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U–Pb ages of 637 new detrital zircons of Triassic sandstones from the Northwestern
Sichuan Basin (NWSB), together with the petrology and paleocurrent data, are used to
constrain the sediment provenance and tectonic–paleogeographic evolution of the
western Yangtze Block. The U–Pb age data for the Lower Triassic detrital zircons
generally show populations at ~1,850Ma, 980–705Ma, 680–510Ma, and
290–230Ma with a minor cluster at ~2.4 Ga. Such age spectrum features together
with the eastward to northeastward paleocurrent direction implied that the
Northwestern Sichuan Basin was dominantly fed by the uplifted Khamdian Paleoland.
The Upper Triassic detrital zircons yield age populations at 855–730Ma, 455–415Ma, and
290–215Ma and a prominent age group of 1.9–1.7 Ga. These age spectrum features
together with paleocurrent data showed a provenance change with a major source of the
Longmenshan thrust belt and Songpan-Ganzi terrane for the south area of NWSB and the
Qinling orogenic belt for the north part of NWSB. Such transition of the provenance
probably indicated the subsidence of the Khamdian Paleoland and uplift of the Songpan-
Ganzi terrane and Qinling orogenic belt from the Early Triassic to the Late Triassic. This
tectonic inversion most likely resulted from the gradually thermal subsidence of the
Emeishan large igneous province (ELIP) and the gravitational loading triggered by the
eastward shortening of the Songpan-Ganzi terrane as well as the ongoing convergence
between Yangtze Block and North China Block.
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1 INTRODUCTION

Clastic sedimentary rocks of basin bear valuable information
about their sources and the basin evolution history, as well as the
evolution and erosion history of the peripheral orogens (e.g.,
Wilson et al., 1968; Taylor and McLennan, 1985; Tuener et al.,
1993). Detrital zircons in sedimentary rocks have proved to be a
most effective medium to record such information due to their
resistance to subsequent mechanical and chemical processes,
such as erosion, transportation, metamorphism, and partial
melting (Gehrels et al., 1998; Lee et al., 1997; Rubatto and
Gebauer, 2000; Amidon et al., 2005; Kemp et al., 2006;
Hawkesworth and Kemp, 2006; Hawkesworth et al., 2010).
Hence, by analyzing the U–Pb age spectrum of detrital zircons
from clastic rocks, we can trace the source characteristics and
even their transport processes thus to reconstruct the tectonic
evolution of basin and peripheral orogens (Wang et al., 2013;
Peter-Jon et al., 2015; Zhu et al., 2016).

The Sichuan Basin is located at the Upper Yangtze Craton
which is bounded by the Qinling orogen to the north, the
Sanjiang orogenic belt to the southwest, and the Jiangnan-
Xuefeng orogen to the southeast (Figure 1). The Sichuan

Basin had experienced complex tectonic evolution from the
Late Paleozoic to the Early Mesozoic (Zhu et al. (2017) and
references therein), including the collision of the South China
Block and the North China Block at the north margin, the
tectono-magmatic thermal event of the Emeishan large
igneous province (ELIP), and the closure of Paleo-Tethys
Ocean that resulted in the formation of Sanjiang orogenic belt
along the west margin. The Northwestern Sichuan Basin (NWSB)
may be the ideal place to record the aforementioned tectonic
activities, which resulted in the transformation of passive
continental basin to peripheral foreland basin during the Early
Mesozoic with thick clastic sediments (Yin and Nie, 1993; Chen
and Wilson, 1996.; Guo et al., 1996; Lin et al., 2006; Yuan et al.,
2010a; Luo et al., 2014).

Previous studies mainly focused on the Late Triassic detrital
records to reveal the information of potential sources and
tectonic processes of the NWSB during the Mesozoic era due
to the lack of medium to coarse clastic rocks from the Early to
the Middle Triassic. The results showed that the Sichuan Basin
had a remarkably high correlative provenance with its adjacent
orogens during the Late Triassic (Deng et al., 2008). However,
with relatively rare research studies about provenance of Lower

FIGURE 1 | Geological sketch map showing the tectonic of the South China Block (A) and Upper Yangtze area (B) (modified from M. Faure et al., 2017); ANMQ,
Animaqin suture; MLS, Mianlue suture; SDS, Shangdan suture; KPS, Kuanping suture;XSF, Xianshuihe fault; XJF, Xiaojiang fault; GZS, Ganzi-Litang suture.
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Triassic, some controversy is still going on concerning the
depositional responses of the major orogeny and the
time–spatial characteristics of the basin that received
sedimentary material from the orogens during the Early
Triassic (Zhao and Coe, 1987; Cui et al., 1991; Guo et al.,
1996; Li et al., 2005; Luo et al., 2014; Zhang et al., 2015; Shao
et al., 2016). Based on traditional sedimentology analyses,
studies showed that the uplift of the Khamdian Paleoland
controlled the evolution of the Early Triassic southwestern
Sichuan (Ma et al., 2009). The first reported U–Pb

geochronology and geochemistry of Early Triassic
sedimentary rocks in Yanyuan (Zhu, 2010) and northern
Yunnan (Zhang et al., 2016) of Southwestern Yangtze Block
indicated that these regions mainly received materials from the
Khamdian Paleoland rather than the exterior of the western
Sanjiang orogen of the Yangtze Block during the Early Triassic.
The subsequent study of U–Pb geochronology and geochemical
characteristics of sandstone from the E’mei–Meigu region also
suggested that the Early Triassic strata in the southwestern
Sichuan probably originated from both the ELIP and the

FIGURE 2 | Geologic and peripheral igneous rocks’ sketch map of the Northwestern Sichuan Basin modified after geological map of Sichuan Province (Zhang
et al., 2015) and Yu and Liang (2016) showing the peripheral igneous rocks, major faults, and locations of our samples. Abbreviations: PG, Pengguan massif; BX,
Baoxing massif; KD, Kangding massif; BK, Bikou terrane; HN, Hannan massif. Specific geologic sketch map and sample locations in our study are shown in Figure 3.
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Khamdian Paleoland of the inner Yangtze Craton ( Zhu et al.,
2017). However, the newly reported U–Pb geochronology of the
Early Triassic sedimentary succession from the northern
Sichuan Basin to South Qinling Orogen showed that the
foreland basin of the northeastern Paleo-Tethys Ocean
received recycled North Qinling Orogen detritus in a
collisional tectonic setting (Zhang et al., 2022).

