rich in
Precambrian zircons with age peaks at 1,700-2,000 Ma and approximately 2,500 Ma, whereas the Late Triassic samples are
dominated by Paleozoic zircons. The black lines represent probability density plots; the gray zones represent kernel
density estimation plots of Middle Triassic samples; the green zones represent kernel density estimation plots of Late
Triassic samples. All age plots (a) are drawn by using bandwidth = 20 in the DensityPlotter program (Vermeesch, 2012),
while the Phanerozoic age plots (b) are drawn by using bandwidth = 8.

results indicate that most of the analyzed zircons have highly concordant **°Pb/>**U and *°’Pb/***U ages
(Figures S3 and S4) and >98% zircons have U/Th ratios <10 (Figure S5). Furthermore, the relationship
between zircon ages and U/Th ratios shows that the zircon grains with U/Th ratios >10 are mainly Early
Paleozoic (420-500 Ma) and late Paleoproterozoic (1,800-2,000 Ma) in age (Figure S5). Overall, the
turbidite detrital zircon ages in this study primarily consist of five populations: 240-310 Ma; 400-480 Ma;
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Figure 4. Comparison of detrital zircon U-Pb ages of southern Songpan-Ganzi Complex and Yidun turbidite samples.
Note that the detrital zircon age spectra of all the samples are quite similar and are characterized by a significant age
peak at approximately 1.85 Ga and most samples also have Neoproterozoic (750-1,000 Ma) zircon age peaks. The black
lines represent probability density plots; gray zones represent kernel density estimation plots of Middle Triassic samples;
the green zones represent kernel density estimation plots of Late Triassic samples.

750-1,000 Ma; 1,700-2,000 Ma; and 2,300-2,600 Ma ((Figures 3 and 4). The youngest detrital zircon ages
from these samples, which represent the maximum depositional ages, vary from 275 Ma (Sample 13SG-
94) to 211 Ma (Sample 13SG-69; Figures 3 and 4) and are consistent with the previously reported Middle-
Late Triassic age of the flysch strata (Table 1).

The Middle Triassic West Qinling samples have similar detrital zircon ages with the Middle Triassic samples
from the central SGC. These samples, excluding Samples 14AX-11, 13SG-152, and 13SG-199 (these three
samples relatively close to the East Kunlun orogen), contain fairly large proportions of Precambrian zircons,
and in particular, there are two major populations, that is, 1,700-2,000 Ma and 2,300-2,600 Ma (Figure 3). In
contrast, the detrital zircons of the Upper Triassic samples from the central SGC with the exception of sam-
ple 14AX-53A, are dominated by Paleozoic to earliest Triassic ages, with major peaks at 240-310 Ma and
400-480 Ma, and subordinate peaks at 310-400 Ma (Table S4 in the Data Set S1). Almost every sample
yielded Neoproterozoic age zircons, though the abundance of Neoproterozoic grains ranges from 3 to 25%.
It is worth noting that the three Samples 13SG-117, 13SG-135, and 14SSG-24A from the southern margin
of SGC are characterized by the age peak at approximately 1.85 Ga (but lack a major age peak at ~2.5 Ga that
is more ubiquitous in other SGC sample). Furthermore, these southern SGC samples yield significant
Neoproterozoic age peaks at approximately 750-850 Ma (Figures 4 and 5 and Table S4), which distinguishes
them from the samples of northern and central regions that bear Neoproterozoic age peaks at approximately
900-950 Ma (Figure 3). The Yidun Group samples are dominated by Paleoproterozoic (age peak at approxi-
mately 1.85 Ga) and Neoproterozoic (age peaks at approximately 750-850) zircon populations and show
relatively low abundances of Paleozoic zircons (except Sample 14SSG-52A). The zircon age distributions
are very similar with the ones of southern SGC samples (Figure 4).

