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1   |   INTRODUCTION

The triangular Triassic Songpan-Ganzi flysch basin is 
bounded by the Kunlun-Qaidam terrane and North China 
block (NCB) to the north, the Qiangtang terrane and 
Yidun arc terrane to the south, and the South China block 
(SCB) strongly modified by the Cenozoic Longmen Shan 
thrust belt to the east (Figure 1) (Burchfiel & Chen, 2012). 
The Songpan-Ganzi basin is composed dominantly of 

Triassic submarine-fan deposits with an estimated aver-
age thickness of ca. 8  km over an area of >370,000 km2 
(Nie et al., 1994; Pan et al., 2004; Yin & Nie, 1993, 1996). 
Although the formation of this basin has been considered 
as a result of the final Late Triassic closure of the Paleo-
Tethyan ocean (Sengör,  1984; Stampfli & Borel,  2002; 
Weislogel, 2008) (Figure 1), the source of basin deposits 
and exact tectonic processes responsible for the sediment 
accumulation remains debated. In the current literature, 
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Abstract
The triangular Songpan-Ganzi flysch terrane exposes a Triassic turbidite se-
quence with an average thickness of ca. 8 km. The sediments may have been ac-
cumulated in a remnant Paleo-Tethyan ocean bounded by the converging North 
China, South China, and the Qiangtang terrane from three sides, or a back-arc 
basin with an oceanic basement created during the Triassic closure of the Paleo-
Tethyan ocean. To differentiate the two competing models, we systematically 
reviewed the available provenance data that include U–Pb detrital zircon ages 
at the basin scale, paleocurrent directions, sandstone petrography, and heavy-
mineral assemblages from the Triassic Songpan-Ganzi basin samples. We use the 
Kolmogorov–Smirnov tests to differentiate competing hypotheses for detrital-
zircon provenance interpretations and DZmix modelling to quantify relative 
contributions of detrital zircon from all potential source areas for the Triassic 
Songpan-Ganzi deposits. The most important result of this work is that the 
Songpan-Ganzi basin had a stable and locally derived source system: the western, 
central and eastern sub-basins were mainly sourced from the north whereas the 
easternmost and southeastern sub-basins were mainly sourced from westernmost 
South China (i.e., the Longmen Shan area) and the Qiangtang terrane. The stabil-
ity of the source areas around the Songpan-Ganzi basin throughout the Triassic is 
most compatible with the remnant ocean model that predicts a long-lived marine 
basin with a pre-Triassic oceanic/continental basement trapped between con-
verging continental blocks during the Triassic.
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all the surrounding orogenic belts, cratons, and arc ter-
ranes have been variably considered as potential source 
areas under variously inferred tectonic settings (e.g., 
Bruguier et al.,  1997; Chang,  2000; Ding et al.,  2013; 
Enkelmann et al., 2007; Jian et al., 2019; Nie et al., 1994; 
Roger et al., 2008, 2010; She et al., 2006; Tang et al., 2017, 
2018; Wang et al.,  2007; Weislogel,  2008; Weislogel 
et al., 2006, 2010; Zhang, Tang, et al., 2014; Zhang, Zeng, 
et al., 2015; Zhou & Graham, 1996).

In the eastern part of the Songpan-Ganzi basin (i.e., 
eastern domain in Figure  1), Weislogel et al.  (2010) 
showed that Triassic strata were accumulated in three 
subsidiary depocentres, each having distinct sediment 
sources. Weislogel et al. (2010) conclude that the northern 
and central subsidiary depocentres were mainly sourced 
from North China and the Triassic Qinling-Dabie orogeny 
between North and South China. The above conclusion 
is consistent with the remnant ocean basin model of Nie 
et al.  (1994) and Zhou and Graham (1996) that requires 

the Songpan-Ganzi basin to have been sandwiched be-
tween the coevally evolving Qinling-Dabie collisional 
orogen and the impinging Yidun arc and Qiangtang ter-
rain in the north, west and south, respectively. Weislogel 
et al. (2010) also demonstrate that the southeastern sub-
sidiary depocentre was sourced from South China and the 

Highlights
1.	The Songpan-Ganzi basin is consistent with the 

remnant ocean model, which requires its base-
ment to be part of South China.

2.	The easternmost Songpan-Ganzi basin was 
sourced from the western South China margin.

3.	DZmix modelling of the Songpan-Ganzi 
detrital-zircon age data supports the remnant 
ocean model.

F I G U R E  1   Tectonic map showing the Songpan-Ganzi basin and surrounding major terranes, suture zones and published sample 
locations (Table S1) in the northern part of the Tibetan plateau. Map compiled after Yin and Harrison (2000) and Wu et al. (2016). This 
study area located in the Zoige and Songpan County marked with a white rectangle (enlarged in Figure 18). Major plutonic rocks: Czgr, 
Cenozoic granites in eastern Tibet; gr(KQ), Palaeozoic and Mesozoic plutonic rocks in the Kunlun and Qaidam terranes; gr(NC), North 
China craton granite; gr(Q), Mesozoic plutonic rocks in the Qiangtang terrane; gr(SG), Mesozoic plutonic rocks in the Hoh-Xil-Songpan-
Ganzi terrane; gr(YD), Yidun arc granite; major sutures: AKMS, Anyimaqen-Kunlun-Mianlue suture; BNS, Bangong-Nujiang suture; JS, 
Jinsha suture.
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Yidun arc, possibly resulting from an oblique collision be-
tween the Yidun terrane and South China.

In the western part of the Songpan-Ganzi basin (i.e., 
western domain in Figure 1), Ding et al. (2013) use detri-
tal zircon ages as provenance proxies and show that the 
Triassic sediments there were most likely sourced from 
North China, South China, the Qiangtang terrane and 
the Kunlun batholith belt along the southern margin of 
the Kunlun-Qaidam terrane. These authors suggest that 
detritus derived from the distal sources such as South 
China and western North China was transported to the 
western Songpan-Ganzi basin by a >1500-km fluvial and 
submarine transport system. Ding et al.  (2013) envision 
that the basin in-filling occurred during the final closure 
of the eastern Paleo-Tethyan ocean, a scenario gener-
ally similar to the earlier suggestions of Sengör  (1984), 
Stampfli and Borel  (2002) and Weislogel  (2008). A key 
difference between Ding et al.'s (2013) interpretations and 
those of earlier studies by Sengör  (1984), Stampfli and 
Borel (2002) and Weislogel (2008) is that they envision the 
Paleo-Tethyan crust was extended and thinned during the 
Triassic Tethyan-ocean closure by a slab roll-back process, 
which resulted in the separation of the Yidun arc terrane 
from the southern margin of the Kunlun-Qaidam terrane. 
The model of Ding et al.  (2013) follows the earlier pro-
posed Mediterranean-style model of Pullen et al.  (2008) 
for the Triassic development of the Songpan-Ganzi basin.

In the central part of the Songpan-Ganzi basin (i.e., cen-
tral domain in Figure 1), Jian et al. (2019) use detrital zircon 
ages as provenance proxies and show that the Triassic strata 
in the area were largely derived from the southern margin 
of the Kunlun-Qaidam terrane and North China from the 
north. They also find that Triassic sediments of the south-
ern Songpan-Ganzi basin and Yidun terrane were mainly 
derived from the basement of the Yidun arc and the Jinsha 
suture zone. Jian et al. (2019) conclude that their detrital-
zircon-age data are most consistent with the remnant-
ocean-basin model of Nie et al.  (1994) and Zhou and 
Graham (1996) rather than the Mediterranean-style model 
of Pullen et al.  (2008) and Ding et al.  (2013). The above 
two competing tectonic models for the development of the 
Songpan-Ganzi turbidite basin make distinctively different 
first-order predictions. The remnant ocean model predicts 
that the basin floor is either oceanic or continental, both 
belonging to the western continuation of the South China 
lithosphere; the model also requires that the Yidun arc base-
ment is the same as that of South China (Weislogel, 2008; 
Weislogel et al., 2006, 2010). In contrast, the back-arc exten-
sion model predicts the basin floor to be either extremely 
attenuated basement of the Kunlun-Qaidam terrain or a lat-
est Triassic oceanic crust; the Yidun arc basement correlates 
with the basement of the Kunlun-Qaidam terrane. Note that 
the remnant-ocean model does not require the existence of 

an oceanic crust on the west side of South China. As argued 
in Wu et al.  (2016), the basement of the Songpan-Ganzi 
basin may be entirely continental and is part of the thinned 
continental crust of South China.

A critical issue with the existing studies on the origin 
and sedimentary history of the Triassic Songpan-Ganzi 
basin is that individual studies emphasize strongly the 
effect of boundary conditions near the study areas, but a 
lack of systematic and holistic integration and analysis of 
all existing data limit the ability of early studies to explore 
all possible interpretations. In addition, heavy-mineral as-
semblages, which are additional proxies for finger-printing 
source rocks, have not been integrated with the early prov-
enance analysis using sedimentological and detrital-zircon 
geochronological data. Finally, statistically based quantita-
tive provenance analysis has not yet been applied to the 
existing Songpan-Ganzi Triassic U–Pb detrital-zircon age 
data set. To address the above issues, we present a state-
of-the-art synthesis of all relevant data for a basin-scale 
provenance reconstruction. The data used in this study are 
mostly from the existing literature except heavy-mineral 
analysis exclusively from our work. Quantitative modelling 
of the detrital-zircon age data in particular permits a coher-
ent interpretation of the Songpan-Ganzi basin evolution in 
the context of testing the two competing tectonic models 
mentioned above. The results of this synthesis show that 
the provenance of the Songpan-Ganzi basin is most consis-
tent with the remnant ocean model.