In this paper, seven sandstone samples from the Upper
Triassic and three from the Lower Triassic were collected from
the NWSB for sandstone petrology and detrital zircon
geochronology analysis (Figures 2, 3, 4). Combined with other
published paleogeography and basin analysis, this study not only
traced the possible provenance information (Bruguier et al., 1997;
Federico et al., 2004; Veevers et al., 2005) but also reconstructed

FIGURE 3 |Relative probability of detrital zircon U–Pb ages for comparison with adjacent potential source areas. (A) Late Triassic sandstones and (B) Early Triassic
sandstones in the Northwestern Sichuan Basin; (C) Paleozoic strata of Qiangtang Block (Gehrels et al., 2011); (D) red line: Paleozoic strata of South Qinling belt (Zhu
et al., 2017; Shi et al., 2013); black line: Paleozoic strata of North Qinling belt (Shi et al., 2013; Zhu et al., 2011); (E) red line: Neoproterozoic sedimentary strata (Zhou et al.,
2006; Sun et al., 2009); black line: Neoproterozoic and Cambrian sedimentary strata (Sun et al., 2009); (F) Paleozoic strata of Longmenshan thrust belt (Chen et al.,
2011; Weislogel et al., 2010); (G) Late Triassic strata of Songpan-Ganzi terrane (Weislogel et al., 2010); (H) inner Sichuan foreland basin (Luo et al., 2014; Li et al., 2016;
Deng et al., 2008); (I) north Yangtze Craton (Shi et al., 2013; Shao et al., 2016); (J) Permian–Middle Triassic strata in the southern North China Block (Shi et al., 2013;
Zhang et al., 2015).
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the possible tectonic processes about the transition from the
passive continental basin to the foreland basin during the Early
Mesozoic.

2 GEOLOGICAL SETTINGS

The Sichuan Basin is an NE–SW trending structural depression
that occupies the northwest portion of Yangtze Craton. The
NWSB, located at the northwestern part of the basin, is
bounded by the Qinling orogen to the north, separated by the
Micangshan–Dabashan structural belts, Songpan-Ganzi complex
to the west divided by the Longmenshan thrust belt, Sanjiang
orogen, and Khamdian Paleoland to the southwest by the
Xianshuihe fault zone, and Central Sichuan uplift transitional
zone to the east (Figure 1). As the NWSB turned into a foreland
basin since the Late Triassic, it is an ideal target to study the
depositional response of such transition as well as the relationship
with the adjacent orogens since the Mesozoic era.

The convergence of the South China Block (SCB), the North
China Block (NCB), and the Qiangtang Block (QTB) during the
Mesozoic era has profoundly changed the Sichuan Basin (Pan
et al., 2001; Shao et al., 2016). The diachronous collision between
the SCB and the NCB led to the formation of the Qinling orogenic
belt, which can be subdivided into the north margin of the South
China Block, southern Qinling belt, northern Qinling belt, and
south margin of the North China Block by Mianlue suture,
Shangdan suture, and Kuanping complex, respectively (Zhang
et al., 2001). This orogeny was accompanied by massive folding
and intrusion of granitoids as well as thick Mesozoic sediments in
the north of Sichuan Basin. This event also resulted in the
transformation of the northern Sichuan Basin from shallow
marine during the Late Permian to transitional environment
during the Early and Middle Triassic, and finally got into the
continental basin during the Late Triassic (Xu et al., 2013; Zhang
et al., 2014; Yu and Liang, 2016). The convergence of the NCB
and the QTB also formed the Songpan-Ganzi turbidite complex
which expanded to the more rigid Yangtze Block (i.e., the western
SCB) on the east and resulted in the development of the
Longmenshan belt (Xu et al., 2013; Zhu et al., 2016; Yu and
Liang, 2016). This tectonic activity also caused the transition from
a passive continental marginal type basin into a foreland basin of
the western Sichuan Basin (Zhao and Coe et al., 1987; Zhang et al.,
2001; Yuan et al., 2010b).

The triangular-shaped Songpan-Ganzi turbidite complex
(Weislogel, 2006; Zhu et al., 2016) is bounded by the Western
Qinling–Eastern Kunlun orogen to the north, the Longmenshan
structural belt and the Khamdian Paleoland complex to the east
and southeast, respectively, and the Yidun arc to the west. The
complex composed one of the largest continental slope-abyssal
flysch turbidites, namely, Xikang Group during Ladinian through
Norian Triassic (Zhang, 2013), which is followed by two-way
compression of the Qiangtang Block and the North China
Block–Kunlun complex from the Late Triassic to the Early
Jurassic. Such tectonism resulted in massive folded and
uplifted flysches with minor emplacement of Late Triassic
(228~185 Ma) granite (Roger et al., 2010; Zhong et al., 2014).