4.4. Potential Source Basement Metasedimentary Rock Detrital Zircon U-Pb Geochronology

We also report 594 detrital zircon U-Pb ages from four samples of basement composed of metasedimentary
rock (Tables S2 and S3). Two samples from the East Kunlun and one sample from the Zhongza massif indi-
cate dominant Neoproterozoic zircon ages, with the significant peak at approximately 930 Ma and 850 Ma
(Figure 5), respectively. The sample from the Longmenshan thrust belt also has major zircon populations
in Neoproterozoic ages, including 540-700 Ma, 750-800 Ma, and 950-1,000 Ma, and a population in early
Paleoproterozoic-Neoarchean ages (Figure 5).
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Figure 5. Detrital zircon age distributions of basement metasedimentary rocks analyzed in this study (red histogram) from the East Kunlun (Samples 13SG-158 and
14AX-26), Zhongza massif (14SSG-35), and Longmenshan thrust (14SSG-64) and the total Triassic turbidite samples from southern Songpan-Ganzi Complex (SGC)
and Yidun terrane, West Qinling, and central SGC, compared with previous zircon dating results (in this study, data of Paleozoic and/or Precambrian sandstones and
meta-sandstones and modern river sands were collected) from the surrounding potential source terranes. The zircon age populations marked as A-B, C, D, E-F, G, and H
are employed to interpret the source areas. Therein, bimodal G and H ages zircons (with the peaks at approximately 1.85 Ga and 2.5 Ga) were likely from the NCB,
unimodal G ages zircons were likely from the Zhongza massif, while the Neoproterozoic zircons (E-F) could be fed by the East Kunlun (might include Qaidam-Qilian),
Qinling, Qiangtang terranes, Zhongza massif, and SCB. Zircons with D ages (540-700 Ma) were probably from Qiangtang block. The Phanerozoic zircons (A, B, and C)
in the turbidites of north and central areas were most likely derived from East Kunlun (we suggest that the Qinling-Dabie belt served as the main source for the
Triassic (A) detrital zircons), whereas the Phanerozoic zircons in the turbidites of southern SGC and Yidun were probably from Zhongza massif. Data of NCB
(central and west areas) are from Darby and Gehrels (2006), Xia et al. (2006), and Tung, Yang, Yang, et al. (2007). Data of SCB (Yangtze) are from Liu et al. (2008) and
Wang et al. (2010). Data of Central Qilian are from Gehrels et al. (2003, 2011) and Tung, Yang, Liu, et al. (2007). Data of North Qiangtang are from Pullen et al. (2008);
Gehrels et al. (2011) and He et al. (2011). Data of South Qiangtang are from Gehrels et al. (2011). Data of South Qinling are from Ling et al. (2010). Data of North
Qinling are from Diwu et al. (2010), Wan et al. (2011), and Zhu et al. (2011). Data of Zhongza massif are from Reid et al. (2007). For the modern sand data, signatures of
East Kunlun, North Qinling, and West Qinling are collected from Li et al. (2013), Diwu et al. (2012), and Lease et al. (2007), respectively.
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5. Interpretation and Discussion

Previous studies have reported a mass of petrographic and heavy mineral data for turbidite sandstones from
West Qinling (Yan et al., 2014; Zhou & Graham, 1996), western SGC (Zhang et al., 2008), and the areas close
to East Kunlun orogen (She et al., 2006). Those results demonstrate that the Triassic turbidites mainly had
collision orogen and continental block sources. Our new petrographic data for the central SGC turbidite
samples suggest a dominant orogenic source (Figure S1). Note that the framework petrography-based modal
analysis and provenance interpretation would reflect a mixed signature if there were two or more types of
sources. Although a lot of detrital zircon U-Pb geochronological data for the SGC turbidites had been
published (Brugier et al., 1997; Ding et al., 2013; Weislogel et al., 2006, 2010; Y. X. Zhang et al., 2014), these
studies provided distinct provenance interpretations (mentioned in the Introduction section). In this study,
we combine newly acquired field-based paleocurrent data and detrital zircon U-Pb ages of central SGC
samples to have a better understanding of the provenance and deep-water filling history of the eastern PTO.

5.1. Detrital Zircon Age Signatures of Potential Source Areas

Potential source areas for the SGC, Yidun, and West Qinling turbidites include the surrounding orogenic
belts and blocks: East Kunlun, Qinling-Dabie, Qiangtang, Qilian, NCB, SCB, and Zhongza massif
(Figure 1). Both published data of these regions and new detrital zircon U-Pb age data of basement metase-
dimentary rocks from the East Kunlun, Zhongza massif, and Longmenshan thrust belt are used to charac-
terize potential source areas (Figure 5).

