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Abstract: The Ediacaran to Cambrian succession in the NW Yangtze Block has long been considered to have formed in a
passive margin. The Ediacaran is dominated by thick carbonate rocks, whereas the Lower Cambrian comprises a thick clastic
succession. The transition from carbonate to clastic rocks and the provenance and tectonic setting of the clastic succession are
poorly understood. Stratigraphic correlation shows a distinct stratigraphic absence from the Lower Cambrian to Devonian in the
Bikou terrane. A regional seismic profile shows a wedge geometry of the Lower Cambrian from NW to SE. Outcrops reveal an
overall coarsening-upward Lower Cambrian succession. The petrographic analysis of clastic rocks indicates immaturity,
implying a proximal source. Palacocurrent measurements of clastic rocks point to dominant SE-vergent orientations. The age
spectra of detrital zircons imply that they were derived from Early Cambrian continental arcs and older continental crust.
Geological, geophysical and geochemical evidence indicates that an Early Cambrian foreland basin was formed in the NW
Yangtze Block. This foreland basin appears to have been strongly influenced by orogenic loading northwestward. We propose
that this orogenic event should be named the Motianling orogeny, the origin of which may be related to subduction of the Proto-
Tethys ocean beneath the NW Yangtze Block.

Supplementary material: Supplementary tables A—D and a petrological description of detrital zircons are available at https:/

doi.org/10.6084/m9.figshare.c.6332980

Received 22 August 2022; revised 30 October 2022; accepted 27 November 2022

The formation of a foreland basin is generally related to building of
an orogen on a passive margin and resulting lithospheric flexure on
a craton (Speed and Sleep 1982; Cant and Stockmal 1989;
Ettensohn 1993). Furthermore, the initiation of a foreland basin is
commonly followed by a tectonic transition from a passive margin
to oceanic plate subduction and subsequent collision of the passive
margin with island or continental arcs or microterranes (Dewey
19695, 1971; Jacobi 1981; Cohen 1982; Read 1982; Gutschick and
Sandberg 1983; Thomas 1983; Walker et al. 1983; Bradley and
Kusky 1986; Houseknecht 1986; Stockmal ez al. 1986; Robertson
1987a, b; Pigram et al. 1989; Karabinos et al. 1998; Bradley 2008;
Read and Repetski 2012). Tectonic transitions from a passive
margin to a foreland basin have been documented and studied in
many orogens in the world, and of these the Appalachian orogen
(Bird and Dewey 1970; Hiscott 1978; Read 1980; Cooper et al.
2001; Read and Repetski 2012; Sinha et al. 2012; Gbadeyan and
Dix 2013) and the Caledonian orogeny (Dewey 1969a, 1971;
Dewey and Mange 1999; McKerrow et al. 2000; Wickstrom and
Stephens 2020) were the earliest and most thoroughly studied
examples, which provide essential models for the transition.

The Ediacaran to Cambrian succession in the NW Yangtze
Block, South China, has long been considered to have formed in a
passive margin setting (Zhang ez al. 1995; Liu and Zhang 1999;
Meng and Zhang 1999; Dong et al. 2015; Chen ez al. 2016, 2018;
Dong and Santosh 2016; Domeier 2018; Yan et al. 2018b), and the
Cambrian clastic rocks were thought to be derived from the
Cathaysia Block to the SE (Wang ef al. 2010) or from the exotic
blocks located along the northwestern margin of East Gondwana
(Yao et al. 2014; Chen et al. 2016). Gu et al. (2016a) found that a
succession consisting dominantly of a thick wedge of Lower

Cambrian clastic rocks occurred in the NW Sichuan Basin
onlapping from NW to SE. However, the provenance and tectonic
setting of the Lower Cambrian clastic rocks remain poorly known.

The aims of this study are to analyse the provenance and
depositional process of the Lower Cambrian clastic rocks, and to
test the occurrence of an early Cambrian foreland basin, as well as
further to analyse its formation and evolution. This paper provides
insights into the tectonics and geodynamics of the NW Yangtze
Block as well as the restoration of East Gondwana, and is expected
to have significant implications for the Lower Cambrian gas
exploration of the Sichuan Basin.