Located at the northwest margin of NWSB, the Longmenshan
belt can be divided into three different structural parts from north
to south with widely outcropped pre-Sinian complexes such as
the Pengguan Complex at the center part (Xu et al., 1992; Liu,
1995; Jin et al., 2007; Li et al., 2008a; Luo et al., 2014). The
Khamdian Paleoland, located at the southern end of
Longmenshan belt, has a distance of over 700 km with an
approximately N–S trending feature. A number of
metamorphic complexes associated with Neoproterozoic
granites occurred on the paleoland, including the Kangding
complex, Mopanshan-Miyi complex, and Yuanmao complex.
Those complexes were dominated by granitic gneiss and
migmatitic granite (Zhou et al., 2002; Xu et al., 2010) with
minor coeval mafic dykes. The mafic dykes intruding the
coeval granitic rocks were roughly E–W trending. Together
with numerous coeval granitic and volcanic units throughout
the South China Block, this intraplate large igneous province
most likely correlated with the breakup of Rodinia (Li et al., 2003;
Lin et al., 2007).

The Lower Triassic units in the Sichuan Basin can be divided
into the Feixianguan Formation and the Jialinjiang Formation.
The Feixianguan Formation, which is conformably laid between
the Lower Triassic Jialinjiang Formation carbonate platform
deposition and the Upper Permian Changxing Formation, has
a total thickness ranging from 100 to 573 m (BGMRSP, 1991).
The Feixianguan Formation was composed of siltstone,
mudstone, and marlstone that rhythmically interbedded in its
lower part, while the middle part was mainly composed of
siltstone and mudstone interlayered with silty limestone. The
upper part consisted of shale with calcareous mudstone as well as
siltstone. In general, the Feixianguan Formation is dominated by
shallow-marine platform carbonate with terrigenous clastic rocks
decreasing from the NWSB to the Eastern Sichuan Basin (Sun
et al., 2009).

The Upper Triassic can be subdivided into the Maantang
Formation and Xujiahe Formation in the NWSB. The Maantang
Formation is in parallel unconformable contact with the shallow-
marine shelf deposits of Middle Triassic Leikoupo Formation (Yu
and Liang, 2016). The Xujiahe Formation mainly developed a set
of coal-bearing continental deposits that consisted of
conglomeratic sandstone, sandstone, siltstone, and mudstone
(Yu and Liang, 2016; Luo et al., 2014). As the NWSB became
a foreland basin during the Late Triassic, the Xujiahe Formation
documented the features of significant vertical and lateral
variations in both thickness and lithofacies (Zhang et al., 2006;
Li et al., 2010a; Zhang et al., 2015; Zhu et al., 2017). The Xujiahe
Formation can be further divided into six members from bottom
to top. With member 6 generally missing in the NWSB, the
Xujiahe Formation was generally uncomfortably overlain by
Lower Jurassic succession. From member 1 to member 5, the
sediments exhibited a primary coarse upward feature with
member 1 consisting of gray to black shale interbedded with
quartz sandstones and shed coals; member 2 is composed of
sandstones and siltstones with apparent sedimentation structures;
member 3 is dominated by sandstones with shale; and members
4 and 5 comprise sandstone and conglomerate interbedded with
thin bedded mudstone and shale (Yu and Liang, 2016).
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3 SAMPLES AND ANALYTICAL METHODS

Nine fine to medium grained sandstones and one siltstone
were collected from the NWSB for petrology analysis and
point counting of compositions (quartz, feldspar, and lithic)

(Figures 2, 4). By plotting triangle diagrams of the counting
results with the method of Dickinson (1982), Dickinson et al.
(1983), and Dickinson (1985), together with the paleocurrent
restoration of oblique beddings and cross beddings
(Figure 5) (Zhang, 2013), both the source region

FIGURE 4 | Specific geologic sketch map and sample locations of our study: Guangyuan (A), Qionglai (B), and Mianyang (C) (modified after the geological map of
Sichuan Province).
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characteristics and their tectonic setting can be depicted
(Figure 6).

Five samples from the Upper Triassic Xujiahe Formation and
three samples from the Lower Triassic Feixianguan Formation
were collected from the Northwestern Sichuan Basin for detrital
zircon U–Pb dating. The separation of zircons was carried out in
ChengXin Geology in Hebei Province. After crushing the sample
into 0.3~0.1 mm and separating the zircons by the conventional
density and magnetic approach, the zircon grains were mounted

in epoxy resin for further analysis. The external properties
(surface morphology, color, and crack) and the internal
textures like oscillatory zoning of all the zircons were carefully
observed on optical micrographs and cathodoluminescence (CL)
images, respectively (Figure 7) (Rubattoo and Gebauer, 2000;
Corfu et al., 2003; paul and urs, 2003). All the observations were
done in the Southwest PetroleumUniversity (SWPU) with the CL
images by using a JXA-8230 Electron Microanalyzer in the
Electronic Probe Laboratory of SWPU. LA-ICP-MS U–Pb age

FIGURE 5 | Field photographs of typical outcrops with sedimentary structures and photo-micrographs of Lower Triassic and Upper Triassic successions in the
Northwestern Sichuan Basin: (A,B) siltstone and fine sandstone of Lower Triassic formation with cross bedding, middle sections of NWSB; (C,D) single and orthogonal
polarized light images of Lower Triassic succession, sample XL-01; (E,F) sandstone of Late Triassic formation with the cross bedding, middle section and northern
section of NWSB; (G) orthogonal polarized light image of Upper Triassic succession, sample JGS-01, middle section of NWSB; (H) orthogonal polarized light image
of Upper Triassic succession, sample 18GY-02, northern section of NWSB. Abbreviations: Qm, monocrystalline quartz; Qp, polycrystalline quartz; Kfs, K-feldspar; Pl,
plagioclase; Lv, volcanic lithic fragment; Ls, sedimentary lithic fragment; Lm, metamorphic lithic fragment; Lsc, carbonate rock; Dol, dolomite.
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analysis was conducted using a GeoLas ProHD laser ablation
system with an Agilent 7700 plasma mass spectrometer at Sample
Solution Technology Company in Wuhan of Hubei Province.
The detailed analysis conditions and procedures are similar to
those in the studies of Liu et al. (2008), Hu et al. (2015), Zong et al.
(2017), and Ludwig (2003). The ages of zircons were divided into
two groups, with the ones older than 1,000 Ma corrected by the
207Pb/206Pb ratios while the zircons younger than 1,000 Ma based
on their 206Pb/238U ratios. 100%* (206Pb/238U age)/(207Pb/206Pb
age) is used for concordance calculation of the older ones and
100%* (206Pb/238U age)/(206Pb/235U) for the younger. Zircons
with concordance ≥90% are used for further discussion
(Figure 8). Totally, 450 and 224 new detrital zircon grains
from the Upper Triassic (Supplementary Table S2) and
Lower Triassic (Supplementary Table S1) were analyzed,
respectively.