5.1.1. Potential Precambrian Zircon Source Areas

The NCB is characterized by Archean and Paleoproterozoic basement rocks, with reported zircon ages
ranging from 1.6 to 3.0 Ga (e.g., Wilde et al., 2002); therein, zircons with approximately 1.8-2.0 Ga and
approximately 2.5-2.6 Ga ages are the most common (e.g., Darby & Gehrels, 2006). The Mesoproterozoic-
Neoproterozoic was a tectonic quiescence period in the NCB, and thus, few zircons were formed during this
period (Figure 5).

In contrast, the SCB, Qinling, Qilian, and East Kunlun terranes are dominated by Neoproterozoic basement
rocks, with the greatest zircon age probability peaks in the range of 750-1,000 Ma (Figure 5; Diwu et al.,
2010, 2012; Gehrels et al., 2003; Liu et al., 2008; Wang et al., 2010; Yan et al., 2015). However, the age peaks
in 750-1,000 Ma are slightly different for SCB (820 M), South Qinling (820 Ma), North Qinling (980 Ma),
Qilian (800 Ma), and Kunlun terranes (940 Ma).

The Qiangtang terrane, which is considered to have Gondwana-affinity (Gehrels et al., 2011; He et al., 2011,
Y. X. Zhang et al,, 2014), also contains Neoproterozoic basement but with significant Pan-African
(500-650 Ma) and Grenville (980-1200 Ma) zircons (Gehrels et al., 2011; He et al., 2011; Pullen et al.,
2008). To that end, the presence of Qiangtang sourced detritus with Neoproterozoic age detrital zircons
and an absence of Pan-African and Grenville age zircons would be unexpected.

The basement of Yidun terrane, thought to be represented by Zhongza massif (Figure 1), remains enigmatic.
The Zhongza massif has been interpreted to be a microcontinent that rifted from the western Yangtze block
during the Late Permian as evidenced by the Emeishan flood basalts (Hou, 1993; Song et al., 2004), whereas
the Mediterranean-style rollback model suggests that the Yidun terrane was likely separated from the East
Kunlun/Qinling belts prior to the Early-Middle Triassic (Pullen et al., 2008; L. Y. Zhang et al., 2014) The new
zircon ages presented in this study, combined with results of Reid et al. (2007), indicate that the Yidun
terrane basement mainly contains Neoproterozoic and Paleoproterozoic zircon, with the age peaks at
approximately 850 Ma and 1.85 Ga (Figure 5).

5.1.2. Potential Phanerozoic Zircon Source Areas

The Phanerozoic age zircons are widely thought to have been sourced from the surrounding suture zones or
orogenic belts, such as East Kunlun, Qinling-Dabie, and Jinsha and Ganzi-Litang sutures. Previous studies
suggest that the East Kunlun experienced two major episodes of magmatic arc development with one during
the early-middle Paleozoic (mainly including Ordovician and Silurian) and the other during the Permian-
Early Triassic (e.g., Dai et al., 2013; Li et al., 2013). The episodes are interpreted as subduction and closure
of Proto-Tethys and PTOs (Li et al., 2013), respectively. And two corresponding age populations, that is,
420-500 Ma and 250-290 Ma, primarily constitute the detrital zircon age spectra of the modern river sands
at the foot of the East Kunlun orogenic belt (Li et al., 2013, Figure 5).
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The Qinling-Dabie orogenic belt has the similar tectonic history as the East Kunlun. This orogen records
Paleozoic and early Mesozoic convergence of NCB, SCB, North Qinling, and South Qinling microcontinents
(Dong et al., 2011; Meng & Zhang, 2000). Major ages of magmatic events include early-middle Paleozoic
(490-390 Ma), Middle Devonian-carboniferous (345-300 Ma), and Late Permian-Early Triassic (approxi-
mately 250-230 Ma; Dong et al., 2011; Meng & Zhang, 2000; Weislogel, 2008). The Phanerozoic zircons in
modern river sands from Qinling-Dabie belt yield two main age populations at approximately 450-350 Ma
and 250-230 Ma (Figure 5; Lease et al., 2007; Diwu et al., 2012).

The Jinsha and Ganzi-Litang sutures provide some record of the convergence and collision among SGC,
Yidun, and Qiangtang terranes (Hou, 1993; Kapp et al., 2000, 2003; Zhang et al., 2006). The exposed granitic
rocks in this region have zircon U-Pb ages at approximately 280-210 Ma (e.g., Reid et al., 2007; Weislogel,
2008; Yang et al., 2012, 2014; Peng et al., 2014). The closure of Jinsha suture between Qiangtang block
and Yidun terrane is commonly regarded to have taken place by the Permian or Early-Middle Triassic
(Reid et al., 2005, 2007; Yang et al., 2012, 2014), whereas the evolution of Ganzi-Litang suture is fairly com-
plicated and remains enigmatic (see subsequent discussion).