Geological setting
Regional tectonic setting

The South China Craton consists of the Yangtze Block to the NW
and the Cathaysia Block to the SE, which were assembled along the
Jiangnan orogen at ¢. 820 Ma during the early Neoproterozoic
(Zhao and Cawood 2012; Domeier 2018). Following the assembly,
the South China Craton experienced continental rifting along the
Jiangnan orogen at ¢. 820-750 Ma, which formed the Nanhua rift
basin, and along the western Yangtze Block, which formed the
Kangdian rift basin (Wang and Li 2003; Li ef al. 2013; Domeier
2018). These rift basins failed and did not evolve into oceanic
basins, resulting in the formation of intracontinental failed rifts
during the Neoproterozoic (Charvet et al. 2010; Li et al. 2010;
Domeier 2018). These failed rifts could play crucial roles in the
deposition of the Ediacaran to Middle Ordovician succession as a
result of thermal subsidence produced by rifting (Gu et al. 2021).
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During the Late Ordovician to Silurian, the southeastern Yangtze
Block was developed in a foreland basin related to the flexural
influence of the Kwangsian orogeny occurring in the Cathaysia
Block (Li et al. 2013; Domeier 2018); the NW Yangtze Block was
also affected by a contemporaneous tectonic event resulting in the
formation of an approximately east-west uplift (referred to as the
Leshan—Longniisi uplift by previous studies) in the central and
western Sichuan Basin (Song 1987, 1996), although the dynamics
of the uplift remains unclear.

The Sichuan Basin is located in the NW Yangtze Block. The
tectonic units from the Sichuan Basin northwestward are succes-
sively the Longmenshan fold—thrust belt, the Songpan—Ganzi
terrane, the Bikou terrane, the Qinling orogen and the North China
Craton (Figs 1 and 2) (Dong and Santosh 2016; Ye et al. 2017; Li
et al. 2018). The NE-trending Longmenshan fold—thrust belt has a c.
500 km length from NE to SW and 50 km width from SE to NW,
and is separated from the Sichuan Basin by the Guanxian—Anxian
fault in the SE, from the Bikou terrane by the Pingwu—Qingchuan
fault in the NW, and from the Songpan—Ganzi terrane by the
Wenchuan-Maoxian fault in the west (Chen and Wilson 1996; Jia
etal 2006; Lietal 2012; Xue et al. 2017; Yan et al. 2018b) (Figs 1
and 2). The Longmenshan fold—thrust belt experienced at least two
tectonic events: one that occurred during the convergence between
the Yangtze Block and Songpan—Ganzi terrane in the Late Triassic
and another that resulted from the convergence between the Tibetan
Plateau and the Sichuan Basin in the Cenozoic (Li e al. 2003; Wang
et al. 2014; Yan et al. 2018a).

The Bikou terrane is separated from the West Qinling orogen by
the Mianlue suture in the NW (Meng and Zhang 1999; Dong et al.
2015; Hui et al. 2020) (Figs 1 and 2). The Archean Yudongzi Group
and the Paleoproterozoic Hejiayan Group are restricted to the NE of
the terrane (Yan et al. 2018b; Hui et al. 2021). The terrane is mainly
composed of a lower greenschist-facies metamorphic complex of

Neoproterozoic age, consisting of the Bikou Group volcanic
succession in the SE and the Hengdan Group volcaniclastic turbidite
succession in the NW, which are separated by the Fengxiangyuan—
Tonggianba fault (Druschke ef al. 2006; Wang et al. 2008; Dong and
Santosh 2016; Gao et al. 2020; Hui et al. 2020) (Figs 1 and 2). The
Cryogenian Guanjiagou Formation, located in the NW of the terrane,
unconformably overlies the Hengdan Group, representing
Neoproterozoic diamictite-bearing glacial deposits (Mao et al.
2021). It is overlain by Ediacaran—Lower Cambrian slope-basin
facies carbonates, siliciclastic rocks and cherts, which are generally
unconformably overlain by Devonian units.

The triangular Songpan—Ganzi terrane is a tectonic junction
between the South China Craton, the North China Craton and Central
Tibet (Zhang et al. 20006) (Fig. 1). It is proposed that the basement of
the Songpan—Ganzi terrane is a remnant oceanic basin (Palaeo-
Tethys) (Zhou and Graham 1996) or has an affinity with the Yangtze
Block (Zhang et al. 2006; Chang 2010). The sediments of the terrane
are mainly composed of a thick (c. 5-15 km) marine Triassic flysch
turbidite succession, which subsequently experienced low-grade
greenschist-facies metamorphism and was intensively folded during
the Late Triassic Indosinian orogeny (Chen et al. 1995; Zhang et al.
2006; Li et al. 2012; Xue et al. 2017).