4 RESULTS

4.1 Sandstone Petrology
Three sandstones from the Lower Triassic Feixianguan
Formation are mainly fine-grained sandstone to siltstone,
which have quartz, feldspar, and lithic components
(Figures 5A-D). Sample SZ-01 is composed of high feldspar
content (60%) with minor quartz and lithic fragments of few
pyroxenes. Most of the feldspars are plagioclase with angular
monocrystallines, quartz grains are generally sub-angular, and
lithic fragments are irregular in shape. Other two samples shear
similar characteristics with sub-angular, well-sorted quartz grains
(30%–34%), lath-shaped or granular feldspars (16%–20%), and
moderate abrasion and generally sub-rounded lithic fragments
(8%–10%).

Seven medium to fine grained sandstones from the Upper
Triassic Xujiahe Formation were collected for detrital
components in Dujiangyan, Guangyuan, and Wangcang
Counties (Figures 5E,F). Samples LMS-01 and JGS-01 were
from the Dujiangyan area with LMS-01 poorly sorted with
sub-angular moderate quartz (30%), sub-angular or sub-
rounded low feldspars (15%), and lath-shaped or granular-
shaped and irregular-shaped lithic fragments (45%). In
contrast, sample JGS-01 has a higher quartz content (65%)
and lower lithic components (10%–15%) with good abrasion
(Figure 5G). Sample BL-01 collected from the west of Guangyuan
contains high quartz content (60%), low feldspar content (5%),
and low lithic fragments (20%–25%), of which quartz grains as
well as feldspars appear to be sub-angular to sub-rounded
monocrystallines with moderate abrasion, while lithic
fragments tend to be good abrasive and basically sub-rounded
with components of silexite, quartzite, metasiltstone, sericite, and
carbonatite. Samples 18GY-01 and 18GY-02 collected from the
Guangyuan area are fine-grained sandstones with moderate
quartz grains (25%–30%), low feldspars (<5%), and high lithic
fragments (50%) (Figure 5H). The quartz grains are mostly sub-
angular to sub-rounded monocrystallines with moderate
abrasion; most of feldspars are potassium feldspars that are
lath-shaped or granular-grained. Lithic fragments, which

contain limestone, silexite, and slate, are generally sub-
rounded with good abrasion. Samples WC-14 and WC-20
were collected from Wangcang in the northern SCB, and both
presented high quartz content (55%–60%) and moderate lithic
fragments (20%–25%) with few feldspars (<5%), of which quartz
grains tend to be mostly sub-angular and have poor abrasion;
feldspars are sub-angular to sub-rounded in a lath shape, and
lithic fragments mainly composed of silexite, quartzite, slate, and
phyllite have a moderate abrasion.

4.2 U–Pb Ages of Detrital Zircons
4.2.1 Sample LMS-01 (T3x

2)
Sample LMS-01, medium to fine grained sandstone, was collected
from the Upper Triassic Xujiahe Formation adjacent to the
Dujiangyan area of NWSB (Figure 3B). A total of 90 detrital
zircons were analyzed; only one did not pass the <10%
discordance filter. The ages of zircons were mainly distributed
in the range of ~880–751 Ma (95%) with a major peak at 800 Ma
(Figure 8B). The features of these detrital zircons indicated a
probably proximal source.

4.2.2 Sample JGS-01 (T3x
4)

Sample JGS-01 collected from the Xujiahe Formation (Figure 3C)
is the fine-grained lithic sandstone. As 90 detrital zircons were
analyzed, only two did not pass the <10% discordance filter. With
few zircons presenting Th/U < 0.1, others have high Th/U values
(0.11–1.52), implying a magmatic origin. The ages of detrital
zircons could be divided into five groups, ~287–219 Ma group
(6%), 326–307 Ma group (8%), 444–415 Ma group (6%),
1989–1720 Ma group (53%), and 2,540–2,362 Ma group (10%),
with a major peak at ~220 Ma, ~320 Ma, ~440 Ma, ~1820 Ma,
and ~2,400 Ma, respectively, and there are some disperse clusters
lying between 700 and 1,000 Ma (Figure 8A). All the zircon
grains exhibit a relatively proximal source in that the zircons are
almost slightly rounded with oscillatory zoning.

4.2.3 Sample BL-01 (T3x
2)

Sample BL-01 collected from the Upper Triassic Xujiahe Formation
in the west of Guangyuan (Figure 3A) is the fine-grained sandstone.
About 88 out of 90 detrital zircons passed the <10% discordance
filter. Zircons have high Th/U values (~0.2–1.65) with few <0.1,
suggesting a magmatic origin. The ages of zircons could be divided
into four age groups, ~250–225Ma group (6%), 456–430Ma group
(7%), 854–730Ma group (18%), and 1963–1788Ma group (43%).
The major peaks in the younger group (~456–225Ma) are at
~230Ma and 440Ma, and those in other age groups are at
~750Ma, 830Ma, and 1890Ma (Figure 8C). The zircons in the
young group (~456–225Ma) have mainly euhedral to subhedral
morphology showing oscillatory zoning or sector zoning, suggesting
a relatively proximal source. And those in the group from ~1963 to
730Ma are slightly rounded as a result of medium- to long-distance
transportation or recycled materials origin.

