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The research on the pre-collisional tectonic evolution of basin-mountain

system at the margin of Tibetan plateau provides insights into the upward

and outward growthmechanism of the plateau in the Cenozoic. Lower Jurassic

Baitianba Formation quartz-rich conglomerate exposed along the edge of the

northwest Sichuan Basin whereas these deposits were incompatible with

peripheral carbonatite-dominated orogenic belts, which aroused our great

interest. To better understand the origin of quartz-rich conglomerate and

early erosional unroofing history of northeastern Tibetan Plateau margin, this

study focuses on sandstone petrography analysis along with U-Pb age dating of

the detrital zircons of Baitianba Formation gravel and sandstone sample from

northwestern Sichuan Basin, which is located to north Longmen Shan thrust

belt. In the distinctive Lower Jurassic quartz gravel samples, there are at least

two distinct provenance sources. One is characterized by a unimodal age

population at ca. 400–1,000 Ma but the absence of younger detrital zircons

(<395 Ma), resembling the Early Paleozoic marine quartz sandstone due to the

uplift and erosion of the Paleozoic basement of the Longmen Shan thrust belt.

The other yield age clusters of ca. 1.8 Ga, 950–750 Ma, 450–420 Ma,

280–240 Ma, which is identical to the detrital zircons from the Upper

Triassic strata. Furtherly, detrital zircon dating of our sandstone samples also

exhibit strong similarity to the Upper Triassic strata detrital record. Detrital

zircons linked with the sedimentological data show these quartz-rich

conglomerate mainly recycled from the underlying Upper Triassic through

long-term weathering.
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1 Introduction

The early uplift of the boundary faults and orogenic belts of the

Tibetan Plateau did not typically form during the Cenozoic. In

reality, the strong collisions of terranes afforded the early uplift of the

boundaries of the Tibetan Plateau starting mostly during the

Mesozoic. This is attributed to the Qiangtang and Lhasa terranes

constituting the middle part of the Tibetan Plateau collapsed

sequentially to the southern margin of paleo-Asia during the

Mesozoic (Ritts and Biffi, 2000; Tian et al., 2013; Zhu et al.,

2013; Qi et al., 2016; Cheng et al., 2019).

Notably, the tectonic evolution of the Sichuan Basin, China’s

largest natural gas producer located on the eastern margin of the

Tibetan Plateau, was mainly controlled by the tectonic evolution of

FIGURE 1
(A) Geological map of the northwestern Sichuan Basin and north Longmen Shan orogenic belt (adapted from Yan et al., 2018). The red star
indicates the Jinzishan outcrop (JZS) analysed herein. (B) Tectonic setting of Sichuan basin and adjoining regions (adapted from Ma et al., 2019). (C)
Simplified tectonic framework map (adapted from Yan et al., 2018). (D) Cross shows tectonic features and stratigraphic distribution in the study area,
modified from Wang et al., 2014.
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FIGURE 2
Photographs of the Lower Jurassic strata in the Jinzishan outcrop, northwestern Sichuan Basin. (A) The unconformity between Upper Triassic
Xujiahe Fm and the overlying Baitianba Fm. (B) The well-rounded nature of the quartz clasts forming the Baitianba conglomerate. (C) Gravel
imbrication indicates southeastward paleoflows. (D) Represents an erosional basal surface. (E) Channel-filling deposits. (F) Shows an interbedded
coal bed.
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the Longmen Shan thrust belt (Liu et al., 2021). Therefore, the study

of the early uplift history of the Longmen Shan thrust belt provides

an insight into the formation and preservation of natural gas in the

deep Sichuan Basin. Unfortunately, whether the early uplift of the

Longmen Shan thrust belt formed the eastern margin of the Tibetan

Plateau since the Mesozoic or not remains controversial. First,

during the Late Triassic, the Longmen Shan thrust belt was

uplifted due to the collision between the Qiangtang and Kunlun

terranes during the closure of the paleo-Tethys ocean (Weislogel

et al., 2006; Li et al., 2007; Zhan et al., 2018). Second, since the Early

Jurassic, the continued northward extrusion of the Qiangtang

terrane after the Qiangtang–Kunlun collision led to the early

uplift of the Longmen Shan thrust belt (Meng et al., 2005; Deng

et al., 2012; Yan et al., 2018).