2   |   GEOLOGIC SETTING

The Songpan-Ganzi basin coincides with the Songpan-
Ganzi terrane that is best exposed in the Cenozoic Tibetan 
plateau between the Kunlun and Jinsha suture zones in 
the north and south and South China in the east (Figure 1). 
Triassic strata are also exposed in the basin-bounding re-
gions such as the southern Kunlun Shan region of the 
Kunlun-Qaidam terrane, the northern Qiangtang ter-
rane, Yidun arc, western Qinling orogen and the Sichuan 
Basin of South China (Figure  2). The Triassic strata in 
the Songpan-Ganzi basin can be divided into the western 
sector consisting of the Bayan Har Group and the east-
ern sector consisting of the Xikang Group that includes 
Zagunao, Zhuwo and Xinduqiao Formations, respectively 
(Figure 2) (BGMRQP, 1991). These units are dominated 
by shales, siltstones, sandstones and minor carbonates 
(BGMRSP, 1991). The Precambrian crystalline basement 
and the base of the Triassic strata are exposed in the east-
ern sector of the Songpan-Ganzi basin, where Triassic 
sediments rest conformably on top of Permian strata and 
disconformably on top of Devonian strata (Wang, Pan, 
et al., 2013; Wu et al., 2016).
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Regional tectonic analysis shows that the Paleo-Tethyan 
oceanic lithosphere was subducting northward beneath the 
southern margin of Asia composed of North China and the 
Kunlun-Qaidam terrane along the Mianlue-Anyimaqen-
Kunlun suture from the Late Devonian to the Early 
Permian (Matte et al., 1996; Ratschbacher et al., 2006; Roger 
et al., 2011). By Early Triassic time, the Paleo-Tethyan oce-
anic lithosphere was also subducting southward beneath 
the Qiangtang terrane along the Jinsha suture (Dewey 
et al., 1988; Roger et al., 2010). Closure of the Paleo-Tethyan 
ocean and the subsequent collision between North China 
and South China may have occurred diachronously along 
strike, starting in the east during the Early Triassic and pos-
sibly the latest Permian that resulted in the Qinling-Dabie 
orogen and high-pressure to ultrahigh-pressure metamor-
phism (e.g., Hacker et al.,  2006; Liou et al.,  2000; Yin & 
Nie, 1993, 1996). Westward progression of the ocean clo-
sure is manifested by the final consumption of the Paleo-
Tethyan oceanic lithosphere between the Kunlun-Qaidam 
and Qiangtang terranes in the Latest Triassic and possibly 
earliest Jurassic time (Dewey et al., 1988; Ding et al., 2013; 
Roger et al., 2004; 2010; Sengör, 1984; Yin & Harrison, 2000).

The Triassic Songpan-Ganzi basin was widely intruded 
by Late Triassic to Early Jurassic plutons, best expressed 
in the eastern part of the basin (Figure  3a) (e.g., Roger 
et al.,  2004; Xiao et al.,  2007; Yuan et al.,  2010; Zhang 
et al.,  2006, 2007; Zhang, Ding, et al.,  2014). It is worth 
noting that many of these granitoids were emplaced 
during ongoing deep-marine sedimentation, and they ex-
hibit a wide range of compositions that can be character-
ized as adakites, and I-, A- and S-type granites (Figure 3b) 
(Roger et al.,  2004; Xiao et al.,  2007; Yuan et al.,  2010; 
Zhang et al.,  2006, 2007; Zhang, Ding, et al.,  2014). The 
origin of the Triassic magmatism is variably attributed to 
(1) partial melting of the thickened Songpan-Ganzi sedi-
mentary cover and a basement equivalent to the Yangtze 
craton (Roger et al., 2004), (2) partial melting of both the 
asthenospheric mantle and the lower continental crust 
in response to lithospheric mantle delamination (Xiao 
et al., 2007; Yuan et al., 2010; Zhang et al., 2006, 2007), (3) 
partial melting of both the Paleo-Tethyan oceanic slab and 
overlying continental arc induced by slab rollback (Zhang, 
Ding, et al., 2014), and (4) double-slab retreat (De Sigoyer 
et al., 2014).

F I G U R E  2   Triassic sequence system in the Songpan-Ganzi basin and its surroundings, such as southern Kunlun, northern Qiangtang, 
Yidun, west Qinling and Sichuan basin for comparison. Figure is after BGMRQP (1991), BGMRSP (1991) and Yang et al. (2000).
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3   |   AGE CHARACTERIZATION OF 
THE BASIN-BOUNDING TERRANES

In order to constrain the provenance of the Triassic 
Songpan-Ganzi deposits, we tabulate three types of age 
data: (1) zircon ages of pre-Triassic metamorphic base-
ment rocks (i.e., Figure  4a–f), (2) detrital-zircon ages of 
Triassic strata in regions bounding the Songpan-Ganzi 
basin (i.e., Figure  4a–f), and (3) U–Pb zircon ages of 
Phanerozoic plutonic rocks (Figure 5a–c).

3.1  |  North China

U–Pb zircon dating of North China basement rocks (Darby 
& Gehrels, 2006; Hu et al., 2009; Tung et al., 2007; Xia, Sun, 
Zhao, & Luo, 2006; Xia, Sun, Zhao, Wu, et al., 2006), which 
are dominantly metasedimentary and metavolcanic rocks, 
shows a general bimodal-age distribution centred at 1.88 

and 2.5  Ga, respectively, and a noticeable lack of signifi-
cant Neoproterozoic ages (Figure 4a) (Table S3). The detri-
tal zircon ages of Triassic non-marine clastic rocks in the 
Ordos area (Figure 1) of western North China (Figure 4a) 
(Table  S4) (Weislogel et al.,  2010; Yang et al.,  2014) are 
similar to the detrital zircon age distribution of the Triassic 
marine turbidite in the western Qinling area (Figure  4b) 
(Table  S4) (Ding et al.,  2013; Jian et al.,  2019; Weislogel 
et al., 2010) (i.e., two prominent peaks at ca. 2.5 and 1.87 Ga, 
an absence of 1000–800 Ma grains, and an age cluster of 
250–275 Ma). Note that the western Qinling turbidite yields 
a dominant age peak at ca. 445 Ma, whereas Triassic strata 
of North China only have a few ca. 360 Ma grains.

3.2  |  Qinling orogen

Metamorphic basement rocks of the North Qinling ter-
rane (Figure  4b) (Table  S3) (Diwu et al.,  2010, 2014; Lu 

F I G U R E  3   Spatial and temporal distributions of plutons in the Songpan-Ganzi basin. (a) Is for plane view (revised after Wang 
et al. (2018) and Zhang, Ding, et al. (2014)); (b) is for section view. Age data are cited and listed in Table S2.
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et al.,  2006; Shi et al.,  2009, 2013; Wan et al.,  2011; Zhu 
et al., 2011) yield three major age peaks at ca. 730, 940, and 
1600 Ma, and a minor age cluster at 2.4–2.5 Ga. Metamorphic 
basement rocks of the South Qinling terrane (Figure  4b) 
(Table S3) (e.g., Dong et al., 2013; Ling et al., 2010; Liu & 

Zhang, 2013; Shi et al., 2013; Wang, Griffin, et al., 2013; Yan 
et al., 2003; Zhu et al., 2014) are characterized by a signifi-
cant Neoproterozoic age cluster at 730–800 Ma, and minor 
age clusters at ca. 2.0 and 2.5 Ga, respectively. The North 
and South Qinling terranes differ (Figure 5a) (Table S5) in 

F I G U R E  4   Zircon signatures of pre-Triassic metamorphic basement rocks (left; Figure 4a–f) and detrital-zircon ages of Triassic strata in 
regions bounding the Songpan-Ganzi basin (right; Figure 4a–f). Age data are cited and listed in Tables S3 and S4 in details.
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that the North Qinling terrane (e.g., Dong et al., 2011; Jiang 
et al., 2009; Lerch et al., 1995; Lu et al., 2003; Pei, Ding, Li, 
et al.,  2007; Pei, Ding, Zhang, et al.,  2007; Wang, Wang, 
et al., 2011; Xue et al., 1996; Yan et al., 2007, 2008) experi-
enced magmatism in the Early Palaeozoic (525–415 Ma) and 
the Late Triassic (220–210 Ma) whereas the South Qinling 
terrane (e.g., Dong et al.,  2012; Gong et al.,  2009; Jiang 
et al., 2010; Jin et al., 2005; Qin et al., 2007, 2008, 2009; Sun 
et al., 2000) experienced only the Late Triassic magmatism.

3.3  |  South China

The basement of South China (Figure  4c) (Table  S3) 
(Chen et al., 2013; Liu et al., 2008; Sun & Zhou, 2008, 2009; 
Wang, Griffin, et al., 2010, 2013; Wang, Zhou, et al., 2007; 
Wang, Yu, et al., 2012) has a dominant age cluster at ca. 
810–890 Ma, a prominent age cluster at ca. 1.8–2.0 Ga and 

a minor age population at ca. 2.6–2.4 Ga. Detrital zircon 
dating of Palaeozoic sedimentary strata of westernmost 
South China exposed in the Cenozoic Longmen Shan 
thrust belt (Figure 4c) (Table S3) (Chen et al., 2016; Duan 
et al., 2011; Jian et al., 2019; Weislogel et al., 2010) yields a 
major population at 760–950 Ma, significant Pan-African 
(510–610 Ma) and some Grenville (980–1120 Ma) zircon 
ages, and minor populations of Paleoproterozoic (1.6–
1.9 Ga) and Archean (ca. 2.5 Ga) zircon ages.

Detrital zircon dating of Upper Triassic samples (e.g., the 
Xujiahe Formation) from the Sichuan Basin of South China 
(Figure  4c) (Table  S4) (e.g., Shao et al.,  2016; Weislogel 
et al.,  2010; Yan et al.,  2018; Zhang, Jia, et al.,  2015; Zhu 
et al., 2017) shows major age clusters at ca. 1.85 Ga, 270–
230 Ma and 440 Ma, and minor age peaks at ca. 2.5 Ga and 
820–770 Ma. This age distribution differs markedly from 
that of the Middle to Lower Triassic strata in the same 
area that displays a significant Neoproterozoic peak age at 

F I G U R E  5   Relative probability 
plots of U–pb zircon ages of phanerozoic 
plutonic rocks in: Qinling orogen (a), 
eastern Kunlun range (b) and Yidun 
terrane (c). Age data are cited and listed in 
Table S5 in details.
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ca. 810 Ma, a dearth of Paleoproterozoic and Archean zir-
con ages, and two minor peaks at ca. 250 and 530 Ma (Yan 
et al., 2018; Zhu et al., 2017) (Figure 4c) (Table S4).

3.4  |  Kunlun-Qaidam terrane

The Eastern Kunlun Range basement in the southern mar-
gin of the Kunlun-Qaidam terrane (Figure 4d) (Table S3) 
(e.g., He et al., 2016; Jian et al., 2020; Meng et al., 2017; 
Wu et al.,  2016) exposes Neoproterozoic plutons with 
ages at ca. 900 Ma. Similarly, the northern margin of 
the Kunlun-Qaidam terrane (i.e., the combined ‘North 
Qaidam’ and ‘Qilian orogen’ in Gehrels et al.,  2003) ex-
poses Neoproterozoic plutons with ages mostly centred at 
ca. 930 Ma. Metasedimentary basement rocks in the two 
regions yield detrital zircon ages clustered at 1.4–1.5 Ga 
and ca. 2.5 Ga (Figure 4d) (Table S3).