4.2.4 Sample 18GY-02 (T3x
1)

Sample 18GY-02 was collected from the Upper Triassic Xujiahe
Formation near Guangyuan (Figure 3A), which is the fine-grained
sandstone. Only 4 out of 90 detrital zircons did not pass the <10%
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discordance filter. With a mean value of 1.02, zircons display a Th/U
ratio from ~0.10 to 1.92. The ages of zircons could be classified into
four groups, ~242–223Ma (10%), 475–423Ma (10%), 837–741Ma
(6%), and 1943–1788Ma (36%), with their major peaks at ~232,
~425, ~746, and ~1,871Ma, respectively (Figure 8D). The zircons
falling in the 242–223Ma group generally have euhedral to subhedral
morphology indicating a relatively proximal source, while in other
groups, they are slightly rounded as a result of medium- to long-
distance transportation or recycled materials origin.

4.2.5 Sample WC-14 (T3x
3)

SampleWC-14 collected from the Upper Triassic Xujiahe Formation
in Wangcang (Figure 3A) is medium to fine grained sandstone.
About 90 zircons were analyzed in this sample, and all the grains
passed the filter and could be put into following interpretation. With
their Th/U ratio from0.12 to 1.7 as well as amean value of 1.11 in this
sample, it is supposed to be magmatic protolith. The age of detrital
zircons in this sample ranges from 214 to 2,194Ma and could be
divided into five groups, ~242–214Ma (6%), 455–423Ma (6%),
782–722Ma (9%), 896–817Ma (8%), and 1,940–1,739Ma (53%)
groups, with their major peaks at ~239, ~443, ~757, ~860, and

~1,826Ma, respectively (Figure 8E). Similar to the former sample,
the younger groups (~242–214Ma) are generally euhedral to
subhedral with oscillatory or planer composition zoning,
suggesting a relatively proximal source, while the older groups are
sub-euhedral or slightly rounded displaying prominent oscillatory
zoning, implying a proximal orogeny or a medium- to long-distance
transportation.

4.2.6 Sample XL-01 (T1f)
Sample XL-01 was collected from the Lower Triassic Feixianguan
Formation in Dayi at the southwest part of NWSB (Figure 3C),
which belongs to the fine-grained sandstone. About 82 out of
90 zircons passed the <10% discordance filter, which could be put
into following discussion. Combined with their high Th/U
(0.11–2.55), the zircons in this sample display oscillatory or planer
composition zoning, exhibiting a basically magmatic origin. Their
ages range from 228 to 2,781Ma with major peaks at ~230, 520, 600,
740, 820, 930, and 1,840Ma. The age spectrum could be divided into
five groups, ~280–230Ma (10%), 681–508Ma (26%), 882–704Ma
(23%), 983–914Ma (5%), and 1,887–1,754Ma (10%) (Figure 8H).
The youngest group from 228Ma to 296Ma is generally euhedral to

FIGURE 6 | Histogram diagram of all detrital zircons in our study (A)-H)) and their corresponding U–Pb concordia with Th/U diagrams (A-1)-H-1)).
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sub-euhedral and exhibits even a slightly roundedmorphology due to
a relatively proximal origin.

4.2.7 Sample LKC-01 (T1f)
Sample LKC-01 is the fine siltstone collected from the Lower
Triassic Feixianguan Formation near Mianzhu (Figure 3B). About
90 grains were analyzed in this sample, in which only 76 passed
the <10% discordance filter. With quite a few grains <0.1, others
show Th/U ranging from 0.10 to 3.07 and most of the detrital
zircons show oscillatory or planer composition zoning. Therefore,
most of detrital zircons tend to be of magmatic origin. The ages of
grains range from approximately 223Ma to 3,037Ma with the
most group ranging from 223Ma to 901Ma. The age spectrum of
zircons can be classified into four main groups, ~285–223Ma
(21%), 679–508Ma (25%), and 901–724Ma (25%) with some
minor clusters at 2.4 Ga (5%) (Figure 8G). Grains in the
youngest group (~285–223Ma) are slightly sub-euhedral with a
few euhedral morphology as a result of short transportation
distance. But zircons in groups of 679–508Ma and 901–724Ma

are basically sub-rounded suggesting a medium- to long-distance
transportation.

4.2.8 Sample SZ-01 (T1f)
Sample SZ-01 collected from the Lower Triassic Feixianguan
Formation near Anxian (Figure 3B) is the siltstone. About
45 zircon grains in this sample were analyzed, and 38 grains
passed the <10% discordance filter. The feature of the Th/U ratio
ranging from 0.11 to 1.2 except one implying that the zircons
have the magmatic origin. All detrital zircons’ ages range from
~232 to 3,113 Ma. Compared to other samples from Lower
Triassic succession, the grains are from the dominated
Paleoproterozoic era. The ages can be divided into two groups,
~1,883–1787 Ma (37%) and 2,489–2,350 Ma (18%), as well as a
sporadic cluster ranging from ~689 to 232 Ma (13%) with major
peaks at ~232, 625, 1,862, and 2,435 Ma (Figure 8F). In this
sample, most of the grains are sub-euhedral or slightly rounded;
thus, it is supposed to have a relatively proximal origin or a
medium-distance transportation.