5.2. Spatial and Temporal Provenance Variations of the Triassic Flysch and Implications for the
Filling History

The combination of detrital zircon ages with paleocurrent data allows constraint of general regional paleo-
transport directions and predominant source areas. Because of the propensity of zircon to withstand multi-
ple episodes of recycling, the absolute source of zircon grains cannot be determined. Thus, turbidite detrital
zircon ages are interpreted in the context of paleocurrent orientations and probably include igneous rocks
and associated cover strata. Note that most separated zircon grains are angular to subangular (Figure S2),
implying the predominance of first-cycle deposition and short transport distance. This inference is consistent
with the petrography results, which indicate that the analyzed turbidite sandstones are dominated by angu-
lar to subangular and poorly to moderately sorted framework grains (Figure S1).

According to the zircon age signatures of the potential source areas mentioned above, detrital zircon prove-
nance for the analyzed Triassic samples can be interpreted as follows. For the West Qinling and central SGC
samples, the Paleoproterozoic and Neoarchean zircons with bimodal age peaks at approximately 1.85 and
2.5 Ga (Figure 3 and Table S4) were likely derived from the NCB basement (Figure 5), whereas the
Neoproterozoic zircons with an age peak at approximately 930 Ma (Figure 3 and Table S4) were probably
derived from the East Kunlun basement rather than SCB or Qiangtang terrane (Figure 5). The Paleozoic
and Early Triassic zircons in these samples were from East Kunlun with subordinate contribution from
the Qinling-Dabie, therein the Qinling-Dabie orogenic belt likely served as the major source for the Late
Devonian-Carboniferous (300-380 Ma) zircons (Ratschbacher et al., 2003). This interpretation is also rein-
forced by the dominantly south and southwest directed paleoflow (Figure 2). Detrital zircons of several
Middle Triassic samples near the East Kunlun (e.g., Samples 13SG-152, 13SG-199, and 14AX-11) are domi-
nated by Paleozoic and Neoproterozoic ages, implies that the East Kunlun probably served as the major
source for these turbidites. The Middle Triassic samples from the central SGB and West Qinling (i.e.,
Samples 13SG-62, 13SG-75, 13SG-52, 13SG-109, 13SG-15, and 13SG-21) are characterized by high abun-
dances of Paleoproterozoic and Neoarchean zircons (up to 70%), revealing high contributions of the NCB,
whereas Upper Triassic samples (i.e., Samples 13SG-37, 13SG-59, 13SG-49, 13SG-78, 13SG-44, 13SG-69,
and 13SG-107) primarily consist of Paleozoic zircons (Figures 3 and 6). These results suggest that detritus
supply from NCB was highly reduced or diluted by major contribution from East Kunlun since the Late
Triassic. These conclusions are consistent with the framework petrography modal analysis results, which
indicate a dominant collision orogen and suture source for these turbidites (Figure S1).

The Middle-Late Triassic samples from the southern SGC (i.e., Samples 13SG-117, 13SG-135, and
14SSG-24A) and Yidun terrane (i.e., Samples 14SSG-17, 14SSG-18, 14SSG-48A, and 14SSG-52A) have fairly
similar detrital zircon age distributions (Figure 4), which indicate the most significant Paleoproterozoic age
population in the range of 1.8-1.95 Ga (with the unimodal peak at approximately 1.85 Ga). The detrital
zircon age similarity (Figure 4) and overwhelmingly north and northeast directed paleocurrents (Figure 2)
reveal that these turbidites likely shared the same and invariable sources during the Middle-Late Triassic.
Since the Yidun terrane (including Zhongza massif) contains Neoproterozoic (this study, with the age peak
at approximately 820 Ma) and Paleoproterozoic (with the age peak at approximately 1.85 Ga) basement
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Figure 6. (a) Detrital zircon U-Pb age cumulative probability distributions and (b) stratigraphic variations of Triassic tur-
bidite samples from the Dari Section (in the central Songpan-Ganzi Complex; Figure 1). Note that the Late Triassic
samples distinctly have less Paleoproterozoic and Archean zircons and more Phanerozoic zircons than the Middle Triassic
samples. PA: Paleoproterozoic and Archean age (>1,600 Ma); NM: Neoproterozoic and Mesoproterozoic age (540-
1,600 Ma); EP: Early Paleozoic age (400-540 Ma); CD: Carboniferous and Devonian age (310-400 Ma); TP: Triassic and
Permian age (200-310 Ma).