The crux of this controversy is the question of which Early

Mesozoic conglomerate (Upper Triassic or Lower Jurassic) most

FIGURE 3
Lithostratigraphy, gravel component and sandstone composition of the Jinzishan outcrop. Qm: monocrystalline quartz; Qp: polycrystalline
quartz; F: feldspar; Ls: sedimentary rock fragments; Lm: metamorphic rock fragments.
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closely represents the early uplift and unroofing of the Longmen

Shan thrust belt. The lack of research on the quartz-rich

conglomerate of the Lower Jurassic contributes to the

uncertainty. Thus, herein, the Jinzishan ancient alluvial fan

preserved on the northwestern margin of the Sichuan Basin was

selected for the detailed analyses of sedimentology, detrital

components and geochronology to trace the early uplift and

unroofing history of the Longmen Shan thrust belt.

2 Geological background

The Sichuan Basin is located at the northwestern margin of the

South China Block, separated from the Songpan-Ganze and Bikou

terranes to the northwest by the Longmen Shan thrust belt and from

the North China Block to the north by the Qinling Orogen

(Figure 1C). Due to the oblique collision between North China

and South China Block at the end of Triassic, the basin evolved from

Sinian (Ediacaran)-Middle Triassic passive margin into a Late

Triassic-Cenozoic foreland basin (Mu et al., 2019; Yan et al.,

2019; Liu et al., 2021 and references therein). The Qinling

Orogenic belt was also the result of this collision overprinted by

the Late Jurassic to Cenozoic deformation. Micang-Daba Shan, as

well as North Longmen Shan, was shaped as the foreland belts of the

SW Qinling orogenic belt (Yan et al., 2018), and the main tectonic

style subsequently transformed into extensional collapse during the

Early Jurassic (Meng et al., 2005; Dong et al., 2011; Yan et al., 2011;

Dong and Santosh, 2016).

In the study area, the Lower Jurassic rest unconformably on

deformed Upper Triassic and older rocks along the front zone of

the North Longmen Shan thrust belt (Figure 2A). It consists of

the thickly bedded conglomerate (Figures 2B,C), cross-bedded

sandstone (Figure 2E) and interbed coal (Figure 2F) deposited in

alluvial fan whereas changes to clastic rocks and limestone

dominate in the basin interior (Meng et al., 2005). Samples

were collected from the Jinzishan (N32°11′17″, E105°19′24″)
Jurassic paleo-alluvial fan for conglomerate compositions,

sandstone detritals and geochronology (Figure 3).

Paleocurrent measurements indicate southeastward paleoflows.

3 Methods and results

3.1 Gravel and sandstone petrography

The field investigation observed that Baitianba Formation

conglomerate is composed of the well-rounded nature of the

quartz clasts in Jinzishan outcrop, especially quartz-sandstone

(Figure 3), and differ from the Baitianba formation dominated by

quartzite and chert gravels in the Micang-Daba Shan (Qian et al.,

2015). In order to determine trustier component of the gravels,

twenty-two quartz gravel samples were collected from the lower

FIGURE 4
(A–C) Representative cross-polarized light photomicrograph of gravel samples. (D,E) Representative cross-polarized light photomicrograph of
sandstone samples. (F)Qt-F-L ternary diagram displays the relative abundance of framework grains in sandstone, Qt: total quartz, F, feldspar, L: lithic
rock fragments, Ca: carbonate fragment.
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part of the Jinzishan outcrop from which polished thin sections

were composed to analyse microscopic features. First, the detrital

composition of 19 gravel samples was coarse–fine quartz

sandstones, dominated by siliceous cemented dense quartz

sandstones with durability similar to vein quartz, chert and

quartzite (Figure 3, Figures 4A–C), consistent with quartz-

pebble conglomerates (QPC) (Cox et al., 2002; Youngson

et al., 2006). Second, another two gravel samples are fine

conglomerates. Finally, only one gravel is lithic sandstone.