Zircon ages of Phanerozoic igneous rocks from the 
Eastern Kunlun Range (Figure 5b) (Table S5) (e.g., Chen 
et al.,  2012; Dai et al.,  2013; Ding et al.,  2014, 2015; He 
et al.,  2018; Li et al.,  2013, 2015, 2018; Qi,  2015; Shao 
et al., 2017; Wu et al., 2016; Xiong et al., 2013, 2014, 2015, 
2016, 2019; Zhang et al., 2012; Zhou et al., 2020) show two 
episodes of arc magmatism at 448–392 and 255–210 Ma, 
respectively. These ages overlap with detrital zircon ages 
obtained from the southern Eastern Kunlun Triassic strata 
(Figure 4d) (Ding et al., 2013; Wu et al., 2016) that show 
two prominent age peaks centred at ca. 390 Ma (with a 
range of 420–380 Ma) and ca. 250 Ma (with a range of 255–
220 Ma). These ages correlation suggests that the Kunlun 
Triassic strata were sourced from the local Eastern Kunlun 
batholith belt.

3.5  |  Qiangtang terrane

Detrital zircon ages from the Palaeozoic strata in the 
Qiangtang terrane (Figure  4e) (Table  S3) (Gehrels 
et al., 2011; He et al., 2011; Pullen et al., 2008, 2011) are 
dominated by two clusters at 740–950 and 550–620 Ma, 
along with a two minor populations of Paleoproterozoic 
and Archean zircon ages at 1.6–1.9 and 2.5 Ga. Zircon ages 
from the Triassic strata exposed in the Qiangtang terrane 
show a major peak at ca. 260 Ma and several minor age 
peaks at ca. 2.5, 1.9, 970, 445 Ma, respectively (Figure 4e) 
(Table S4) (Ding et al., 2013; Gehrels et al., 2011).

3.6  |  Yidun arc terrane

Detrital zircon dating of the Yidun arc basement rocks 
(Figure  4f) (Table  S3) (Jian et al.,  2019; Su et al.,  2019) 

shows an age peak at ca. 810 Ma and a minor population 
of 1.6–1.88 Ga zircon ages. Zircon ages from the Triassic 
Yidun strata (Figure  4f) (Table  S4) (Ding et al.,  2013; 
Jian et al.,  2019; Wang, Wang, et al.,  2013) yield peaks 
and clusters at ca. 2.5  Ga, 1.88 Ga, 800–940 Ma, 445 Ma 
and 260 Ma, respectively. U–Pb zircon dating of dioritic–
granitic plutons in the Yidun arc (e.g., Leng et al., 2012; 
Liu et al., 2006; Peng et al., 2014; Reid et al., 2007; Wang, 
Zhou, et al., 2011; Weislogel, 2008) shows a predominant 
age peak at ca. 217 Ma (Figures 3 and 5c) (Table S5).

4   |   DATA AND METHODS

4.1  |  Detrital zircon geochronology

Detrital zircon geochronology is a powerful method to as-
sess sedimentary provenances. Early interpretations of 
detrital age distributions relied on qualitative comparison 
based on the presence or absence of characteristic source 
populations for a given geologic setting, often highlighted 
by vertical bars on vertically stacked finite mixture dis-
tributions. More recently, quantitative techniques have 
been adapted to aid comparison of detrital data sets, but 
there is no widely accepted method of unmixing detrital 
geochronology age distributions. Sundell and Saylor (2017) 
developed DZmix method, which is designed to quantify 
source-mixing proportions through a combination of in-
verse Monte–Carlo modelling and optimized forward mod-
elling, so as to obtain the relative contribution of source 
areas. A software for DZmix analysis used in this study is 
available at https://github.com/kurts​undel​l/DZmix.

A total of 6483 U–Pb detrital zircon ages of 84 Triassic 
samples from the Songpan-Ganzi basin have been reported 
in the existing literature, which are selected for our DZmix 
analysis. Following Sundell and Saylor  (2017), we regard 
the Triassic Songpan-Ganzi detrital zircon age data as a 
mixed population from several potential source areas, and 
randomly simulate among them that yield the best match-
ing models. Model results generated using the KS D sta-
tistics, Kuiper V statistics and cross-correlation coefficients 
(R2) are reported as the mean and one standard deviation 
of the best 100 model fits that have the lowest D and V val-
ues and the highest R2 values out of 10,000 model trials.

4.2  |  Paleocurrent direction data

Paleocurrent orientation data are compiled from the west-
ern, central and eastern Songpan-Ganzi Triassic strata col-
lected by Weislogel et al. (2010), Ding et al. (2013) and Jian 
et al. (2019). This yields a total of 962 paleocurrent-orientation 
data at 57 locations. Paleocurrent orientations were primarily 
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determined from flute casts, ripple casts and ripple foresets, 
as well as tool marks and groove casts. Measurements were 
corrected for horizontal bedding rotations. Paleomagnetic 
studies indicate negligible vertical axis rotations in the ma-
jority of the northern Tibetan plateau in the Cenozoic (e.g., 
Dupont-Nivet et al., 2002; Halim et al., 1998).

4.3  |  Petrology

Traditional Gazzi-Dickinson point counting of at least 
300 relevant grains of quartz, feldspar and lithic rock 
fragments (>0.0625 mm) was undertaken to acquire light 
mineral modes used to produce ternary plots (Dickinson 
et al., 1983). The fields in the diagrams for QFL (quartz-
feldspar-lithics) and QmFLt (quartz monocrystalline-
feldspar-lithic total) have been widely interpreted to 
indicate possible derivation from ‘continental block’, ‘re-
cycled orogen’ or ‘magmatic arc’ settings.

A total of 50 Triassic sandstones from the eastern 
Songpan-Ganzi basin (see the study area in Figure 1) were 
selected for detailed petrographic observations. We use 
the compositional area method to estimate the content 
of detrital components with an error of <5%. Some frame 
grains in the sandstone samples are modified by late dia-
genesis, which does not alter the morphology of the grain 
and our point-count results.

4.4  |  Heavy mineral

A total of 44 Triassic sandstones from the eastern Songpan-
Ganzi basin (see the study area in Figure  1) were selected 
for heavy mineral analysis. This work was conducted in the 
Chengxin Geology Service Co. Ltd, Langfang, Hebei Province, 
China. All samples were crushed, sieved, washed and then 
separated using magnetic and electromagnetic methods. The 
identification of the heavy minerals was performed manually 
using a binocular microscope. Each sample weighs ≥2 kg and 
ca. 1000 grains from each sample were analysed. The percent-
age of heavy minerals was calculated based on the weight.

5   |   RESULTS

5.1  |  Detrital zircon ages of the Triassic 
Songpan-Ganzi strata

5.1.1  |  Spatial distributions of detrital-
zircon ages

We tabulate a total of 6483 U–Pb detrital zircon ages 
from 84 samples from the Songpan-Ganzi basin that 

are reported in the existing literature. In order to bet-
ter compare and/or contrast among these samples, we 
divide the Songpan-Ganzi basin into five domains: (1) 
the western domain between 82°E and 95°E, (2) the cen-
tral domain between 95°E and 100°E, (3) the eastern 
domain between 100°E and 105°E, (4) the northeastern 
domain along the northeastern basin margin, and (5) the 
southeastern domain along the southeastern basin mar-
gin (Figure  6a) (Table  S6) (Bruguier et al.,  1997; Ding 
et al.,  2013; Enkelmann et al.,  2007; Jian et al.,  2019; 
Tang et al.,  2017; Wang, Li, et al.,  2007; Weislogel 
et al., 2006, 2010; Zhang, Tang, et al., 2014; Zhang, Zeng, 
et al., 2015).

Western domain (Figure 6b)
The detrital zircon ages in this domain displays major 
age peaks at 242–263 and 432–442 Ma, and minor age 
clusters at 774–959 Ma, ca. 1.9, and 2.5 Ga. Late Triassic 
samples yield more detrital zircon grains with ages at 
ca. 1.9 Ga than those from the Early and Middle Triassic 
samples.

Central domain (Figure 6c)
The detrital zircon ages from Early Triassic show peaks at 
265–300 and 450 Ma along with a dearth of Precambrian 
zircon ages. The zircon ages from the Middle Triassic 
strata show major age peaks at 250–300, 426–495 Ma and 
ca. 1.87 Ga and minor age clusters at 758–935 Ma and ca. 
2.5  Ga. The zircon ages from the Late Triassic samples 
show similar Phanerozoic zircon age peaks to those from 
the Early and Middle Triassic samples at 250–300 and 426–
495 Ma; however, they yield relatively fewer Precambrian 
zircon age peaks and lusters at 768–916 Ma, ca. 1.9, and 
2.5 Ga.

Eastern domain (Figure 6d)
The detrital zircon ages from Early Triassic samples dis-
play an age spectrum with peaks at ca. 760 Ma (with a 
range from 700 to 850 Ma) and ca. 1.9  Ma, respectively. 
Some ages in the spectrum are centred at ca. 420, 260–
300 Ma and ca. 2.5 Ga. The zircon ages from the Middle 
to Late Triassic samples display similar age spectra to that 
of the Early Triassic samples, characterized by major age 
peaks at 270–275 and 432 Ma and minor peaks/clusters at 
790–795, 1860–1870 Ma and ca. 2.5 Ga.

Northeastern domain (i.e., NE-SG in Figure 6e)
The detrital zircon ages from the Middle and Late Triassic 
samples display clusters at 1.8–1.9 Ga and ca. 2.5 Ga. They 
noticeably lack Neoproterozic zircon populations. Middle 
Triassic strata yield a wider Phanerozoic age range from 270 
to 510 Ma from the Late Triassic strata that are characterized 
by concentrated ages at 250–270 Ma and ca. 442 Ma.
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Southeastern domain (i.e., SE-SG in Figure 6f)
The Middle and Late Triassic samples display similar zir-
con age spectra characterized by age a peak at ca. 770 Ma 
and an age cluster at 1.8–1.9  Ga. However, the Middle 

Triassic samples yield a wide range of Palaeozoic zircon 
ages from 270 to 490 Ma while the Late Triassic samples 
yield more concentrated age clusters at ca. 250–265 and 
440 Ma.