rocks (Reid et al., 2007), it may have been the source for many of the Precambrian zircons of similar age
observed in the southern SGC and Yidun turbidite samples (Figure 5). The Yangtze block was also a
potential source for the Neoproterozoic detrital zircons, as some turbidite locations in southern SGC
reveal west directed paleoflow (Figure 2; Weislogel et al., 2006, 2010). Pan-African age zircons are not
obviously observed in the analyzed samples; thus, the Qiangtang terrane is an unlikely contributor to
these turbidites. Although only Permian-Triassic arc rocks are exposed in the current Yidun terrane and
Jinsha suture zone (Peng et al., 2014; Reid et al., 2007; Weislogel, 2008; Yang et al., 2012, 2014), our newly
obtained detrital zircon age data (unpublished) of Permian strata in the Yidun terrane indicate dominant
early Paleozoic and Neoproterozoic age populations. Hence, Paleozoic zircons of the southern SGC and
Yidun turbidites were also likely derived from Pre-Triassic basement of Yidun terrane and the Jinsha
suture zone. This conclusion is reinforced by previous structural analyses in that area, which suggest
Early Triassic deformation of Paleozoic sequences in the Yidun terrane resulting from the Jinsha suture
closure (Reid et al., 2005). However, Ding et al. (2013) and Wang, Wang, et al. (2013) obtained very
different detrital zircon geochronological results for Yidun Group turbidites, which show major early
Paleozoic and Neoproterozoic age populations and the minimum detrital zircon age of Early Devonian.
Since the closure of the Jinsha suture between Yidun and Qiangtang terranes have occurred by the
Permian or Early-Middle Triassic (Reid et al., 2005, 2007; Yang et al., 2012, 2014) and there was
emplacement of widespread Early-Middle Triassic granitoids in the western Yidun terrane (Reid et al.,
2007), we suggest that the data of those samples (Ding et al., 2013; Wang, Wang, et al., 2013) should be
interpreted with caution. Alternatively, those samples might be from pre-Triassic sequence in the Yidun
terrane. This uncertainty encourages a more detailed investigation of Yidun Triassic turbidites.

5.3. Triassic Tectonic Evolution and Closure of the Eastern PTO

5.3.1. Pre-Middle Triassic Aggregation of SGC and Yidun Terrane

This study shows that turbidites of the southern SGC and Yidun terrane have similar detrital zircon age
spectra (Figure 7) and show similar paleocurrent orientations (Figure 2). We cannot exclude the occurrence
of recycling from the Yidun turbidite strata to the southern SGC turbidites, but considering the Yidun Group
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Figure 7. Detrital zircon U-Pb age distribution comparison (kernel density estimation plots) of Middle-Late Triassic
turbidites in the southeastern Songpan-Ganzi Complex (Ding et al., 2013; Weislogel et al., 2010; and this study),
Middle-Late Triassic turbidites in the Yidun terrane (all data are from this study), latest Triassic-Early Jurassic sandstones
of Qamdo basin, eastern Qiangtang (Shang, 2016), and the Xujiahe Formation sandstones of western Sichuan basin (Luo
et al., 2014; Weislogel et al., 2010).

strata and the southern SGC turbidite strata was likely deposited during the same time, we favor the scenario
that these two depocenters were adjacent to each other and had similar source areas and transport pathways.
This means that aggregation of SGC and Yidun terrane and the closure of Ganzi-Litang Ocean probably had
to have occurred by the Middle Triassic.