The west—east-trending Qinling orogen in central China is the
product of the Late Triassic collision between the North and South
China cratons along the Mianlue suture (Mattauer et al. 1985; Zhang
et al. 1995; Meng and Zhang 1999; Zheng et al. 2010; Dong et al.
2015). The Qinling orogen, from west to east, can be divided into the
West Qinling and East Qinling orogens (Zhang et al. 1995, 1996;
Zheng et al. 2010; Li et al. 2018) (Fig. 1); the East Qinling orogen is
further subdivided into the North Qinling and South Qinling
orogens, separated by the Early Paleozoic Sangdan suture (Meng and
Zhang 1999; Zheng et al. 2010; Dong et al. 2015,2017) (Fig. 1). The
South Qinling orogen has long been considered as the passive

Fig. 1. Overview geological map of the
NW Yangtze Block (modified after the
1:2 500 000 geological map by Ye ef al.
2017), showing the tectonic units and the
locations of the seismic reflection profile
A-B and lithostratigraphic correlation
(pink line). The map also shows the
Triassic boundary of the Yangtze Block
and North China Craton (i.e. the Mianlue
suture), and the Ediacaran—Cambrian
boundary of the Yangtze Block and North
China Craton (i.e. the Wushan-Tianshui
and Shangdan sutures). The black box
indicates the main area of this study as
shown in Figure 2. Quat, Quaternary;
Neog, Neogene; Palg, Paleogene; Cret,
Cretaceous; Jura, Jurassic; Tria, Triassic;
Perm, Permian; Carb, Carboniferous;
Devo, Devonian; Up-Palz, Upper
Paleozoic; Silu, Silurian; Ordo,
Ordovician; Camb, Cambrian; Lo-Palz,
Lower Paleozoic; Edia, Ediacaran; Cryo,
Cryogenian; Toni, Tonian; Neop,
Neoproterozoic; Caly, Calymmian; Stat,
Statherian; Mesp, Mesoproterozoic; Palp,
Paleoproterozoic; Arch, Archean; Neoa,
Neoarchean; Dior, Diorite; Migm,
Migmitite; Gran, Granite; Gabb, Gabbro.
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Fig. 2. Simplified geological map of the NW Yangtze Block, showing
details of the tectonic units in Figure 1 and locations of representative
outcrop sections within the Longmenshan fold—thrust belt.

margin of the Yangtze Block during the Late Neoproterozoic to
Early Paleozoic (Zhang et al. 1995; Meng and Zhang 1999; Zheng
et al. 2010; Dong et al. 2015, 2017; Dong and Santosh 2016). The
West Qinling orogen is a western extension of the South Qinling
orogen, which is bounded by the Wushan—Tianshui suture in the
north and Mianlue suture in the south (Pei ez al. 2004; Li et al. 2018,
Yang et al. 2018). The Wushan—Tianshui suture is considered as the
westward extension of the Sangdan suture and comprises ophiolite
complexes and island-arc units (Pei er al. 2004, 20074, b, ¢, 2009;
Dong et al. 2007; Li et al. 2007; Yang et al. 2018).

Stratigraphy of the Cambrian

For the West Qinling orogen, only the Lower Cambrian exists at
Baiyigou in Ruoergai County in the most southerly orogen (Fig. 1),
and is referred to as the Taiyangding Group (c. 8001000 m thick) (Ye
et al. 1994; Liu et al. 2004). The Taiyangding Group unconformably
overlies the Cryogenian Baiyigou Group, which is dominated by
volcaniclastic rocks and terrestrial clastic rocks that may reveal the
absence of the Ediacaran, and is in faulted contact with the Middle—
Late Ordovician (Liu ez al. 2004). It is mainly composed of a thick
sequence of cherts (more than 500 m thick) and thin slates with minor
siliciclastic rocks and carbonates (Jiang 1994; Liu et al. 1998, 2004).

In the Bikou terrane, only the Lower Cambrian occurs in the NW
of the terrane, and is referred to as the Gangou Formation. It
conformably overlies the Ediacaran Dengying Formation, and is
unconformably overlain by Lower—Middle Devonian units. The
Gangou Formation (c. 70-530 m thick) mainly consists of thick
black cherts interbedded with thin banded limestones and
phosphorite nodules in the lower part, and black carbonaceous
shales with cherts and thin limestones in the upper part, and is
constrained by the presence of Early Cambrian fossils, such as small
shelly fossils, hyoliths and sponge spicules in the shales and
limestones (Qin et al. 1990; Zhao et al. 1990; Li 1991).