F I G U R E  6   Detrital zircon U–pb 
ages from the Triassic strata in the 
Songpan-Ganzi basin. (a) Is for the spatial 
distributions of detrital-zircon ages, (b) 
is for the western domain, (c) is for the 
central domain, (d) is for the eastern 
domain, (e) is for the northeastern domain 
and (f) is for the southeastern domain.
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5.1.2  |  Kolmogorov–Smirnov tests

Using the software package available from the LaserChron 
Center at the University of Arizona, we performed 
Kolmogorov–Smirnov (K-S) tests of the Triassic samples 
from the Songpan-Ganzi basin. The K-S results can be 
found in the Table S7 that contains the ‘p’ value for each 
compared sample pair. The p-value must exceed .05 to be 
95% confident that the two populations are not statisti-
cally different.

Figure 7 shows that the p-values between samples from 
the northeastern domain (NE-SG) and other samples are 
much <.05, indicating that the compared samples are 
not from the same population. The p-value between the 

Middle and Late Triassic samples from the southeastern 
domains is 0.206, which requires the two stratigraphic se-
quences to have shared similar source areas. The p-value 
of  =  .405 indicates that the detrital zircon was derived 
from a similar source for samples from the southeastern 
and eastern domain. The western, central and eastern 
domains show a great similarity in source areas, which is 
indicated by the p =  .221, p =  .207, and p =  .313 among 
the Middle and Late Triassic samples. Based on the K-S 
tests, we conclude that the Middle and Late Triassic strata 
in the western, central and eastern domains share simi-
lar source areas, while the northeastern and southeastern 
differ significantly in their source areas from those for the 
three domains.

F I G U R E  7   Cumulative distribution plots (top) and K-S test results (bottom) of detrital zircon age from the Triassic samples in the 
Songpan-Ganzi basin. Note that p-value must exceed .05 to be 95% confident that the two populations are not statistically different.

 13652117, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bre.12703 by U

niversity of C
alifornia - L

os A
nge, W

iley O
nline L

ibrary on [26/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



      |  39
EAGE

TANG et al.

T
A

B
L

E
 1

 
M

od
el

 re
su

lts
 sh

ow
in

g 
so

ur
ce

 c
on

tr
ib

ut
io

ns
 (%

) b
as

ed
 o

n 
cr

os
s-

co
rr

el
at

io
n 

co
ef

fic
ie

nt

D
et

ri
ta

l z
ir

co
n

Ig
ne

ou
s 

zi
rc

on
C

om
pa

ri
so

n 
m

et
ho

ds

M
ix

ed
 

sa
m

pl
es

 
(d

om
ai

n/
ag

e)
So

ur
ce

-1
So

ur
ce

-2
So

ur
ce

-3
So

ur
ce

-4
So

ur
ce

-5
So

ur
ce

-6
So

ur
ce

-7
So

ur
ce

-8
So

ur
ce

-9
So

ur
ce

-1
0

So
ur

ce
-1

1
So

ur
ce

-1
2

So
ur

ce
-1

3
R

2
V

D

W
es

te
rn

/T
2

5.
37

4.
20

3.
35

4.
79

5.
16

10
.3

8
4.

71
6.

79
2.

41
38

.3
1

0.
79

13
.0

7
0.

66
0.

30
0

0.
24

5
0.

14
2

5.
32

1.
75

1.
99

1.
63

2.
30

74
.3

0
8.

77
2.

77
1.

17
0.

17
0

0.
37

3
0.

28
9

W
es

te
rn

/T
3

10
.5

1
2.

66
1.

88
4.

40
4.

00
4.

62
5.

94
4.

28
2.

79
4.

58
0.

67
52

.9
8

0.
67

0.
52

0
0.

18
4

0.
11

9

36
.3

9
4.

44
2.

61
2.

68
3.

27
31

.2
2

13
.2

6
4.

18
1.

95
0.

11
0

0.
34

1
0.

29
2

C
en

tr
al

/T
1

2.
50

3.
39

3.
38

3.
11

4.
28

4.
50

12
.0

6
4.

67
2.

56
11

.2
6

0.
88

46
.6

8
0.

73
0.

16
0

0.
37

7
0.

20
8

1.
27

2.
87

1.
50

1.
23

1.
65

10
.7

2
76

.6
6

2.
74

1.
36

0.
03

0.
48

0.
47

8

C
en

tr
al

/T
2

16
.0

8
4.

39
3.

81
4.

38
3.

92
7.

74
6.

89
4.

52
3.

57
10

.5
8

0.
91

32
.5

9
0.

63
0.

45
0.

20
2

0.
12

9

25
.9

8
4.

68
3.

30
2.

73
2.

89
46

.2
6

8.
26

3.
44

2.
45

0.
20

0.
35

0.
26

C
en

tr
al

/T
3

5.
09

4.
50

2.
83

3.
86

3.
83

6.
57

8.
78

3.
54

3.
03

15
.5

3
0.

82
41

.1
4

0.
49

0.
52

0.
21

7
0.

13
5

3.
92

2.
60

2.
17

1.
06

1.
90

76
.9

6
7.

87
2.

44
1.

07
0.

15
0.

44
0.

38
1

Ea
st

er
n/

T 1
32

.5
9

5.
48

15
.5

4
5.

05
9.

96
5.

96
3.

35
9.

89
5.

26
2.

95
0.

97
2.

45
0.

56
0.

49
0.

15
8

0.
09

3

35
.0

5
4.

52
24

.0
8

3.
94

7.
07

9.
22

5.
36

6.
33

4.
43

0.
55

0.
14

8
0.

09
9

Ea
st

er
n/

T 2
9.

99
3.

08
4.

09
4.

74
5.

46
12

.3
2

8.
40

8.
38

5.
10

12
.6

2
1.

00
13

.7
6

0.
73

0.
38

0
0.

24
7

0.
15

2

7.
16

2.
08

1.
75

1.
65

1.
98

76
.3

6
5.

24
2.

58
1.

21
0.

12
0

0.
43

6
0.

35
6

Ea
st

er
n/

T 3
10

.3
2

3.
59

3.
09

4.
06

4.
45

10
.0

8
6.

74
5.

11
3.

51
16

.0
9

0.
92

31
.5

0
0.

54
0.

35
0

0.
23

0.
14

2

13
.1

6
2.

26
1.

58
1.

57
2.

62
62

.7
6

11
.9

3
2.

24
1.

88
0.

13
0

0.
38

8
0.

30
7

N
E-

SG
/T

2
65

.0
6

2.
56

1.
70

1.
98

3.
14

4.
47

7.
08

3.
16

2.
02

5.
10

0.
97

2.
07

0.
70

0.
34

0
0.

24
4

0.
15

5

61
.8

5
2.

91
2.

00
1.

93
2.

92
10

.6
3

12
.3

4
3.

60
1.

83
0.

34
0

0.
32

4
0.

25
4

N
E-

SG
/T

3
68

.7
0

2.
18

2.
40

2.
79

2.
73

2.
55

2.
47

3.
08

1.
94

3.
20

0.
89

6.
25

0.
83

0.
36

0
0.

22
3

0.
14

2

78
.7

2
2.

50
2.

01
1.

79
2.

44
3.

78
3.

69
4.

06
1.

02
0.

33
0

0.
35

3
0.

22
3

SE
-S

G
/T

2
26

.0
3

7.
37

9.
67

6.
80

7.
68

4.
64

13
.8

2
7.

35
3.

04
10

.0
4

0.
90

2.
05

0.
62

0.
19

0
0.

16
3

0.
09

6

27
.4

3
7.

06
9.

60
3.

74
7.

09
5.

99
26

.7
9

9.
55

2.
76

0.
21

0
0.

18
1

0.
13

1

SE
-S

G
/T

3
27

.5
1

5.
00

5.
97

5.
90

6.
97

5.
50

4.
56

7.
02

4.
61

3.
09

1.
22

21
.7

4
0.

90
0.

50
0

0.
14

5
0.

09
4

37
.9

4
4.

01
8.

87
3.

14
4.

75
23

.0
7

7.
45

5.
82

4.
94

0.
25

0
0.

24
8

0.
21

9

N
ot

e:
 S

ou
rc

e-
1 

=
 N

or
th

 C
hi

na
 B

lo
ck

; S
ou

rc
e-

2 
=

 N
or

th
 Q

in
lin

g 
te

rr
an

e;
 S

ou
rc

e-
3 

=
 S

ou
th

 Q
in

lin
g 

te
rr

an
e;

 S
ou

rc
e-

4 
=

 S
ou

th
 C

hi
na

 B
lo

ck
; S

ou
rc

e-
5 

=
 th

e 
w

es
te

rn
m

os
t S

ou
th

 C
hi

na
 (i

.e
., 

th
e 

Lo
ng

m
en

 S
ha

n 
re

gi
on

); 
So

ur
ce

-6
 =

 th
e 

so
ut

he
rn

 m
ar

gi
n 

of
 th

e 
K

un
lu

n-
Q

ai
da

m
 te

rr
an

e 
(i.

e.
, t

he
 E

as
te

rn
 K

un
lu

n 
R

an
ge

); 
So

ur
ce

-7
 =

 th
e 

no
rt

he
rn

 m
ar

gi
n 

of
 th

e 
K

un
lu

n-
Q

ai
da

m
 te

rr
an

e 
(i.

e.
, t

he
 c

om
bi

ne
d 

N
or

th
 Q

ai
da

m
 a

nd
 th

e 
Q

ili
an

 
or

og
en

); 
So

ur
ce

-8
  =

 Q
ia

ng
ta

ng
 te

rr
an

e;
 S

ou
rc

e-
9 

=
 Y

id
un

 b
as

em
en

t; 
So

ur
ce

-1
0 

=
 ig

ne
ou

s r
oc

ks
 fr

om
 N

or
th

 Q
in

lin
g;

 S
ou

rc
e-

11
 =

 ig
ne

ou
s r

oc
ks

 fr
om

 S
ou

th
 Q

in
lin

g;
 S

ou
rc

e-
12

 =
 ig

ne
ou

s r
oc

ks
 fr

om
 th

e 
Ea

st
er

n 
K

un
lu

n 
R

an
ge

; S
ou

rc
e-

13
 =

 ig
ne

ou
s r

oc
ks

 fr
om

 th
e 

Yi
du

n 
A

rc
; R

2  v
al

ue
s f

or
 th

e 
cr

os
s-

co
rr

el
at

io
n 

co
ef

fic
ie

nt
; V

 v
al

ue
s f

or
 th

e 
K

ui
pe

r t
es

t; 
D

 v
al

ue
s f

or
 th

e 
K

ol
m

og
or

ov
–S

m
ir

no
v 

te
st

.