The sedimentological argument is not consistent with the conclusion of most previous studies, which advo-
cated that the Late Triassic igneous rocks in eastern Yidun terrane were the products of subduction-related
arc magmatism (e.g., Roger et al., 2010; Yang et al., 2012, 2014). Therein, Roger et al. (2010) proposed that
these Late Triassic igneous rocks resulted from east dipping subduction of the Jinsha Ocean, whereas Hou
(1993) and Wang et al. (2011) suggested west dipping subduction of the Ganzi-Litang Ocean. Our results
do not support an oceanic trench and a subduction zone in the east margin of Yidun terrane, even a trench
in the west margin during the Late Triassic, because rocks exposed what is now the Jinsha suture zone are
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(A) Middle Triassic
(~245-~235 Ma)

(B) Late Triassic
(~235-~210 Ma)

(C) latest Triassic

Figure 8. Sketched model illustrating the basin filling history and tectonic
evolution of the SGC and surrounding areas. (a) During the Middle
Triassic, the SGB was dominantly fed by materials from the NCB, East
Kunlun, while SCB, Qiangtang block and Yidun terrane (Zhongza massif)
served as minor source areas for locally south and southeast depocenters
(the red arrows indicate the primary sediment transport pathways). We
contend that East Kunlun (and Qinling-Dabie) area showed relatively low
relief topography during this period. (b) During the Late Triassic, the East
Kunlun is favored as the main source area, whereas the NCB became a
minor source, indicating the tectonic uplift, high-relief landscape, and more
exposure of the East Kunlun rocks. (c) Since the latest Triassic (likely
<210 Ma), the turbidite strata of the SGC and Yidun terrane were deformed
and exhumed and fed the Sichuan basin to the east and Qamdo basin to the
west. NCB: North China block; SCB: South China block; SGB: Songpan-
Ganzi basin; EK: East Kunlun; QD: Qinling-Dabie; QB: Qiangtang block; Y:
Yidun; SB: Sichuan basin; LB: Lhasa block.

the most likely sources for the southern SGC and Yidun turbidites.
Furthermore, Peng et al. (2014) suggested that an arc setting could be
argued against due to the coeval occurrence of the Late Triassic intrusive
rocks on both sides of the Ganzi-Litang suture; alternatively, they
proposed a postorogenic collapse model for the Mesozoic magmatism in
the Yidun terrane. This means that the collision between Yidun and
SGC and subsequent orogenesis had been completed by the Middle
Triassic and the turbidite deposition there predated the formation of these
igneous rocks.

5.3.2. Late Triassic Uplift and Exhumation of East Kunlun
Similarly, the Triassic West Qinling and central SGC depocenters were
likely adjacent to each other and shared the same detritus sources, due
to the similarity of detrital zircon ages of Middle Triassic samples from
these two areas (Figure 3). This implies that the A'nyemagen ocean basin,
as a branch of the PTO (Bian et al., 2004; Guo et al., 2007), should be
closed prior to the Middle Triassic. The temporal variations of detrital zir-
con age spectra for the central SGC samples suggest a decreasing propor-
tional contribution of NCB from Middle Triassic to Late Triassic
(Figure 6), implying relatively more exposure and erosion of the East
Kunlun and/or cutting off of detritus transport from the NCB since the
Late Triassic. This suggests that the East Kunlun, located on northern
margin of the eastern PTO, probably underwent a significant Late
Triassic uplift and exhumation event, which resulted in more exposure
of the Paleozoic rocks in this area. This conclusion is consistent with the
previous thermochronological studies of the East Kunlun (e.g., Dai
et al., 2013; Jolivet et al., 2001; Liu et al., 2005; Mock et al., 1999). The first
set of Late Triassic cooling ages (224-219 Ma) were obtained by Mock et al.
(1999), based on the “°Ar/*°Ar data of K-feldspar of Paleozoic granitoids.
A great number of Late Triassic “’Ar/*’Ar age (approximately 240-
215 Ma) of biotite and muscovite were also detected by Liu et al. (2005),
on the basis of basement metamorphic rocks. Jolivet et al. (2001) sug-
gested a general Late Triassic-Early Jurassic cooling event constrained
by zircon fission-track ages ranging from 221 to 96 Ma, which include sev-
eral Late Triassic ages with the range of 221-203 Ma. Furthermore, a Late
Triassic zircon (U-Th)/He age (215 Ma) of Paleozoic granitoids was also
acquired recently (Dai et al., 2013). Combining the corresponding apatite
(U-Th)/He age, a rapid cooling rate of ~19 °C/Ma during the Late Triassic
and Early Jurassic was calculated, which indicates an early Mesozoic
stage of rapid exhumation (~0.8 km/Ma; Dai et al., 2013). All the evidence
demonstrates that the East Kunlun area experienced a rapid uplift and
exhumation event since the Late Triassic. And the high rate of exhuma-
tion and erosion and potentially high relief topography there did not only
lead to the major source of East Kunlun for the turbidites but also resulted
in abundant detritus supply for a fairly large depositional area (Figure 8).
5.3.3. Latest Triassic Deformation and Denudation of the Triassic
Songpan-Ganzi and Yidun Flysch