In the Longmenshan fold—thrust belt, more stratigraphic units of
the Cambrian occur than in the above tectonic units; from base to
top these consist of the Maidiping, Qiongzhusi and Canglangpu
formations. The Maidiping Formation is mainly composed of
interbedded thin chert and phosphoric carbonate, and thin black
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shale (Gu ef al. 2021). The Qiongzhusi Formation is defined by the
first occurrence of trilobites, and consists of organic-rich black shale
that gradually coarsens upward into muddy siltstones and siltstones
(Guetal. 2021). Above the Qiongzhusi Formation, the Canglangpu
Formation consists of coarsening-upward medium to thick
siltstones, sandstones and conglomerates. The Canglangpu
Formation is generally unconformably overlain by Ordovician,
Silurian or Devonian rocks in the Longmenshan region.

In the Sichuan Basin, there are many wells penetrating the
Cambrian. Generally, the Lower Cambrian in the west is more
complete than that in the east, whereas the Middle—Upper Cambrian
in the west is less complete than that in the east. Above the
Canglangpu Formation, the Longwangmiao Formation consists
mainly of dolomitized limestones, with lesser amounts of
argillaceous and sandy dolomites and a thin interval of siliciclastic
rocks in the middle of the succession (Gu ef al. 2021). The overlying
Douposi Formation of the Middle Cambrian consists of mixed
siliciclastic rocks, carbonates and evaporites, deposited in shallow
water environments. The Xixiangchi Formation of the Middle—
Upper Cambrian consists mainly of medium to thick carbonates
deposited in a shallow water environment.

Data, samples and methods
Data

To decipher the Cambrian tectonosedimentary evolution in the NW
Yangtze Block, we integrated seismic and well data in the Sichuan
Basin with field outcrops within the Longmenshan fold—thrust belt.
We constructed a NW-SE lithostratigraphic correlation section
across the Yangtze Block combining outcrops and well data to show
the distribution and variation of the Cambrian rocks. We carefully
chose and measured the Longzikou section in Beichuan County and
the Kangjiagou section in Guangyuan City, which are located in the
Longmenshan fold—thrust belt (Fig. 2). In terms of seismic data, we
constructed an approximately 400 km long regional cross-section
by using some representative 2D and 3D lines to reveal the structure
of the Sichuan Basin.

Samples

We chose mainly two representative sections (i.e. the Longzikou
and Kangjiagou sections; Fig. 2) for systematic collection of
samples to reveal sedimentary and tectonic variations. We collected
48 shale samples and 41 siltstone to sandstone samples from the
Longzikou section for analysing the major and trace elements, 21
medium- to coarse-grained sandstone samples from the Kangjiagou
section for framework grain petrography and heavy mineral
analyses and six sandstone samples from the Longzikou (three
samples) and Kangjiagou (three samples) sections for detrital zircon
U—Pb—Hf isotopic analyses.

Methods

Whole-rock major, trace and rare earth element analyses

Whole-rock major and trace elemental compositions were analysed
at the Analytical Laboratory, Beijing Research Institute of Uranium
Geology. Samples were crushed and powered to less than 200 mesh
for elemental analyses. The loss on ignition (LOI) values were
obtained by measuring the weight loss after heating the sample
powders at 980°C. Whole-rock major element analyses were
measured by X-ray fluorescence spectrometry (XRF) using an
Axios-mAX system. Trace elements (REE included) were analysed
by inductively coupled plasma mass spectrometry (ICP-MS) using
an Element XR system. Both precision and accuracy were better
than 5 and 10% for major and trace elements, respectively.
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Framework grain petrography

Sandstone samples were polished into standard thin sections for
petrography study. The sandstone thin sections were then observed
under a polarizing microscope. Framework grains, including quartz,
plagioclase, K-feldspar and various lithic fragments, were identified
and sedimentary textures, such as grain size, sorting and roundness,
were observed and analysed. Twenty-one Canglangpu Formation
sandstone samples from the Kangjiagou section were selected for
modal analysis by using the Gazzi—Dickinson method (Dickinson
1985). More than 400 points were counted per thin section.