Twenty-nine sandstone samples were collected from the lithic

sandstone layer in the Jinzishan. The microscopic characteristics and

debris components divided the sandstone into 3 types, including

rock-fragment sandstone, lithic quartz sandstone and lithic

feldspathic sandstone. We used cross-polarization microscope to

observe the petrographic features, including mineral composition,

grain size, sorting and roundness. In general, the detrital components

of Baitianba Formation sandstone are quartz rich with a percentage

composition range 33–85, whereas the feldspar content is extremely

low, the lithics observed in the samples are mostly the sandstone,

siltstone, argillite, chert andmica. Significantly, carbonate fragment is

only found in the top of the Jinzishan outcrops (Figure 4D). The

modal compositions of sandstone samples plot near the boundary of

“recycled orogenic” field in the QtFL diagram (Figure 4F).

3.2 Detrital zircon geochronology

Quart-rich conglomerates can be attributed to potential source in

the thrust belt on the basis of their detrital zircon age population

(Lawton et al., 2010). In this study, two gravel and two sandstone

samples (about 5 kg each) were collected from Lower Jurassic

Jinzishan outcrops, and zircon grains were extracted following the

FIGURE 5
U-Pb concordia diagrams for zircon grains of each sample.
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standard procedures outlined in Li et al. (2007). Chengxin Geology

Service Co. Ltd., Langfang, China performed this work. To avoid

sampling bias, zircon crystals (N200 grains) were mounted in epoxy

resin without handpicking and polished to obtain a smooth internal

surface. Zircon U–Pb dating was performed using laser ablation-

inductively coupled plasma mass spectrometry (LA-ICPMS) at the

CUGB LaserChron Center. All four samples were ablated using a 30-

μm diameter laser beam. The U–Pb fractionation results were

corrected using the zircon standard 91500 reference, affording

324 concordant data points for the four samples. The U-Pb

concordia diagrams for zircon grains of each sample are shown in

Figure 5 and U–Pb age data set is provided as supplementary files in

excel format (Supplementary File S1).

3.2.1 gravel sample G1
Gravel sample G1 was taken from the bottom of the Lower

Jurassic outcrop. 87 valid DZ age data points ranging from 231 to

3,069Ma, with peaks in five major age intervals: 230–290Ma;

425–460Ma; 740–1,100Ma; 1,650–1,700Ma; and 1,860–2,000Ma

were obtained, with minimum zircon ages constraining the age of

deposition of its parent rock not earlier than the Late Triassic.

3.2.2 gravel sample G2
Gravel sample G2 was also derived from the bottom of this

outcrop with 85 valid DZ age data points ranging from 395 to

2,829Ma, with peaks at 540–640Ma; 760–1,200Ma;

1,500–1,690Ma; 2,430–2,500Ma, and about 53% of clastic zircons

of Neoproterozoic age.

3.2.3 Sandstone sample S8
Sample S8 was taken from the lenticular sandstone formation

within the conglomeratic strata, identified as lithic sandstone. Ninety

valid DZ ages ranged from 211 to 2,647Ma, with peaks in five main

age intervals of 211–350Ma; 410–490Ma; 600–900Ma;

1,700–2,000 Ma; and 2,400–2,600 Ma, with weaker peaks in

1,000–1,150 Ma.

3.2.3 Sandstone sample S13
Sample S13 was collected from the sandstone layer with 92 valid

DZ ages ranging from 232 to 2,647Ma, of which detrital zircons from

1,800 to 2,000Ma account for 43% of the total quartz grains, showing

a obvious age peak. The remaining zircon ages are distributed within

the 200–300Ma, 350–500Ma and 2,300–2,400Ma sub-age intervals.

FIGURE 6
Comparison of conglomerate compositions between the Upper Triassic Xujiahe Formation and the Lower Jurassic Baitianba Formation in the
NW Sichuan Basin. JZS-Jinzishan, 1-JiangyouQinglingkou, 2- Jiangyou Daliangshang, 3- Jiangyou Erlangmiao, 4- Baitianba, 5- Guangyuan Baolun,
6- Gongnong, 7- Guangyuan Baishui, 8-Wangcang, 9-Cangxi Puji, 10-Wangcang Sangjiang, 11-Wangcang Jinxi, 12-Nanjiang; 13- Tongjiang Pingxi;
14- Tongjiang Lianghekou; 15- Tongjiang Tiexi, 16- Wanyuan Zhuyu, 17- Wanyuan Huangzhong; 18- Wanyuan Jiuyuan, 19- Wanyuan Gujun,
20- Well YB6, 21- Well YB123, 22- Well YB203, 23- Well YB204, 24- Well M201.