The deformation of the SGC and Yidun flysch, which is characterized by
tightly folded strata with vertical/subvertical NW-SE striking axial planes
(e.g., Burchfiel et al., 1995; Reid et al., 2005; Roger et al., 2004, 2010; Xu
et al., 1992), has attracted much attention for decades. This deformational

event is generally regarded to be contemporaneous with collision and subsequent continuing convergence
between NCB and SCB (Burchfiel et al., 1995; Yin & Harrison, 2000; Yin & Nie, 1996). The timing of the
deformation is constrained by the emplacement of synkinematic and postkinematic granites, which
yield the ages of approximately 215-190 Ma (e.g., de Sigoyer et al., 2014; Roger et al., 2004; Weislogel,
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2008; L. Y. Zhang et al., 2014). Furthermore, a late Indosinian (~205-190 Ma) tectonometamorphic event
and related crustal thickening and shortening were previously recognized in the Danba domal
metamorphic terrane in the eastern SGC (Huang et al., 2003). According to the comparison of detrital
zircon age spectra (Figure 7), the Middle-Upper Triassic turbidites in southern SGC and Yidun terrane are
proposed to be major sources for latest Triassic sediments (i.e., Xujiahe Formation) of the Sichuan basin
to the east and for the latest Triassic and Early Jurassic sediments (i.e., Bagang and Chaya Groups) of the
Qamdo basin (eastern Qiangtang) to the west (Figure 8). The details of the Qamdo basin provenance
interpretations were provided by Shang (2016). For the Sichuan basin, there is more direct or indirect
evidence supporting this conclusion. First, the youngest detrital zircon ages (approximately 212-207 Ma)
of sandstone samples of the Xujiahe Formation (e.g., Liu et al., 2015; Luo et al., 2014) indicate that the
Xujiahe Formation deposition was later than the SGC flysch deposition and subsequent deformation.
Second, the flexural foreland basin feature of the latest Triassic Sichuan basin (Meng et al., 2005; Yong
et al., 2003) supports that the source region should be located in the west of the basin (i.e., Longmenshan
area and southeastern SGC or larger regions). Third, the source to the west is also reinforced by
sedimentary environment transformation (from Early-Middle Triassic shallow-marine environment to
Late Triassic terrestrial deposition) and paleocurrents (Meng et al., 2005).

Importantly, it is worth noting that the detrital zircon age spectra of the Xujiahe Formation sandstones (Liu
et al., 2015; Luo et al., 2014; Weislogel et al., 2010) are very different from the zircon age spectra of the
Paleozoic strata (e.g., Sample 14SSG-64 in this study) of the Longmenshan thrust area (Figures 5 and 7,
Chen et al., 2018; Duan et al., 2011; and our unpublished data). This means that the Paleozoic rocks cur-
rently exposed in the Longmenshan area were not likely sources for the latest Triassic deposits in the
Sichuan basin (also not sources for the Triassic southern SGC turbidites). Sediment deposited in the
Sichuan flexural foreland during the latest Triassic was sourced from southern SGC affinity Triassic sedi-
ments rather than northeastern and central SGC, at present exposed in the hinterland of the
Longmenshan thrust belt (Burchfiel et al., 1995). Hence, we suggest that the Paleozoic sequence in the
Danba area served as the pre-Triassic basement for the SGC terrane and was probably covered by Triassic
turbidites of southern SGC affinity prior to the latest Triassic deformation. This suggestion is consistent with
the structural analyses of southern SGC and Danba antiform area (Harrowfield & Wilson, 2005), which
recommend two stages of folding history for the flysch and underlying basements, divided by a ductile
décollement at the base of the sedimentary pile. If we assume that the erosion and recycling of the turbidites
were triggered by the SGC folding and invert, the results of this study also imply that the SGC deformation
was likely coeval with or predated the shortening within the Longmenshan thrust belt. Therefore, the data
presented here are probably at odds with the Mediterranean-style model proposed by Pullen et al. (2008),
which predicts that the shortening in the Longmenshan area during the Late Triassic would have been pri-
marily driven by rollback of Paleo-Tethys oceanic lithosphere beneath the allochthonous block of the
Longmenshan and thus predated the SGC deformation. Besides, the Paleozoic strata of the Longmenshan
thrust belt and the pre-Triassic basement of the SGC have different detrital zircon ages and thus distinct
tectonic evolutionary histories with the Paleozoic East Kunlun-Qinling orogenic belt (Figures 5; Duan et al.,
2011; Chen et al., 2018; and our unpublished data). This is also inconsistent with the rollback model, which
assumes that the allochthonous Longmenshan and the pre-Triassic SGC fragments were separated from the
East Kunlun-Qinling orogenic belt (L. Y. Zhang et al., 2014).