Heavy mineral analyses

The procedures for heavy mineral analyses have been given by Jian
et al. (2013, 2020). Fresh sandstone samples were first simply
crushed and then 63-250 pm fractions were separated with sieves.
To remove carbonate minerals, the 63—250 pm fraction grains were
soaked in 1N acetic acid for 24 h at 60°C. Heavy minerals were then
separated from the carbonate-free 63—250 um fractions using the
heavy liquid tribromomethane (2.89 g cm~?) and mounted on glass
slides with Canada balsam. About 200 transparent heavy mineral
grains were identified and point-counted at suitable regular spacing
under a polarizing microscope (Mange and Maurer 1992).

Zircon U-Pb isotopic analyses

Zircon separation and cathodoluminescence (CL) imaging were
performed using the same methods as described by Chen er al
(2016, 2018). Zircon grains were separated from samples by
conventional density and magnetic techniques and then were
carefully hand-picked under a binocular microscope. The zircon
grains were mounted in epoxy resin and polished to half section to
expose the internal structure of the zircon grains. All the mounted
zircon grains were photographed under reflected and transmitted
light, followed by CL imaging to find domains within grains for
analysis. Zircon U-Pb dating was performed by laser ablation multi-
collector inductively coupled plasma mass spectrometry (LA-MC-
ICP-MS) at Mineral and Fluid Inclusion Microanalysis Lab, Geology
Institute, Chinese Academy of Geological Sciences, Beijing. The
detailed analytical methods have been described by Zhang et al.
(2019). Common-Pb correction followed the method of Andersen
(2002). Analysis results are presented with 2¢ error and in concordia
diagrams. 2°7Pb/?%SPb age is used as a more precise result for zircons
older than 1000 Ma, whereas 2°°Pb/?*8U age is used for zircons
younger than 1000 Ma (Chen et al. 2016). Age calculation and
concordia diagrams were made using ISOPLOT 3.0 (Ludwig 2003).

Lu—Hf isotopic analyses

Zircon grains with measured concordant U-Pb ages (<10%
discordance) were selected for Lu—Hf isotopic measurement. The
analyses were conducted at the Mineral Laser Microprobe Analysis
Laboratory (Milma Lab), China University of Geosciences, Beijing
(CUGB) by MC-ICP-MS, using a Thermo-Finnigan Neptune Plus
and a Geolas 193 ns ArF excimer laser ablation system. During the
analyses, the '7®Hf/!7"Hf ratio of standard zircon Mud Tank was
determined to be 0.282513 £23 (2SD, n =40), within error of the
recommended !7®Hf/'”7Hf ratio of 0.282507+6 (2SD, n=5) as
described by Zhang et al. (2019). To calculate initial 7SHf/!7"Hf
ratios, we used the measured 17°Lu/!"’Hf ratios and the 17°Lu decay
constant of 1.867 x 107! a=! (Soderlund et al. 2004). Moreover,
calculation of eygff) was based on the chondritic values of
76H£/7THE (0.282772) and '7SLu/!7’Hf (0.0332) reported by
Blichert-Toft and Albarede (1997). To calculate depleted-mantle
model ages (Tpp), We took present-day 7°Hf/!"7Hf = 0.28323, and
assumed an initial value of '7®Hf/!”Hf=0.27982, as well as
176 y/""7Hf = 0.0384 (Belousova et al. 2010). The crustal model

ages (Tpna) were calculated assuming that the zircon’s parental
magma was produced from an average continental crust
(SLw/'"’Hf=0.015; Griffin et al. 2004) that was originally
derived from the depleted mantle (Belousova et al. 2010).