FIGURE 7 | Representative cathodoluminescence (CL) images from samples of Late Triassic formation (A–E) and samples of Lower Triassic formation (F–H)
showing the internal structure, texture, and morphology of zircon grains. The red circles represent the sites of U–Pb age analysis. The yellow figures and orange figures
represent the measured ages and the ratio of Th/U, respectively.
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5 DISCUSSION

5.1 Possible Provenance of Lower Triassic
Succession in NWSB
All the three samples were collected from the Lower Triassic
Feixianguan Formation with two samples (XL-01, LKC-01) from
the middle part and one (SZ-01) from the upper part. The detrital
zircon ages of middle part exhibit similar features with major
peaks ranging from 290 to 230 Ma, 679 to 508 Ma, 882 to 704 Ma,
and 983 to 914 Ma and a minor peak from 2,532 to 2,376 Ma,
while the sample from the upper part shows different age
spectrum patterns with major peaks ranging from ~1883 to
1787 Ma and ~2,489 to 2,350 Ma and minor clusters at
~260–232 Ma and 625 Ma (Figures 8F–H).

The zircons of 290–230 Ma age in all the samples of the Lower
Triassic may probably be related to the Emeishan large igneous
province (ELIP) which occurred at ca. 290–260 Ma (Zhou et al.,
2002; Guynn et al., 2012; Tang et al., 2014; Xu et al., 2008; He
et al., 2007) or related to the early-stage granitic rocks of the
Yidun arc complex (Deng et al., 2008; Wang et al., 2013).
Considering the ELIP constituted with massive clastic and
basaltic rocks that overlain on the Khamdian Paleoland with
intrusive bodies that occurred at the northern part, it may be the
major source for the 290–230 Ma age zircon group (Xu et al.,
2001; Yan et al., 2019).

It is widely shared that the 650–520Ma age group is associated
with the worldwide Pan-African orogenic event, also known as the
East Gondwana event. Compared to the wide appearance of zircons
within this age, such as in Mesozoic and Paleozoic strata from
Indochina Block, Qiangtang Block, Sibumasu Block, and Baoshan
Block (Gehrels et al., 2011; Hu et al., 2014), the synchronous igneous
plutons sporadically occurred at adjacent blocks, e.g., Amdo terrane
of Qiangtang Block (Gehrels et al., 2011; Guynn et al., 2006; 2012;
Pullen et al., 2010) and some plutons aged between 580 and 500Ma
in the Eastern Kunlun Range (Ding et al., 2013;Wu et al., 2016). Such

mismatch raised controversy to the interpretation of the widely
distributed zircon group within this age in the South China Block
(Zhu et al. (2017) and references therein). According to the studies of
Burrett et al. (2014) andZhang et al. (2014), as parts of theGondwana
continental group, the South China Block, Qiangtang Block,
Sibumasu Block, and Indochina Block may have received recycled
orogeny materials from the exotic East African orogenic belt
(650–540Ma) during the Early Paleozoic. As a few tuffaceous
beds and metavolcanic strata also occurred in Early
Cambrian–Neoproterozoic Ediacaran of Yangtze Craton and in
Paleozoic strata of Khamdian Paleoland, respectively (BGMRSP,
1991), the uplifted Khamdian Paleoland can also be responsible
for the 0.65–0.52 Ga detritus of the Lower Triassic. This
interpretation is also consistent with the recycled orogenic mixed
with the dissected arc and basement uplift origin from the Gazzi-
Dickinson method and the northeastward to eastward restored
paleocurrent measurements (Figures 4A; 6A,B). However, the
Eastern Kunlun should be ruled out due to the opening of the
Ganzi–Litang Ocean that block off most detritus (Leng et al., 2014).
This is also supported by the lack of the 0.65–0.52 Ga detritus for the
Lower Triassic succession at the adjacent area of EasternKunlun (Wu
et al., 2016).

The zircon groups of 998–914Ma and 882–704Ma were in
coincidence with the amalgamation and breakup of Rodinia
supercontinent (Li et al., 2008b), respectively. The magmatism
related to this event widely occurred not only in the South China
Block but also in the adjacent area, such as the Khamdian Paleoland,
the Longmenshan structural belt, and the Qiangtang Block (Figures
9A-I) (Li, 1999; Zhou et al., 2002; Li et al., 2003). Accordingly, the
magmatismduring this period of theKhamdian Paleoland has a good
chance to play a major role of providing detritus for the Lower
Triassic Feixianguan Formation of NWSB.

The small population of zircons with peaks at ~1.8 Ga and
~2.4 Ga in the Early Triassic may probably be from the Qinling
belt, the SouthernNCB, and the Khamdian Paleoland. However, with

FIGURE 8 | Modal triangle diagrams of detrital composition in sandstones: Qt-F-L (A) and Qm-F-Lt (B) (Dickinson et al., 1982; Dickinson et al., 1983; Dickinson
et al., 1985). Abbreviations: Qt, total quartz (Qm + Qp); F, total feldspar; L, lithic fragment; Qm, monocrystalline quartz; Qp, polycrystalline quartz; Lt, L + Qp.
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the apparent increase of the ~1.8 Ga zircons in sample XL-01
(Figure 8) at the south part of NWSB and the restored
northeastward paleocurrent (Figures 4B, 10), the Khamdian
Paleoland, which has 2.3–1.8 Ga, 1.7–1.4 Ga, and 1.2–0.7 Ga
detritus, was most likely responsible for the deposition of early

stage of the Early Triassic in the northwestern Sichuan Basin
(Zhou et al., 2002). Sample SZ-01 from the upper part of the
Feixianguan Formation displayed a major peak ranging from
~1,883 to 1,787Ma and a subordinate peak of ~2,489–2,350Ma.
This probably implied a different detritus source input since the

FIGURE 9 | Sedimentary stratigraphy of the Lower and Upper Triassic in the study area of Northwestern Sichuan Basin (modified after BGMRSP, 1991; Yu and
Liang, 2016). (A) Northern section of the Northwestern Sichuan Basin. (B) Middle section of the Northwestern Sichuan Basin.
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middle to the late stage of Early Triassic. The magmatic rocks with
ages of ~1.8 Ga and ~2.4 Ga were relatively widely exposed in the
southern North China Block, Qinling orogenic belt, and northern
Yangtze Craton (Figures 2, 9A-J) (Tao, 1993; Dong and Zhao, 2002;
Wang et al., 2008; Chen et al., 2016); thus, the increase of ~1.8 Ga and
~2.4 Ga zircons may be related to the southern North China Block
and Qinling orogenic belt. This observation is consistent with the
southward paleocurrent direction (Figures 4B, 6, 10) and basement
uplift origin of Gazzi-Dickinson point counting results. The relatively
minor peak at 260–232Ma compared to the lower part of
Feixianguan Formation also supports a great source input of the
Qinling belt and the southernNorthChina Block (Li and Li., 2003; Jin
et al., 2003; Xiao et al., 2011).