Frontiers in Earth Science frontiersin.org07

Lv et al. 10.3389/feart.2022.982354

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.982354


FIGURE 7
(A–H) Zircon U–Pb age cumulative probability distribution for each sample. XJH: Spectra of Upper Triassic Xujiahe Formation sediments in
northwestern Sichuan Basin are taken from previous studies (Chen et al., 2011; Luo et al., 2014; Shao et al., 2016; Mu et al., 2019); G1, G2, S8 and
S13 are new samples collected from the Lower Jurassic strata in the Jinzishan section; BLl25 is a Lower Jurassic sandstone sample from Li. (2013);
Lower Devonian sample GX and Silurian sample XIWC3 are thrust belt source units in Longmen Shan, from Vermeesch, 2018 and Duan et al.
(2012), respectively. (I) Cumulative distribution plot (CDF) of all samples; (J) Multidimensional scaling map (Vermeesch, 2018), showing the distinct
signature of Baitianba Formation, Type 1 is similar to Upper Triassic continental deposits, and Type 2 is a population distribution similar to that of
Lower Paleozoic Marine quartz-rich sandstones of the Longmen Shan thrust belt. The multi-dimensional scaling (MDS) map uses the
Kolmogorov–Smirnov (KS) statistic for detrital zircon U–Pb datasets (Stevens et al., 2013; Vermeesch, 2018). (K) Unmixing detrital geochronology
age distribution.
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4 Discussion

In previous studies, based on the siliceous characteristics of the

Lower Jurassic Baitianba Formation in the northwestern part of the

Sichuan Basin, these QPC were arbitrarily considered to be mainly

derived from Paleozoic Devonian quartz-sandstones deposited at the

western margin of the Sichuan Basin (Cui et al., 1991) and combined

with the underlying carbonate-rich conglomerates of the Upper

Triassic Xujiahe Formation (Figure 6). Previous studies have

proposed that these two sets of lithologically distinct

conglomerates should represent the uplift erosion of the Longmen

Shan thrust belt (Meng et al., 2005; Deng et al., 2012). However, this

explanation for the detrital provenance of the Lower Jurassic QPC

could not resolve the presence of carbonate strata over a 4-km

distance from Triassic to Devonian (Liu et al., 2021), implying that

Lower Devonian quartz sandstones from a 1.0–1.5 km range could

not be the sole provenance of the Baitianba QPC. To further explore

this paradox, the detrital zircon U–Pb ages from the gravel and

sandstone samples were used to trace true provenance matching

published detrital zircon data from possible provenance areas.

We performed multiple comparisons between the kernel density

estimate (KDE, Figures 7A–H), cumulative age distribution (CAD,

Figure 7I), and multidimensional scaling analysis (MDS, Figure 7J) of

detrital zircons to demonstrate a similarity between the Lower Jurassic

Baitianba Formation and probable provenance strata (Vermeesch,

2018).On theMDSdiagram, the data points are distinctly divided into

two different parts: 1) samples G1, S8 and S13 are highly correlated

with the Upper Triassic Xujiahe Formation with notable peaks within

1,800–2,000Ma; 2) sample G2 shows a typical “Paleozoic basement-

type” feature of Lower Paleozoic quartz sandstone similar with sample

BL25 from the northern Sichuan Basin (Li et al., 2012). However, the

MDS interpretation reflects that the age spectra of the detrital zircons

from the gravel samples were significantly different, indicating

derivation from the underlying Upper Triassic Xujiahe Formation

and the deeper Paleozoic basement of the Longmen Shan thrust belt,

respectively. In addition, it is necessary to evaluate the topographic

relief and denudation degree of the Longmen Shan thrust belt to

quantify the mixing ratio of the two different provenances to the

detrital material of the Lower Jurassic Baitianba Formation based on

recycled features of the QPC. The DZ ages of gravel G1 and

G2 represent the age spectra of the Upper Triassic Xujiahe

sandstone and the Lower Paleozoic basement, respectively, which

could be defined as a provenance zircon feature. The sandstone

samples (S8 and S13) derived from the sandstone lenticular in the

lower part of the alluvial fan and the sandstone layer in the upper part

of the Jinzishan outcrop as well as the other sample (BL25, Figure 7F)

from the Baolun outcrop are regarded as mixed sediments and

statistically simulated based on the DZmix program of MATLAB

(Sundell and Saylor, 2017). All of S13 was from the Upper Triassic

Xujiahe Formation; all of Bl25 was derived from the Lower Paleozoic

basement and S8 was collected from the above two provenances:

80.3% from eroded Xujiahe Formation strata and 19.7% from the

Lower Paleozoic basement (Figure 7K).