Results

Stratigraphic correlation

Spatial distribution and correlation of sedimentary strata can
effectively help to identify tectonic events in deep time. In this
study, we compiled a NW—SE Lower Cambrian correlation chart
integrating outcrops and wells across the Yangtze Block (Fig. 3).
The stratigraphic absence from the Lower Cambrian to Devonian
occurs from NW to SE in the NW Yangtze Block. In the Bikou
terrane, the Lower Cambrian Gangou Formation is unconformably
overlain by the Devonian, with considerable strata lacking from at
least the Middle Cambrian to Silurian, indicating that one or more
tectonic uplift events took place during the Early Cambrian to
Devonian. To the SE in the Longmenshan fold—thrust belt, the
Lower Cambrian Qiongzhusi Formation is unconformably overlain
by the Silurian, also indicating that one or more tectonic uplift
events occurred in the region. Further to the SE at the Modaoya
section within the Longmenshan fold—thrust belt, the Lower
Cambrian Changlangpu Formation is unconformably overlain by
the Ordovician Baota Formation, which also reveals some
Cambrian tectonic events in the region. To the SE again,
however, in the central and eastern Sichuan Basin, as well as in
the Hunan regions, the stratigraphic absences occur from the Lower
Ordovician to Devonian or Permian, and the Cambrian strata were
continuously deposited. For example, in the central Sichuan Basin,
the Lower Ordovician Meitan Formation, in well JTI1, is
unconformably overlain by Permian strata; the Nanjingguan
Formation, in well NJ, is unconformably overlain by Permian
strata. The stratigraphic absence in the central Sichuan Basin is a
response to the orogeny during the Late Ordovician to Silurian
referred to as the Caledonian orogeny by previous Chinese workers
in comparison with an orogeny of approximately the same period in
Europe (Song 1987, 1996). Further to the SE, the Lower Silurian
Luoreping Formation, at the Laochangping section in Pengshui
County of Chongqing City, is unconformably overlain by the
Devonian. Further to the SE again, the Lower Silurian Shamao and
Luoreping formations, at the Shirongxi section of Yongshun
County and at the Liuchapo section of Anhua County, Hunan
Province, are both unconformably overlain by the Devonian. The
stratigraphic absences in the SE Yangtze Block are related to the
Kwangsian orogeny that occurred in the Cathaysia Block.

Seismic interpretation

As the Ediacaran—Cambrian exploration in the Sichuan Basin
proceeds, several wells have been drilled in the western basin and a
large amound of seismic data has been collected across the basin.
The seismic interpretation of Ediacaran—Cambrian horizons is
based on well stratigraphic division and calibration from wells to
seismic profiles. An appropriately 400 km regional seismic profile
from NW to SE across the Sichuan Basin was constructed by
integrating 2D and 3D seismic data to show the structure of the basin
from the Ediacaran to Lower Cambrian (Figs 1 and 4). The seismic
profile shows that the Ediacaran is thickened (c. 1800 m thick) in the
NW with two sharp margin edges and is onlapping from NW to SE,
related to the development of two periods of carbonate platform
margins in the NW (Gu et al. 20164, 2021). The seismic profile also
shows that the Ediacaran is thinned (¢. 250 m thick) in the SE, which
is related to the development of an uplift in the eastern Sichuan
Basin (Gu et al. 2016b). The Lower Cambrian succeeds the
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structure of the underlying Ediacaran, which is onlapping from NW
to SE, being thickened in the NW trough (c. 1500 m thick) and
thinned in the SE uplift (c. 400 m thick).

Outcrop sedimentological and petrological features and
interpretations

Longzikou section in Beichuan County

The Longzikou section is the most complete Lower Cambrian
exposure, with a thickness of c¢. 1170 m. At this section, the
Ediacaran Dengying Formation and the base of the Lower Cambrian
are not exposed (Fig. 5a). Three formations (the Maidiping,
Qiongzhusi and Canglangpu formations) are identified from base
to top, which show an overall coarsening-upward succession
(Fig. 5a). The Maidiping Formation (c. 316 m thick) is mainly
composed of thick chert (c. 43 m thick), and interbedded chert and
black shale (c. 37 m thick) (Figs 6a and 7a), with minor banded
dolomite and chert (Fig. 6b). The occurrence of the thick chert and
black shale reveals a deep-water depositional environment. The
Qiongzhusi Formation (c. 210 m thick) mainly consists of black
shale (Fig. 6¢) interbedded with thin chert and minor volcanic ash

beds (Fig. 6d), grading into silty mudstone at the top (Fig. 7b). The
Canglangpu Formation (c. 647 m thick) shows an overall coarsen-
ing-upward sequence, grading from thin limestone and argillaceous
siltstone at the base (Figs 6e and 7¢) to sandstone in the middle (Figs
6f, g and 7d) and coarse sandstone with minor conglomerate rocks at
the top (Figs 6h and 7e, f). The compositions of the conglomerate
and sand grains are varied, including different kinds of fragments
such as volcanic, siliceous, siliciclastic and carbonate fragments,
with some micrite envelopes and carbonate replacements or
cements. The Canglangpu Formation sandstones are unconform-
ably overlain by Ordovician limestones.