5.2 Possible Provenance of Upper Triassic
Succession in NWSB
The biggest zircon age spectrum difference between the Upper
Triassic and the Lower Triassic is the abundant ~1.8 Ga age
population and lack of apparent ~650–500Ma population.
Among all the Upper Triassic samples, 18GY-02 (T3x

1), BL-01
(T3x

2), and WC-14 (T3x
3) from the northern part of NWSB

displayed similar detritus age spectrum features with major peaks
at ~250–214Ma, ~475–423Ma, and ~896–730Ma and a prominent
peak at ~1940–1739Ma. This is in accordance with that of the Upper
Triassic sandstones from the Central Songpan-Ganzi terrane and
inner Sichuan Basin (Figures 9G,H) (Weislogel 2006; Deng et al.,
2008; Luo et al., 2014; Li et al., 2016). While the samples from the
southern part of NWSB showed slightly different age spectrum
features with sample JGS-01 from the southernmost part of
NWSB displaying a significant decreasing probability of
~896–730Ma zircons, sample LMS-01 at the middle part of
NWSB exhibited a unique feature with one single major age peak
ranging from ~880 to 751Ma. Such difference implied not only the

enormous provenance change from the Early Triassic to the Late
Triassic but also the multiple source input during the Late Triassic.

Based on the possible provenance analysis of the Lower Triassic,
the major age population of ~1.8 Ga is most likely correlated with the
1.9–1.8 Ga granitic intrusions of the Kongling complex from the
northern Yangtze Craton and even part of the southern NCB (Kusky
and Li, 2003; Gao et al., 2011; Zhang and Zheng, 2013). However, the
very limited distribution of 2.5 Ga zircon group may suggest that the
southern part of North China Block (Shi et al., 2013; Zhang et al.,
2015) was probably not the major source due to the uplift of the
Qinling orogenic belt during the Late Triassic. With the blocking of
the source from the southern part of North China Block, the SQB and
northern Yangtze Block were most likely responsible for the Late
Triassic sediments of NWSB.

The relatively small population of ~896–730Ma is in coincidence
with the breakup of the supercontinent Rodinia (Li et al., 2008b),
which resulted in widespread synchronous plutons, dyke swarms,
and volcanics in the South China Block, Qinling orogen, uplifted
Longmenshan structural belt, and Khamdian Paleoland. The
~475–423Ma age peak is consistent with the Caledonian
Orogeny event that occurred at the Qinling orogen (Figure 9D;
Lerch et al., 1995; Shi et al., 2013; Zhu et al., 2018) and southeastern
South China Block (Ren et al., 1997; Li et al., 2010b), that is,
synchronous metamorphic and magmatic rocks were widely
developed.

For the major population of ~250–214Ma zircons, the Qinling
belt to the north and the Emeishan large igneous province (ELIP) to
the southwest could be the possible sources. Considering the collision
between South Qinling and Yangtze Craton that mainly occurred
during the Late Permian to the Early Triassic (Jin et al., 2005; Xiao
et al., 2011) with massive synorogenic and postorogenic magmatic
rocks of ~240–210Ma widely exposed (Dong and Zhao, 2002), the
Qinling belt must have been responsible for the detritus of the Upper
Triassic. This is also in coincidence with the southward or

FIGURE 10 | Paleographic and paleocurrent direction distribution maps of the Early Triassic (A) and Late Triassic (B) (refer to Wang, 1985; Cui, 2004; Ma et al.,
2009; Zhu et al., 2017).
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southwestward paleo-flow direction of this and previous studies
(Meng et al., 2005; Xiao et al., 2011). Moreover, the Qm-F-L and
Qm-F-Lt triangular diagram (Dickinson, 1985) showed that all the
Upper Triassic sandstone samples plot into the field of recycled
orogeny. This also indicates the major source of the Qinling orogeny
for the NWSB.

The prominent single age peak of ~880–751Ma occurred at LMS-
01 implying one dominant source with local depositions. The
intensely euhedral zircon grains and high lithic fragment portion
(45%) also indicated a short transportation of the detritus. Thus, the
adjacent Pengguan Complex in the Longmenshan belt which has the
age of ~859–700Ma (Ma et al., 1996; Yan et al., 2008) ismost likely to
be the major source. This is also consistent with the northeastward
paleo-flow direction and the Qm-F-Lt triangular diagram results
(Figures 4, 6). The significant decreasing probability of ~896–730Ma
zircons of sample JGS-01 also supports the limited uplift of the
Pengguan Complex.

5.3 Tectonic–Paleogeographic Evolution
From Early to Late Triassic of Northwestern
Sichuan Basin
It is widely accepted that the Indosinian event played a major
role in the Mesozoic evolution of the Sichuan Basin, especially
driving the NWSB into a foreland basin (Meng et al., 2005),
and fully changed the deep to shallow-marine carbonate
sediments (BGMRSP, 1991; Ma et al., 2009) into continental
coal-bearing deposits (Li et al., 2014) from the Middle to the
Late Triassic. Based on sandstone petrology, detrital zircon
geochronology, and paleocurrent indicator analysis data, this
study tries to unravel the provenance change from the Early
Triassic to the Late Triassic and reveal its connection to the
tectonic evolution of NWSB.