The above spatial features of detrital zircons have indicated the

following. First, the northern Guangyuan area was eroded to the

Paleozoic basement in the Early Jurassic and second, the detritus of

the Lower Jurassic in the southern Jinzishan area should be doubly

supplied from the Upper Triassic and Lower Paleozoic quartz

sandstones. However, the Upper Triassic Xujiahe sandstone

mainly comprises lithic sandstone with <5% of quartz sandstone

resembling the detritus of the Lower Jurassic QPC. At the same time,

marine carbonates over a 4-km distance between the Lower

Devonian and Upper Triassic only appear in the detrital grains of

the upper sandstone member and not be found in the Jinzishan

conglomerates. Thus, neither the Upper Triassic nor the Lower

Devonian could directly supply the Lower Jurassic QPC.

Therefore, the lithologic features of the Lower Jurassic QPC imply

that only those quartz-rich conglomerates with high resistance to

FIGURE 8
Depositional model of the QPC of the Lower Jurassic Baitianba Formation in the northern part of the Longmen Shan orogenic belt.
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weathering and abrasion that are among the composite

conglomerates in periphery provenance areas could have been

retained to form the Lower Jurassic QPC (Cui et al., 1991; Qian

et al., 2015).

Herein, a new depositional model of the Lower Jurassic QPC

was reconstructed. First, during the depositional process of the

provenance area, the southwardly thrusting South Qinling

orogenic belt formed a foreland basin in the northern

Longmen Shan thrust belt as well as provided a large amount

of detrital sediment during the Late Triassic (Qian et al., 2015;

Mu et al., 2019). Meanwhile, the southward expansion of the

thrust front afforded the absence of the upper part of the Xujiahe

Formation (V and VI members) in the northwestern Sichuan

Basin (Li Y et al., 2003; Deng et al., 2012). Second, during the

weathering and leaching process of the provenance area, the

Upper Triassic composite conglomerates were exposed to the

surface and subjected to weathering and leaching, dissolving

unstable carbonate and sandstone gravels in rainwater, except for

hard quartz conglomerates (Cox et al., 2002; Youngson et al.,

2006). Finally, as QPC were deposited, a southeast-tilting gently

oblique zone formed in the northern Longmen Shan thrust belt.

This occurred because the Bikou terrane was uplifted during

regional extension in the Early Jurassic (Yan et al., 2018),

allowing the weathering conglomerates to be transported into

the Sichuan Basin. In the transporting process, the unstable

components of the former composite conglomerates continued

to be diluted, directly increasing the percentage of stable quartz-

rich conglomerates and eventually forming a QPC alluvial fan in

the study area underlying the gently sloping topography

(Figure 8).

5 Conclusion

1) Detrital zircon U–Pb geochronology and petrography of tow

Lower Jurassic gravel samples from Jinzishan outcrop reveal

at least two source of quartz-rich conglomerate. One sample is

characterized by the absence of younger detrital zircons

(<395 Ma), resembling the Early Paleozoic marine quartz

sandstone due to the uplift and erosion of the Paleozoic

basement in the North Longmen Shan thrust belt. The

other yield age clusters of ca. 1.8 Ga, 950–750 Ma,

450–420 Ma, and 280–240 Ma, which is identical to the

detrital zircons from the Upper Triassic strata. Our results

indicated Upper Triassic to Early Paleozoic strata had uplifted

and suffered from erosion in adjacent Longmen Shan thrust

belt before the Early Jurassic.

2) U–Pb dating of Baitianba Formation sandstone also exhibit

strong similarity to the Upper Triassic strata detrital record.

3) The feature of Baitianba conglomerate fits the definition

of QPCnew depositional model of the Lower Jurassic

conglomerates mainly recycled from the uplifted Upper

Triassic strata in the north Longmen Shan thrust belt

through long-term weathering.
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