This section reveals a transition from a deep-water depositional
environment to a shallow water depositional environment. The
chert, siltstone and sandstone assemblage in the middle and lower
part shows frequent changes in composition, and low degree of
rounding (Fig. 7a—c). The sandstones and conglomerates in the
upper part of this section show very poor sorting and angular shapes
of detrital sediments, indicating a proximal detrital source (Fig. 7d-f).
The composition of rock fragments is very complex, including
chert, siliciclastic rock, carbonate rock and volcanic rock fragments.
The volcanic fragments are represented by intermediate—felsic
igneous rocks, revealing nearby volcanic activity. The Canglangpu

Fig. 3. Lithostratigraphic correlation chart for the Neoproterozoic to Lower Paleozoic across the Yangtze Block from NW to SE (compiled after field
geological survey and drilling well results; radiometric ages are from International Commission on Stratigraphy, 2020, www.stratigraphy.org). A
considerable stratigraphic absence from the Lower Cambrian to Upper Devonian—Ordovician occurs in the Bikou terrane and the Longmenshan fold-thrust
belt, revealing that one or more tectonic events took place during the Early Cambrian to Devonian. The stratigraphic absence from Ordovician to Permian in
the central and eastern Sichuan Basin as well as the eastern Yangtze Block is related to the Kwangsian orogeny, which occurred in the Cathaysia Block. Gp,

Group; Fm, Formation.
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Formation is unconformably overlain by Ordovician rocks with
considerable stratigraphic absence, from at least the Middle
Cambrian to Ordovician, which reveals that an uplift event took
place after the Canglangpu Formation deposition until the
Ordovician. Hence, this uplift event predated the Late Ordovician
to Silurian tectonic event.

Kangjiagou section in Lizhou District of Guangyuan City

The Kangjiagou section exposes the Canglangpu Formation only in
the core of an anticline, with a thickness of c. 470 m (Fig. 5b). The
section begins with a set of dolomite (¢. 60 m thick) (Fig. 8a and b),
which represents a marker horizon occurring at the base of the
Canglangpu Formation in the Sichuan Basin and adjacent regions.
Above the dolomite, the stratigraphic succession shows an overall
coarsening-upward sequence that can be further subdivided into
several cycles (Fig. 5b). In the upper part of the succession, a set of
coarse-grained sandstone with conglomerate (c. 120 m thick) (Figs
8e, f and 9a, b) and an overlying massive conglomerate (c. 80 m
thick) (Figs 8g, h and 9e, f) are present. The interbedded siltstones
are mainly composed of very fine quartz, mica grains and carbonate
cements (Fig. 9c and d). Clasts within the conglomerate contain
various rock types including dominant cherts, metasedimentary
rocks (e.g. greenschist and slate), granites and sedimentary rocks
(e.g. mudstones and carbonates). The grains are very poorly sorted,
with angular shapes, indicating a nearby detrital source (Fig. 9¢ and f).

The measurement results of the palacocurrent orientations,
mainly based on cross-bedding (Fig. 8c) and current ripples
(Fig. 8d), indicate NW detritus sources. Based on investigation in
adjacent regions, the dominant chert clasts may be derived from the
Lower Cambrian or the Ediacaran Doushantuo Formation in the
Bikou terrane and West Qinling orogen. Furthermore, the
metasedimentary rocks, especially the greenschist, are derived
from the Bikou Group in the Bikou terrane, where the greenschist is
considerably developed at more than 1000 m thickness.

Therefore, the section not only shows an orogeny to the NW of
the present-day Longmenshan fold—thrust belt, but also shows that
the Canglangpu Formation sedimentary rocks were most probably
sourced from the Bikou terrane and/or West Qinling orogen. The
development of the thick conglomerate in the upper part of the
succession reveals a period of intense orogeny in the NW Bikou
terrane and adjacent regions. All the evidence demonstrates that an
orogen formed during the Early Cambrian in the Bikou terrane and
adjacent regions and a foreland basin formed in the present-day
Longmenshan fold—thrust belt.