5.4. Implications for Synorogenic Sedimentation in Deep Oceans

While the relation of the modern Bengal fan to the Cenozoic Himalayan suture belt (resulted from the India-
Eurasia collision) suggests a guiding principle of synorogenic sedimentation (Copeland & Harrison, 1990;
Ingersoll et al., 2003; Uddin & Lundberg, 1998), the thick and widespread Triassic flysch in the SGC, eastern
Tibet, provides a typical example of ancient synorogenic sedimentation systems. An analogue is the
Carboniferous-Permian Ouachita-Marathon flysch deposits of Arkansas, Oklahoma, and Texas in
the North America (Graham et al., 1975; Ingersoll et al., 2003). Although the Triassic tectonic setting of
the Songpan-Ganzi oceanic basin remains debatable (Ding et al., 2013; Pullen et al., 2008; Weislogel et al.,
2006; L. Y. Zhang et al., 2014), it is well acceptable that the eastern PTO received a heavy load of detritus
from the surrounding active collisional orogenic belts and the collided continents (e.g., She et al., 2006;
Weislogel et al., 2006; Y. X. Zhang et al., 2014 and this study). As the SGC shown, the ancient synorogenic
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deposits are currently preserved as highly deformed accretionary masses that contribute significantly to the
building of the plateau and the continental crust. Their recognition as such is a significant step in our under-
standing of the creation and recycling of continental crust.

6. Conclusions

This study combines field-based paleocurrent, petrography, and detrital zircon geochronological data of
Middle-Upper Triassic turbidites from the central SGC, Yidun, and West Qinling terranes and yields the
following conclusions concerning Triassic flysch provenance and late tectonic evolution of the eastern PTO:

1. Petrographic investigation indicates that the turbidites have relatively low textural and compositional
maturity, with some samples experiencing low-grade metamorphism. The modal analysis of framework
grain composition suggests that these turbidite sandstones have an overwhelming derivation from an
orogen source.

2. The detrital zircon ages obtained in these turbidites primarily consist of five populations: 240-310 Ma;
400-480 Ma; 750-1,000 Ma; 1,700-2,000 Ma; and 2,300-2,600 Ma. Based on the age comparison of turbi-
dites and potential sources, incorporating paleocurrent data, we suggest that the central SGC and West
Qinling turbidites were dominantly derived from the East Kunlun and NCB, whereas the turbidites of
southern SGC and Yidun terrane were mainly fed by the basement of Yidun terrane and Jinsha suture.

3. The similarity of detrital zircon ages of the Middle-Upper Triassic southern SGC and Yidun turbidites
and overwhelmingly north and northeast directed paleocurrents imply that the aggregation between
SGC and Yidun terranes and the closure of Ganzi-Litang Ocean probably have occurred by the Middle
Triassic.

4. The East Kunlun probably contributed more materials for Upper Triassic turbidites than Middle Triassic
turbidites. This implies that the East Kunlun, located on northern margin of the eastern PTO, probably
experienced a rapid uplift and exhumation event during the Late Triassic, which resulted in relatively
high-relief landscape and more exposure of Paleozoic rocks.

5. We contend that the Triassic flysch in the southern SGC and Yidun terranes were major sources for the
latest Triassic sediments of Sichuan basin to the east and Qamdo basin (eastern Qiangtang) to the west.
And the Longmenshan area is suggested to be covered by Triassic turbidites at that time, which implies
that the deformation of the SGC was likely coeval with or predated the latest Triassic shortening in the
Longmenshan thrust belt.
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