 13652117, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bre.12703 by U

niversity of C
alifornia - L

os A
nge, W

iley O
nline L

ibrary on [26/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



40  |    
EAGE

TANG et al.

T
A

B
L

E
 2

 
M

od
el

 re
su

lts
 sh

ow
in

g 
so

ur
ce

 c
on

tr
ib

ut
io

ns
 (%

) b
as

ed
 o

n 
K

-S
 te

st
 D

 v
al

ue

D
et

ri
ta

l z
ir

co
n

Ig
ne

ou
s 

zi
rc

on
C

om
pa

ri
so

n 
m

et
ho

ds

M
ix

ed
 s

am
pl

es
 

(d
om

ai
n/

ag
e)

So
ur

ce
-1

So
ur

ce
-2

So
ur

ce
-3

So
ur

ce
-4

So
ur

ce
-5

So
ur

ce
-6

So
ur

ce
-7

So
ur

ce
-8

So
ur

ce
-9

So
ur

ce
-1

0
So

ur
ce

-1
1

So
ur

ce
-1

2
So

ur
ce

-1
3

R
2

V
D

W
es

te
rn

/T
2

5.
51

7.
55

4.
05

5.
33

5.
80

11
.8

6
5.

76
7.

91
5.

08
19

.1
0

3.
24

16
.1

1
2.

70
0.

30
0

0.
24

5
0.

14
2

2.
50

2.
91

2.
32

1.
98

1.
87

81
.4

8
2.

55
2.

38
2.

01
0.

17
0

0.
37

3
0.

28
9

W
es

te
rn

/T
3

15
.5

9
5.

09
3.

87
10

.2
5

6.
98

6.
30

5.
43

5.
92

4.
68

4.
80

3.
89

23
.0

4
4.

16
0.

52
0

0.
18

4
0.

11
9

1.
77

2.
87

2.
58

1.
81

1.
60

74
.7

0
2.

36
10

.2
1

2.
09

0.
11

0
0.

34
1

0.
29

2

C
en

tr
al

/T
1

3.
04

5.
17

5.
06

3.
97

5.
14

8.
37

6.
26

5.
82

4.
67

5.
30

4.
12

40
.5

1
2.

56
0.

16
0

0.
37

7
0.

20
8

1.
87

3.
43

2.
16

1.
61

2.
23

81
.0

3
2.

42
3.

56
1.

69
0.

03
0.

48
0.

47
8

C
en

tr
al

/T
2

17
.3

4
6.

44
4.

26
9.

29
5.

24
6.

20
5.

04
5.

23
4.

35
11

.2
3

3.
69

19
.1

6
2.

54
0.

45
0.

20
2

0.
12

9

2.
18

2.
06

2.
13

1.
94

2.
07

82
.6

8
2.

76
2.

37
1.

81
0.

20
0.

35
0.

26

C
en

tr
al

/T
3

4.
80

6.
28

4.
13

4.
09

5.
37

7.
73

7.
55

4.
64

4.
85

11
.5

6
1.

99
35

.4
4

1.
58

0.
52

0.
21

7
0.

13
5

1.
60

2.
71

2.
56

1.
63

2.
25

82
.8

8
2.

01
2.

64
1.

71
0.

15
0.

44
0.

38
1

Ea
st

er
n/

T 1
19

.5
8

9.
71

7.
69

7.
63

8.
30

8.
48

7.
65

11
.8

9
7.

91
4.

05
2.

53
2.

59
1.

99
0.

49
0.

15
8

0.
09

3

17
.9

2
7.

71
14

.3
2

4.
93

8.
20

21
.4

2
8.

13
14

.0
2

3.
35

0.
55

0.
14

8
0.

09
9

Ea
st

er
n/

T 2
7.

39
7.

09
6.

57
7.

59
6.

12
8.

43
6.

02
8.

47
5.

26
10

.1
3

3.
71

8.
88

2.
79

0.
38

0
0.

24
7

0.
15

2

2.
25

2.
15

2.
10

2.
31

2.
15

81
.0

9
3.

35
2.

81
1.

79
0.

12
0

0.
43

6
0.

35
6

Ea
st

er
n/

T 3
11

.9
1

5.
76

6.
31

7.
37

4.
88

6.
81

6.
67

6.
22

4.
72

11
.0

6
4.

14
20

.5
5

3.
60

0.
35

0
0.

23
0.

14
2

2.
37

2.
54

2.
04

1.
91

2.
37

80
.8

9
3.

33
2.

40
2.

14
0.

13
0

0.
38

8
0.

30
7

N
E-

SG
/T

2
32

.8
9

4.
88

4.
15

5.
44

5.
08

6.
27

5.
82

5.
08

3.
71

8.
56

4.
85

9.
03

4.
23

0.
34

0
0.

24
4

0.
15

5

16
.9

5
5.

28
4.

66
5.

47
4.

24
35

.8
8

18
.3

9
5.

60
3.

53
0.

34
0

0.
32

4
0.

25
4

N
E-

SG
/T

3
46

.6
2

3.
21

3.
48

5.
69

4.
69

3.
71

3.
81

4.
45

3.
35

4.
48

4.
83

6.
72

4.
96

0.
36

0
0.

22
3

0.
14

2

33
.9

4
7.

10
4.

87
4.

84
4.

42
29

.1
3

5.
76

6.
49

3.
44

0.
33

0
0.

35
3

0.
22

3

SE
-S

G
/T

2
17

.8
9

8.
22

5.
77

6.
73

7.
75

10
.9

6
10

.5
0

11
.2

3
4.

06
7.

72
2.

79
4.

27
2.

13
0.

19
0

0.
16

3
0.

09
6

14
.2

3
6.

73
5.

78
4.

68
6.

19
42

.0
2

9.
50

7.
85

3.
02

0.
21

0
0.

18
1

0.
13

1

SE
-S

G
/T

3
18

.4
4

6.
83

5.
24

9.
48

6.
28

7.
46

6.
94

6.
27

4.
88

5.
92

3.
78

14
.6

4
3.

82
0.

50
0

0.
14

5
0.

09
4

3.
54

4.
76

2.
70

3.
65

3.
82

55
.4

0
4.

38
18

.6
7

3.
08

0.
25

0
0.

24
8

0.
21

9

N
ot

e:
 S

ou
rc

e-
1 

=
 N

or
th

 C
hi

na
 B

lo
ck

; S
ou

rc
e-

2 
=

 N
or

th
 Q

in
lin

g 
te

rr
an

e;
 S

ou
rc

e-
3 

=
 S

ou
th

 Q
in

lin
g 

te
rr

an
e;

 S
ou

rc
e-

4 
=

 S
ou

th
 C

hi
na

 B
lo

ck
; S

ou
rc

e-
5 

=
 th

e 
w

es
te

rn
m

os
t S

ou
th

 C
hi

na
 (i

.e
., 

th
e 

Lo
ng

m
en

 S
ha

n 
re

gi
on

); 
So

ur
ce

-6
 =

 th
e 

so
ut

he
rn

 m
ar

gi
n 

of
 th

e 
K

un
lu

n-
Q

ai
da

m
 te

rr
an

e 
(i.

e.
, t

he
 E

as
te

rn
 K

un
lu

n 
R

an
ge

); 
So

ur
ce

-7
 =

 th
e 

no
rt

he
rn

 m
ar

gi
n 

of
 th

e 
K

un
lu

n-
Q

ai
da

m
 te

rr
an

e 
(i.

e.
, t

he
 c

om
bi

ne
d 

N
or

th
 Q

ai
da

m
 a

nd
 Q

ili
an

 o
ro

ge
n)

; 
So

ur
ce

-8
 =

 Q
ia

ng
ta

ng
 te

rr
an

e;
 S

ou
rc

e-
9 

=
 Y

id
un

 b
as

em
en

t; 
So

ur
ce

-1
0 

=
 ig

ne
ou

s r
oc

ks
 fr

om
 N

or
th

 Q
in

lin
g;

 S
ou

rc
e-

11
 =

 ig
ne

ou
s r

oc
ks

 fr
om

 S
ou

th
 Q

in
lin

g;
 S

ou
rc

e-
12

 =
 ig

ne
ou

s r
oc

ks
 fr

om
 th

e 
Ea

st
er

n 
K

un
lu

n 
R

an
ge

; 
So

ur
ce

-1
3 

=
 ig

ne
ou

s r
oc

ks
 fr

om
 th

e 
Yi

du
n 

A
rc

; R
2  v

al
ue

s f
or

 th
e 

cr
os

s-
co

rr
el

at
io

n 
co

ef
fic

ie
nt

; V
 v

al
ue

s f
or

 th
e 

K
ui

pe
r t

es
t; 

D
 v

al
ue

s f
or

 th
e 

K
ol

m
og

or
ov

–S
m

ir
no

v 
te

st
.

 13652117, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bre.12703 by U

niversity of C
alifornia - L

os A
nge, W

iley O
nline L

ibrary on [26/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



      |  41
EAGE

TANG et al.

5.1.3  |  DZmix analysis

Model results are shown in the Table S8. Tables 1 and 
2 present the results of the relative contribution in per-
centage from each potential source for the analysed 
Triassic samples based on cross-correlation coefficient 
R2 and KS test D values, respectively. Although DZmix 
is designed for detrital geochronology data, the source 
contribution of potential igneous rocks cannot be ig-
nored. The model results (Tables  1 and 2) show that 
adding igneous sources increase the cross-correlation 
R2 value and decrease the KS D values for all but one 
Triassic samples. This result means that adding the ig-
neous source does a better job of matching the Triassic 
sample age distributions. However, all the model re-
sults yield an imperfect match for the Triassic samples 
with a maximum R2 = 0.55 and a minimum D value of 
0.093. The poor model fits may result from small sample 
size. Ideally, the sample size should be >100 (Sundell & 
Saylor, 2017). In our case, the sample size is 83 for the 
Early Triassic age data from the central domain, 97 for 
the Early Triassic age data from the eastern domain, 91 
for the Middle Triassic age data from the southeastern 
domain, 88 for the North Qinling age data, 56 for the 

South Qinling age data and 41 for the Yidun age data. 
Another cause of poor model fits may come from source 
age populations that do not contribute to the mixed 
sample age distribution. Finally, the igneous zircon age 
data with the data size labelled as N have different geo-
logical meanings from the size of detrital zircon age data 
labelled as n. That is, a small sample size of an igne-
ous age population may make un-proportionally larger 
contributions to the mixing models obtained using the 
DZmix approach. The above discussion indicates that 
uncertainties in the DZmix model results can be miti-
gated by increasing the sample size and extracting those 
with greater relative contribution as potential source 
samples. Below, we summarize the main features of the 
DZmix modelling results.