According to all the discussion above, the uplifted
Khamdian Paleoland may have provided most of the

FIGURE 11 | Schematic diagram showing the Early Triassic (A) and Late Triassic (B) tectonic evolution of the Northwestern Sichuan Basin (modified from Yan
(2018)). SCB, Sichuan Basin; SGT, Songpan-Ganzi terrane; QLB-NCB, Qinling belt-North China Block; S-QLB, South Qinling belt; N-QLB, North Qinling belt; LMS,
Longmenshan thrust belt; LMSI, Longmenshan island; P-T O, Paleo-Tethys Ocean; QTB, Qiangtang Block; YT, Yidun terrane; KP, Khamdian Paleoland; W-YZB,
Western Yangtze Block; SDS, Shangdan suture; MLS, Mianlue suture; GLS, Ganzi–Litang suture; JSJS, Jinshajiang suture.
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detritus for the Lower Triassic strata of NWSB, for it widely
developed the ELIP massive clastic and basaltic rocks and
Rodinia-related magmatism as well as a few tuffaceous beds
and metavolcanic strata in Paleozoic strata. The Qiangtang
Block and other potential western source were ruled out due to
the presence of the Paleo-Tethys Ocean which served as a
natural physical barrier (Figure 11A), while the Qinling belt
and the southern North China Block at the north may provide
a small amount of the detritus. Such tectonic–paleogeographic
configuration may last till the end of Middle Triassic (Zhu
et al., 2017; Yan et al., 2018).

As the magmatic events of ELIP caused the uplift and
erosion of the southwestern Yangtze before and during the
eruption (Yu et al., 2014), the Khamdian Paleoland served as a
major source region for the Lower Triassic deposits of the
Sichuan Basin. The shrank detritus transportation during the
Middle Triassic as the detrital rocks rarely distributed in
south-southwest Sichuan Basin adjacent to the Khamdian
Paleoland (Zhu et al., 2017; Yan et al., 2018) indicated that
it may undergo a gradually thermal subsidence process as a
response of the ELIP (Saunders et al., 2005). The gravitational
loading caused by the significant shortening of eastern
Songpan-Ganze terrane and collision of the Yangtze Block,
Yidun arc, and Qiangtang terrane (Yan et al., 2018) may also
contribute to the subsidence of the paleoland (Figure 11). The
muscovite 40Ar/39Ar age of 235–226 Ma of Pengguan
Complex at the Longmenshan belt also recorded such
significant crustal shortening (Yan et al., 2011; Zheng et al.,
2016).

During the Late Triassic, the intensely activation of
Sanjiang, Qinling, Songpan Ganzi and Longmenshan
structural Belts resulted in the formation of similar
asymmetircal wedge shaped regions adjacent to those belts
and received abundant sediments that became thicker as it
closer to the structural belts (BGMRSP, 1991; Zhu et al.,
2017). The Late Triassic significant shortening of eastern
Songpan-Ganze terrane and uplifting of Longmenshan belt
are supported by the abundant Pengguan Complex zircons
occurring in LMS-01 (T3x

2) as well as the southeastward
paleocurrent and similar age spectrum of JGS-01 (T3x

4). As
indicated by our detrital zircons, paleocurrent data, and
results of previous studies (Shao et al., 2016), during the
Late Triassic, the South Qinling belt and Yangtze Block
collided along the Mianlue suture resulting in the limited
clastic material transportation to the northern part of
Sichuan Basin, and they may not play a major role in the
middle to the south part of Northwestern Sichuan Basin.
Overall, the convergence of the Qiangtang Block, Yangtze
Block, and North China Block during the Late Triassic that
lead to the development of the Sanjiang orogen, Songpan-
Ganzi complex and Longmenshan thrust belt, and the
Qinling orogen have profoundly changed the Sichuan
Basin including the provenance configuration
(Figure 11B), and resulted in the NWSB evolving from
the passive continental margin type basin into a foreland
basin.

6 CONCLUSION

(1) 196 and 441 new U–Pb ages of detrital zircons of Lower
Triassic and Upper Triassic sandstones from the NWSB,
respectively, display different age populations. The U–Pb age
for the Lower Triassic detrital zircons generally shows
populations at ~1,850 Ma, 980–705 Ma, 680–510 Ma, and
290–230 Ma and a minor cluster at ca 2.4 Ga. In contrast, the
Upper Triassic shows major peaks at 855–730 Ma,
455–415 Ma, and 290–215 Ma and a prominent age group
of 1.9–1.7 Ga.

(2) Combined with the paleocurrent and sandstone composition
analysis, a major change in provenance from the Early
Triassic to the Late Triassic can be demonstrated. The
uplifted Khamdian Paleoland probably supplied most
materials for the NWSB during the Early Triassic, with
small part from the southern North China Block and
Qinling orogenic belt. During the Late Triassic, the
Qinling orogenic belt served as the major source region
for the north part of the Sichuan Basin and the uplifted
Longmenshan thrust belt and Songpan-Ganzi terrane
provided the majority sediment for the center and south
parts of the Northwestern Sichuan Basin.

(3) The transition of the provenance probably resulted in the
combined effect of gradually thermal subsidence and the
gravitational loading of the Khamdian Paleoland correlated
with the ELIP and the eastward shortening of the Songpan-
Ganzi terrane, respectively. Together with the ongoing
convergence between Yangtze Block and North China
Block, the Late Triassic provenance of the Northwestern
Sichuan Basin was dominated by the uplifted
Longmenshan thrust belt and the Qinling orogen.
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