Western domain modelling results (Figure 8a–c)
The best matching model is generated by increasing 
sample size and by exacting realistic source samples 
from North China, the southern margin (i.e., the Eastern 
Kunlun Range) and northern margin (i.e., the combined 
North Qaidam and the Qilian orogen) of the Kunlun-
Qaidam terrane, and igneous sources from the Eastern 
Kunlun Range and North Qinling orogen. Figure 8b shows 

F I G U R E  8   Data and model results of Triassic samples from the western domain. (a) Input mixed sample data of Triassic sandstones 
from the western domain and source sample data from the potential sources (Source-1 = North China block; Source-6 = the southern 
margin of the Kunlun-Qaidam terrane (i.e., the Eastern Kunlun range); Source-7 = the northern margin of the Kunlun-Qaidam terrane 
(i.e., the combined North Qaidam and Qilian orogen); igneous source = the Eastern Kunlun and/or North Qinling igneous rocks) shown 
as probability density plots (PDPs, top) and cumulative distribution functions (CDFs, bottom). (b) Model results using cross-correlation 
coefficient as probability density plots (blue, top) and the KS test D statistic as cumulative distribution functions (green, bottom). (c) Plots of 
the relative contribution of the potential sources by cross-correlation coefficient (top) and the KS test D value (bottom).
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the best fit model results that require R2 = 0.55, minimum 
D = 0.092, a mean of 0.55 ± 0.001 and a standard deviation 
of 0.097 ± 0.003. But no model yields a perfect fit due to a 
poor match of the mixed sample age distribution between 
0–500 and 2000–2500 Ma. This disharmony may be ex-
plained by the difference in abundance between the igne-
ous and detrital zircon age data, and by the overestimation 
of NCB sources, respectively. Figure 8c shows the relative 
contribution of potential sources from cross-correlation 
coefficient R2 and KS test D value, respectively. The plot 
shows that the Middle and Late Triassic samples from the 
wesern domain were mainly sourced from the Eastern 
Kunlun area and/or North Qinling orogenic belt (47.27%–
48.26%), the NCB (28.91%–33.83%), the Eastern Kunlun 
basement (8.94%–9.70%) and the combined North Qaidam 
and the Qilian orogen (9.96%–13.13%).

Central domain modelling results (Figure 9a–c)
The model result is similar to that for the western domain 
data. Considering that only one Early Triassic sample 
(sample D-22 with n = 83; see Figure 1 for sample location) 
is reported by Ding et al. (2013) with the p-value (Figure 7) 
between Early (T1) and Late Triassic (T3) samples to ex-
ceed .05, modelling is carried out between mixed age data 

from Early to Late Triassic samples and potential source 
age data from North China, the Eastern Kunlun base-
ment, the combined northern Kunlun-Qaidam terrane 
and the early Palaeozoic Qilian orogen, and igneous zircon 
ages from the Eastern Kunlun and/or the North Qinling 
orogen. Figure 9b shows the model results for R2 = 0.57, 
minimum D = 0.097, a mean of 0.57 ± 0.001, and a stand-
ard deviation of 0.101 ± 0.002. Misfit is most prominent for 
the central domain age data between 0 and 500 Ma and/or 
between 2000 and 2500 Ma due to the unavoidable igneous 
sources. Figure 9c shows the relative contribution of poten-
tial sources from the Eastern Kunlun and/or North Qinling 
igneous rocks (43.55%–47.98%), NCB (21.68%–26.01%), 
the Eastern Kunlun basement (14.90%–18.58%), and the 
combined North Qaidam and the Qilian orogen (11.86%–
15.45%). The model results are also consistent with pale-
ocurrent data from the area presented below.

Eastern domain modelling results (Figure 10a–c) and 
(Figure 11a–c)
The model result is more complex than that derived 
from the western and central domain age data. Although 
only one Early Triassic sample is used in the analysis 
(sample D-32 with n  =  97; see Figure  1 for sample 

F I G U R E  9   Data and model results of Triassic samples from the central domain. (a) Input mixed sample data of Triassic sandstones 
from the central domain and source sample data from the potential sources (Source-1 = North China block; Source-6 = the southern 
margin of the Kunlun-Qaidam terrane (i.e., the Eastern Kunlun Range); Source-7 = the northern margin of the Kunlun-Qaidam terrane 
(i.e., the combined North Qaidam and Qilian orogen); igneous source = the Eastern Kunlun and/or North Qinling igneous rocks) shown 
as probability density plots (PDPs, top) and cumulative distribution functions (CDFs, bottom). (b) Model results using cross-correlation 
coefficient as probability density plots (blue, top) and the KS test D statistic as cumulative distribution functions (green, bottom). (c) Plots of 
the relative contribution of the potential sources by cross-correlation coefficient (top) and the KS test D value (bottom).
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location), the age distribution of the Early Triassic sam-
ple differs from those of the Middle and Late Triassic 
samples from the eastern domain (Figure  6). In con-
trast, the age distribution of the Early Triassic sample is 
highly similar to those of the Triassic samples from the 
southeastern domain indicated by the p-value of .405 
(Figure  7). Hence, the results for the eastern domain 
data are divided into the Early Triassic (Figure  10a–
c) and Middle-Late Triassic (Figure  11a–c) models, 
respectively. The Early Triassic model (Figure  10b) 
requires R2  =  0.61, minimum D  =  0.072, a mean of 
0.60 ± 0.006 and a standard deviation of 0.086 ± 0.004. 
Figure 10c shows the relative contribution of potential 
sources derived from the NCB (24.17%–37.84%), the 
South Qinling terrane (12.52%–31.51%), the Eastern 
Kunlun basement (14.88%–38.56%), the westernmost 
SCB in the Longmen Shan area (11.19%–20.02%) and 
igneous sources (4.57%–4.72%). The provenance of the 
Early Triassic samples (Figure  10c) from the eastern-
most eastern domain differs from that of Middle and 
Late Triassic samples (Figure 11c) from the eastern do-
main by a lack of igneous sources and the addition of 
the South Qinling basement and/or westernmost SCB 
(Longmen Shan) sources. The lack of igneous sources 
for the Early Triassic data from the eastern domain may 

indicate that the closure of the Paleo-Tethys oceans by 
suturing along the Kunlun-Qinling orogen had not 
started at this time. The model result is consistent with 
an east-derived source area as indicated by the pale-
ocurrent data (see below) and the heavy mineral as-
semblage analysis of the Triassic samples located in the 
easternmost eastern domain (see discussion below).

Northeastern domain modelling results (Figure 12a–c)
Figure  12b shows the best-fit model result that yields 
R2 = 0.48, minimum D = 0.091, a mean of 0.48 ± 0.002 and 
a standard deviation of 0.101 ± 0.004. Figure  12c shows 
the relative contribution of potential sources by the best-
fit model: the NCB (56.02%–68.18%), the Eastern Kunlun 
and/or North Qinling igneous rocks (17.63%–31.10%), 
the Eastern Kunlun basement (5.05%–6.29%), and the 
combined North Qaidam and the Qilian orogen (7.83%–
7.89%). Compared with the western, central and eastern 
domains, the provenance of the Triassic samples from 
the northeastern domain is characterized by much more 
contributions from a NE-derived source (e.g., NCB), less 
contributions from NW-derived sources (e.g., the Kunlun-
Qaidam terrane and the Qilian orogen) and a significant 
decline in contributions from the igneous sources (i.e., ig-
neous rocks from Eastern Kunlun and/or North Qinling).

F I G U R E  1 0   Data and model results of early Triassic samples from the eastern domain. (a) Input mixed sample data of early Triassic 
sandstones from the eastern domain and source sample data from the potential sources (Source-1 = North China block; Source-3 = South 
Qinling terrane; Source-5 = the westernmost South China (i.e., the Longmen Shan region); Source-6 = Eastern Kunlun Range basement; 
igneous sources = the Eastern Kunlun and/or North Qinling igneous rocks) shown as probability density plots (PDPs, top) and cumulative 
distribution functions (CDFs, bottom). (b) Model results using cross-correlation coefficient as probability density plots (blue, top) and the KS 
test D statistic as cumulative distribution functions (green, bottom). (c) Plots of the relative contribution of the potential sources by cross-
correlation coefficient (top) and the KS test D value (bottom).
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Southeastern domain modelling results (Figure 13a–c)
Figure  13b shows the best-fit model result that yields a 
mean of 0.57 ± 0.003 and a deviation of 0.075 ± 0.006 with 
a maximum R2 value of 0.58 and a minimum D value of 
0.059. Figure  13c shows the relative contribution of po-
tential sources required by the best-fit models: the NCB 
(23.74%–32.91%), the Eastern Kunlun and/or North 
Qinling igneous rocks (27.32%–34.84%), the Qiangtang 
terrane (22.32%–28.36%) and the South Qinling basement 
(13.06%–17.45%). The partitioning of the source contribu-
tion differs from that for the western, central and eastern 
domains by an addition of the Qiangtang terrane source 
and a lack of contribution from the Kunlun-Qaidam ter-
rane and the Qilian orogen.

5.2  |  Paleocurrent directions during the 
formation of the Songpan-Ganzi basin

Figure  14 shows the paleocurrent data of Weislogel 
et al.  (2010), Ding et al.  (2013) and Jian et al.  (2019) 
from the Triassic Songpan-Ganzi strata basin, and the 
result shows that (1) the western domain records mostly 

southward and southeastward flows, (2) the central do-
main records mostly southeastward and southwestward 
flow, (3) the eastern domain record southwestward flow 
and bidirectional southeastward and northwestward 
flows, (4) the northeastern domain records mostly south-
ward, southeastward and southwestward flows, and (5) 
the southeastern domain records westward, northwest-
ward, and southwestward flows. The above paleocurrent 
data indicates that the western and central domains are 
mainly sourced from a northern provenance that includes 
the Kunlun-Qinling orogen, the Kunlun-Qaidam terrane 
and possibly North China. The diverse paleocurrent direc-
tions from the eastern domain require both a northern 
provenance similar to that for the western and central 
domains and an additional eastern provenance in South 
China. The paleocurrent orientation from the northeast-
ern domain indicates its source areas mainly from the 
Qinling orogen and North China in north. This contrasts 
to the southeastern domain whose paleocurrent data re-
quire source areas from the northwest and southwest 
located in South China. Note that no eastward or west-
ward paleocurrent directions have ever been observed 
across the Songpan-Ganzi basin (Figure  14), which is 

F I G U R E  1 1   Data and model results of middle-late Triassic samples from the eastern domain. (a) Input mixed sample data of middle-
late Triassic sandstones from the eastern domain and source sample data from the potential sources (Source-1 = North China block; 
Source-6 = the southern margin of the Kunlun-Qaidam terrane (i.e., the Eastern Kunlun Range); Source-7 = the northern margin of the 
Kunlun-Qaidam terrane (i.e., the combined North Qaidam and Qilian orogen); Source-8 = Qiangtang terrane; igneous sources = the Eastern 
Kunlun and/or North Qinling igneous rocks) shown as probability density plots (PDPs, top) and cumulative distribution functions (CDFs, 
bottom). (b) Model results using cross-correlation coefficient as probability density plots (blue, top) and the KS test D statistic as cumulative 
distribution functions (green, bottom). (c) Plots of the relative contribution of the potential sources by cross-correlation coefficient (top) and 
the KS test D value (bottom).
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inconsistent with a back-arc extension-basin model that 
requires a large-scale (>1500 km) horizontal sediment 
transport systems as proposed by Ding et al. (2013).

5.3  |  Sandstone petrography

Figure 15 shows the sandstones are dominated by quartz 
with varying amounts of feldspar and lithic fragments 
that are poorly rounded and poorly sorted with low com-
positional and textural maturity reflecting a turbidity 
current depositional origin in a proximal slope-basin en-
vironment with rapid erosion and burial. The result of 
plotting the area-count data on the ternary QmFLt dia-
gram (Figure 15), where Qm represents monocrystalline 
quartz, F represents combined plagioclase and potassium 
feldspar, and Lt represents the total lithic fragments. 
The total lithic fragments in turn can be further divided 
into volcanic rock fragment (Lv), sedimentary rock frag-
ment (Ls), and metamorphic rock fragment (Lm), and 
stable polycrystalline quartzite fragments. All samples 
analysed in this study are plotted in a recycled orogen 
or arc fields, which is consistent with the formation of 

the Songpan-Ganzi basin during the closure of the Paleo-
Tethys ocean via subduction and development of conti-
nental arcs along the basin margins.

5.4  |  Heavy mineral analysis

5.4.1  |  Distribution of heavy minerals

Table 3 presents the abundances of the heavy minerals of 
Triassic samples from the eastern Songpan-Ganzi basin. 
We identify 13 heavy minerals that include zircon, apatite, 
rutile, tourmaline, garnet, sphene, epidote, magnetite, 
Fe-Ti minerals (anatase, ilmenite and leucoxene; leucox-
ene often regarded as alteration of ilmenite or other tita-
nium minerals), and Fe-S minerals (haematite-limonite, 
pyrite and pyrrhotite). Figure  16 shows representative 
CL images of different zircon morphologies: (1) the ‘idi-
omorphic’ group characterized by euhedral, subhedral, 
elongated and zoned grains, which are mainly distributed 
in the Zoige County site and (2) the ‘rounded’ group that 
consists of rounded and subrounded grains, which are 
widely developed in the Songpan County site.

F I G U R E  1 2   Data and model results of Triassic samples from the northeastern domain. (a) Input mixed sample data of Triassic 
sandstones from the northeastern domain and source sample data from the potential sources (Source-1 = North China block; Source-6 = the 
southern margin of the Kunlun-Qaidam terrane (i.e., the Eastern Kunlun Range); Source-7 = the northern margin of the Kunlun-Qaidam 
terrane (i.e., the combined North Qaidam and Qilian orogen); igneous sources = the Eastern Kunlun and/or North Qinling igneous rocks) 
shown as probability density plots (PDPs, top) and cumulative distribution functions (CDFs, bottom). (b) Model results using cross-
correlation coefficient as probability density plots (blue, top) and the KS test D statistic as cumulative distribution functions (green, bottom). 
(c) Plots of the relative contribution of the potential sources by cross-correlation coefficient (top) and the KS test D value (bottom).
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5.4.2  |  Heavy mineral parameters

Table 3 also presents the calculation results of heavy min-
eral parameters including the zircon-tourmaline-rutile 
(ZTR) index (Hubert, 1962), the rutile-zircon (RZi) index, 
and the garnet-zircon (GZi) index (Morton & Hurst, 1995). 
The ZTR index can be used as a measure of the maturity 
of heavy mineral assemblages. In general, a higher ZTR 
index indicates more stable minerals in the hosting sedi-
ments that may imply a more distal source. ZTR values of 
the Triassic sandstone samples from the eastern domain 
vary from 2 to 60 (Table 3), which implies either mixing 
of detritus from proximal and distant sources of similar 
lithology or the same source area with highly variable 
lithologies (Hubert,  1962). Figure  17a shows ZTR index 
values in different locations from west (sites in the Zoige 
County) to east (sites in the Songpan County) in the study 
area. The lower ZTR values of less than 20 are mainly 
concentrated in the Songpan site, indicating a differ-
ent provenance from the Zoige site samples. In addition, 
provenance-sensitive parameters such as the rutile/zircon 
ratio (RZi) and the garnet/zircon ratio (GZi) are useful to 
assess input of materials derived from source areas expos-
ing high-grade metamorphic rocks. That is, high RZi and 
GZi indexes indicate high-grade metamorphic rocks in 

source areas, while low RZi and GZi indexes without ru-
tile and garnet imply lower-grade metamorphic rocks in 
source areas. Significant variation in RZi and GZi values 
occurs throughout the study area (Figure 17b,c). The RZi 
values of most samples from the Zoige County site are >10. 
This contrasts the RZi values for all but one samples from 
the Songpan site that are <10. The GZi values in the Zoige 
County site vary from 0 to 88, and samples with higher GZi 
(>60) values are commonly accompanied with lower ZTR 
index values (i.e., samples FT-2, FT-8, FT-14, FT-17, ZL-
3, and ZL-8). This correlation indicates a proximal source 
exposing high-grade metamorphic rocks. Meanwhile, we 
find that GZi values are consistently zero for samples col-
lected from the Songpan County site. This implies the ab-
sence of garnet characteristic of high-grade metamorphic 
rocks in the source area. The above heavy-mineral analysis 
suggests that the provenance of the eastern domain of the 
Songpan-Ganzi basin varies from site to site.

5.4.3  |  Heavy mineral 
assemblage and their protolith

Heavy minerals from the eastern Songpan-Ganzi basin 
samples can be divided into assemblages: (1) an assemblage 

F I G U R E  1 3   Data and model results of Triassic samples from the southeastern domain. (a) Input mixed sample data of Triassic 
sandstones from the southeastern domain and source sample data from the potential sources (Source-1 = North China block; 
Source-3 = South Qinling terrane; Source-8 = Qiangtang terrane; igneous sources = the Eastern Kunlun and/or North Qinling igneous 
rocks) shown as probability density plots (PDPs, top) and cumulative distribution functions (CDFs, bottom). (b) Model results using cross-
correlation coefficient as probability density plots (blue, top) and the KS test D statistic as cumulative distribution functions (green, bottom). 
(c) Plots of the relative contribution of the potential sources by cross-correlation coefficient (top) and the KS test D value (bottom).
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consisting of apatite, sphene, zircon (colourless: euhe-
dral, subhedral), tourmaline (brown, individually blue: 
idiomorphic), rutile (low RZi values) are considered to 
indicate acid igneous sources, (2) an assemblage con-
sisting of Fe-Ti minerals (anatase, ilmenite, leucoxene), 
magnetite, Cr-spinel and pyroxene represent basic igne-
ous and ultrabasic (commonly arc-related) sources, (3) an 

assemblage consisting of garnet, epidote, rutile (high RZi 
values) are interpreted to indicate metamorphic sources, 
and (4) an assemblage consisting of Fe-S minerals (pyrite, 
pyrrhotite, haematite-limonite), and recyclable mineral 
phases such as zircon, tourmaline, and rutile (with high 
ZTR index, e.g., quartz sandstone). Although pyrite and 
haematite are most likely to have an authigenic origin 

F I G U R E  1 4   Rose diagrams of paleocurrent orientations from Triassic strata in the Songpan-Ganzi basin. (a) Rose diagrams shown 
inside black circles are from Ding et al. (2013); blue circles are from Jian et al. (2019); green circles are from Weislogel et al. (2010). (b,c) 
Ripple and flute casts observed in the Zoige County from the eastern Songpan-Ganzi basin.

F I G U R E  1 5   Representative microphotographs of Triassic sandstones from the eastern Songpan-Ganzi basin and the QmFLt diagram 
after Dickinson (1988) indicating possible provenance affiliation. Photos of 1–6 are various lithic fragments including volcanic rock fragment 
(lv), sedimentary rock fragment (ls), and metamorphic rock fragment (Lm). Q = quartz; pl = plagioclase; Bi = biotite; Qm = monocrystalline 
quartz; F = feldspar; Lt = Total lithic fragments.
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with an intrabasinal source, the large fraction of such 
minerals in the analysed samples (i.e., from 50% to 90%) 
requires an explanation. Based on field observations, we 
find that Silurian carbonaceous phyllite in the Longmen 
Shan area of the easternmost Songpan-Ganzi basin con-
tains abundant pyrite and haematite (Figure  18c). This 
observation led to suggest that the Longman Shan area of 
westernmost South China was the primary source area of 
the large amount of pyrite and haematite in our analysed 
heavy-mineral samples.

Figure  18 shows the source-rock types required by 
the heavy mineral assemblages obtained from this study. 
Heavy minerals in samples collected from sites in the 
Zoige County require mainly felsic to mafic igneous 
rocks with a minor contribution from metamorphic 
and sedimentary rocks in the source areas (Figure 18a). 
The most likely source area is the Kunlun-Qinling oro-
gen where intruded by large Phanerozoic plutonic rocks 
(Figure  5a,b). This interpretation implies a northerly 
derived source area consistent with the paleocurrent 
data (Figure  14). Heavy minerals in samples collected 
from sites in the Songpan County require the source-
area rock types to be mainly sedimentary, followed by 
minor contributions from felsic to mafic igneous rocks 
(Figure  18b). The most likely source area that meets 
this requirement is the Longmen Shan area of western 
South China where a thick section of Neoproterozoic to 
Jurassic strata area exposed (Pan et al., 2004). This inter-
pretation is consistent with the paleocurrent data from 
this area (Figure 14).

6   |   DISCUSSION

Table  4 summarizes the interpreted source areas of the 
Songpan-Ganzi basin constrained by combined quanti-
tative DZmix modelling, paleocurrent data, sandstone 
petrography and heavy mineral analysis. Our DZmix 
modelling shows that the northern Songpan-Ganzi basin 
had a stable northern source system that includes North 
China, the combined Kunlun-Qaidam terrane and the 
Qilian orogen, and the Kunlun-Qinling orogen. The east-
ern basin also had a stable source system that consists of 
the South Qinling terrane and westernmost South China 
in the Longmen Shan area. Similarly, the southeastern 
basin was sourced from two stable source systems: the 
Qiangtang terrane in the west and southwest and western 
South China in the east and northeast.

Sandstones petrography from the eastern part of the 
Songpan-Ganzi basin shows that the Triassic sediments 
were deposited in a recycled orogen and/or in a mixed mag-
matic arc. The required tectonic setting is consistent with 
the Songpan-Ganzi basin located within the Paleo-Tethys SN
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ocean and next to the continental arc developed along the 
basin-bounding Kunlun-Qaidam terrane (Wu et al.,  2016; 
Yin & Harrison, 2000). Our heavy mineral analysis shows 
that the eastern part of the Songpan-Ganzi basin was mainly 
sourced from felsic to basic igneous rocks, which are best 
correlated to the Kunlun-Qinling orogen as the potential 
source area (Wu et al.,  2016; Yin & Harrison,  2000). The 
sandstone composition and heavy mineral assemblages 

requires the easternmost part of the Songpan-Ganzi basin 
was mainly derived from a recycled sedimentary source 
best correlated to those exposed in the western South China 
margin exposed in the Longmen Shan area (Pan et al., 2004; 
Wang, Pan, et al.,  2013). This interpretation is consistent 
with our DZmix modelling result.

The stable and locally derived detritus for the depo-
sition of the Songpan-Ganzi basin (i.e., the northern 

F I G U R E  1 6   Representative CL images of different zircon morphologies.

F I G U R E  1 7   Variations in the ZTR, RZi and GZi index of the Triassic samples from the eastern Songpan-Ganzi basin. ZTR, RZi 
and GZi are determined as given in Table 3. ZTR = zircon + tourmaline + rutile; RZi = 100 × rutile/(rutile + zircon); GZi = 100 × garnet/
(garnet + zircon). Horizontal coordinates represent the sampling sites from west (Figure 18a) to east (Figure 18b)
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basin has a northern source and the eastern basin has 
an eastern source) is most consistent with the rem-
nant ocean model that predicts the basin to have been 

bounded by approaching continental terrains and cra-
tonal blocks during the closure of the Paleo-Tethys ocean 
(Nie et al.,  1994; Weislogel et al.,  2006, 2010; Zhou & 

F I G U R E  1 8   The distribution of source rocks based on heavy mineral assemblage from the eastern Songpan-Ganzi basin (the study 
area enlarged from Figure 1). (a) Is for sites in the Zoige County; (b) is for sites in the Songpan County; (c) is photograph of Silurian bearing 
pyrite carbonaceous phyllite in the Longmen Shan area of the easternmost Songpan-Ganzi basin.
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Graham,  1996). In contrast, a stable source system for 
the Songpan-Ganzi basin is inconsistent with the mo-
bilistic model proposed by Pullen et al.  (2008) and Ding 
et al.  (2013), which requires migration of the Yidun arc 
across the Songpan-Ganzi basin as it was opened by slab 
rollback during the closure of the Paleo-Tethys ocean. 
The southward migration of the Yidun arc rifted from the 

southern margin of Asia in the Pullen et al. (2008) model 
would in turn require a progressive change in source areas 
from the Kunlun-Qaidam terrane to the Qiangtang ter-
rane and western South China, which is not consistent 
with the results obtained in this study.

A synthesis of multi-proxy provenance data allows us 
to construct a coherent Triassic tectonic model for the 
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development of the Songpan-Ganzi basin (Figure 19). In 
our model, the basement of the Songpan-Ganzi basin is 
assumed to be a highly extended and thinned continen-
tal crust of South China (Wu et al., 2016 and references 
therein), and the Yidun arc was originated by rifting from 
South China. In the Early Triassic (Figure 19a), the west-
ern and central sub-basins were subducting northward 
during which the easternmost sub-basin received locally 
derived materials from the northwestern margin of South 
China (see Figure  10). In the Middle to Late Triassic 
(Figure 19b), the western, central and eastern sub-basins 
were sourced mainly from the northern bounding re-
gions (e.g., North China, the combined Kunlun-Qaidam 
terrane and the Qilian orogen, and the Kunlun-Qinling 
orogen) (see Figures  8, 9, 11). At this time, the north-
eastern margin of the Songpan-Ganzi basin and Triassic 
strata in the western Qinling orogen have similar detrital-
zircon age populations (Figures  4b and 6e), which can 
be interpreted as sharing the same source areas from 
North China and the Kunlun-Qinling orogen (Figure 12). 
Meanwhile, the Triassic strata in the southeastern mar-
gin of the Songpan-Ganzi basin contain similar detrital-
zircon age populations to those of Triassic sediments in 
the Yidun arc (Figures 4f and 6f), which best correlated 
to the source rocks in the Qiangtang terrane and west-
ern South China (Figure 13). Between the latest Triassic 
and the Early Jurassic (Figure 19c), the final closure of 
the Paleo-Tethyan ocean was accomplished by the con-
vergence and eventual collision among North China, 
South China and the Qiangtang terrane (Nie et al., 1994; 
Weislogel et al., 2006, 2010; Zhou & Graham, 1996). The 
final collision is expressed by intense folding of the Late 
Triassic turbidite strata in the Songpan-Ganzi basin 
(Burchfiel & Chen, 2012).

7   |   CONCLUSIONS

In this paper, we systematically reviewed the available 
provenance data of the Triassic Songpan-Ganzi basin 

deposits from literature. The data include U–Pb detrital 
zircon ages at the basin scale, paleocurrent directions 
and sandstone petrography. Our original contribution to 
this study is the heavy mineral analysis of Triassic sam-
ples from the eastern part of the Songpan-Ganzi basin. 
Our synthesis of the multi-proxy provenance data shows 
that the Songpan-Ganzi basin had a stable and locally 
derived source system: the northern basin was mainly 
sourced from the north (North China, the combined 
Kunlun-Qaidam terrane and the Qilian orogen, and the 
Kunlun-Qinling orogen), the eastern basin was sourced 
from the east (South China), and the southeastern basin 
was sourced from both the west (Qiangtang) and east 
(South China). The stability of the source areas around the 
Songpan-Ganzi basin throughout the Triassic is compat-
ible with the remnant ocean model that predicts a long-
lived marine basin with a pre-Triassic oceanic/continental 
basement trapped between converging continental blocks 
during the closure of the Paleo-Tethys ocean, rather than 
the mobilistic model requires migration of the Yidun arc 
across the Songpan-Ganzi basin as it was opened by slab 
rollback during the closure of the Paleo-Tethys ocean. 
The southward migration of the Yidun arc rifted from the 
southern margin of Asia in the Pullen et al. (2008) model 
would in turn require a progressive change in source 
areas from the Kunlun-Qaidam terrane to the Qiangtang 
terrane and western South China, which is not consistent 
with our provenance results. The provenance results in 
this study are consistent with the early work of Weislogel 
et al.  (2006, 2010) who reached a similar conclusion. 
Although our current data analysis does not support the 
slab-rollback model of Pullen et al. (2008) for the Triassic 
development of the Songpan-Ganzi basin, more system-
atic studies that integrate source rocks and basin deposits 
are needed in the future.
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F I G U R E  1 9   Sketched tectonic model for the Triassic development of the Songpan-Ganzi basin. (a) In the early Triassic, the western 
and central sub-basins were subducting northward during which the easternmost sub-basin received locally derived materials from the 
northwestern margin of South China (see Figure 10). (b) In the middle to late Triassic, the western, central and eastern sub-basins were 
sourced mainly from the northern bounding regions (e.g., North China, the combined Kunlun-Qaidam terrane and the Qilian orogen, and 
the Kunlun-Qinling orogen; see Figures 8, 9, and 11). At this time, the northeastern margin of the Songpan-Ganzi basin and Triassic strata 
in the western Qinling orogen have similar detrital-zircon age populations (Figures 4b and 6e), which can be interpreted as sharing the same 
source areas from North China and the Kunlun-Qinling orogen (Figure 12). Meanwhile, the Triassic strata in the southeastern margin of 
the Songpan-Ganzi basin contain similar detrital-zircon age populations to those of Triassic sediments in the Yidun arc (Figures 4f and 6f), 
which best correlated to the source rocks in the Qiangtang terrane and western South China (Figure 13). (c) Since the latest Triassic to the 
early Jurassic, the final closure of the paleo-Tethyan Ocean was accomplished by the convergence and collision among North China, South 
China, and the Qiangtang terrane. AKMS, Anyimaqen-Kunlun-Mianlue suture; JS, Jinsha suture; NCB, North China block; QT, Qiangtang 
terrane; SCB, South China block; SGT, Songpan-Ganzi terrane; YD, Yidun terrane; YZB, Yangtze block.
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(2018JM4003). All data are provided in the present manu-
script and Tables  S1 (sample information from Triassic 
strata in the Songpan-Ganzi basin), S2 (zircon age data of 
igneous rocks from the Songpan-Ganzi basin), S3 (detrital 
zircon U–Pb age data from potential basement rocks), S4 
(detrital zircon U–Pb age data from contemporary Triassic 
strata around the Songpan-Ganzi basin), S5 (zircon U–Pb 
ages from potential igneous rocks), S6 (detrital zircon 
U–Pb age data from Triassic strata in the Songpan-Ganzi 
basin), S7 (K-S testing result of Triassic samples from the 
Songpan-Ganzi basin), and S8 (results of the DZmix mod-
elling between Triassic samples and source samples).
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