Sandstone framework grain composition

The Canglangpu Formation sandstones from the Kangjiagou section
are characterized by high lithic fragment (25-85%, averaging 55%)
and quartz (8-60%, averaging 37%) contents and relatively low
feldspar (2-21%, averaging 8%) contents (Figs 9 and 10a). Feldspar

Fig. 4. Regional seismic reflection profile (c. 400 km long) across the Sichuan Basin from NW to SE. The seismic profile is presented by levelling the top
of the Lower Cambrian (dashed pink line), and the location is shown in Figure 1. The dashed white line denotes the boundary between the Ediacaran and
the Cambrian, which is also an unconformity surface on the platform part of the Ediacaran Dengying Formation. (a) General seismic reflection profile,
showing the structure of the platform margins in the Ediacaran and the foreland in the Lower Cambrian. Vertical exaggeration is about 15 times. (b)
Exaggerated seismic reflection profile in the NW Sichuan Basin, showing two platform margins in the Ediacaran and a foredeep in the Lower Cambrian.
Vertical exaggeration is about eight times. (¢) Exaggerated seismic reflection profile in the central Sichuan Basin, showing onlap of the Lower Cambrian

from NW to SE. Vertical exaggeration is about eight times.
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Early Cambrian foreland basin in NW Yangtze Block 7

grains therein are dominated by plagioclase with rare K-feldspar. Heavy minerals

Lithic fragments are mainly composed of chert and carbonate rock

detritus (Fig. 9). Some samples also contain a certain amount of The transparent heavy mineral assemblages of the Canglangpu
metamorphic lithic fragments, such as quartzite and schist. The Formation sandstone samples from the Kangjiagou section are
framework grain composition (Q—F-L) ternary plot demonstrates that dominated by zircon, tourmaline, chlorite and epidote. Biotite,
the Kangjiagou section sandstones were mainly derived from a rutile, garnet and barite are also common in these analysed
recycled orogenic source (Fig. 10a). It should be noted that the sandstones and display comparatively high abundances in some
samples with high lithic fragment content (>70%), which plot in the samples (Fig. 10b). The heavy minerals in the samples show highly
arc source fields, are very coarse-grained sandstones and these variable textures. These grains are poorly sorted (ranging from 30 to
sandstones are also rich in sedimentary lithic fragments (e.g. chert). 250 ym in sizes) and are angular to rounded in shape.

Fig. 5. Generalized lithostratigraphic columns for the Lower Cambrian outcrops of the Longzikou and Kangjiagou sections. (a) The Longzikou section
contains the Maidiping, Qiongzhusi and Canglangpu formations, which show an overall coarsening-upward succession from shale to conglomerate and
indicate a tectonic transition from a passive margin to an active foreland setting; the Canglangpu Formation is unconformably overlain by the Ordovician.
(b) The Kangjiagou section only exposes the Canglangpu Formation showing an overall coarsening-upward succession; the top of the Canglangpu
Formation is dominated by thick coarse-grained sandstone with conglomerate and massive conglomerate, which indicates an intense uplift tectonic event in

the nearby source region. Red arrows point to the locations of the photographs in Figures 6 and 8, and blue arrows point to the locations of collected
samples.
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Compositionally, the heavy minerals are moderately to highly
mature and have variable, medium to high ZTR values (ranging
from 33 to 94, ZTR Index = 100 X (zircon + tourmaline + rutile)/all
transparent heavy minerals).

Major, trace and rare earth element composition

The raw data for major, trace and rare earth elements in the analysed
samples from the Longzikou section are shown in the Supplementary
material. The major elements mainly include Si (SiO, 37-77 wt%),
Al (ALO; 621 wt%), Fe (Fe,O; 0.3-8.4 wt%), Na (Na,O 0.7-
53 wt%) and K (K,O 1.0-5.0 wt%). Calcium is depleted in
Maidiping Formation and Qiongzhusi Formation samples and
displays relatively high contents in Canglangpu Formation samples.
Upper continental crust (UCC) composition-normalized element
patterns of all the analysed Lower Cambrian samples are shown in
Figure 11. Overall, most analysed samples display remarkable
depletion in Ca (CaO contents average 1.9 wt% and are less than
0.1 wt% for some Maidiping Formation and Qiongzhusi Formation
samples) and Sr and moderate depletion in Zr and Hf, relative to
UCC. All the samples indicate light rare earth element enrichment
and relatively flat heavy rare earth element patterns and have slightly
to moderately negative Ce and Eu anomalies, relative to the chondrite

Fig. 6. Representative outcrop
photographs of the Lower Cambrian at the
Longzikou section, Beichuan County. (a)
Black thin-bedded siliceous shale from the
lower Maidiping Formation. (b)
Interbedded thin dolomite and chert from
the lower Maidiping Formation. (c¢) Black
thin-bedded siliceous shale with pyrite
nodules in the upper part of the Maidiping
Formation. (d) A volcanic ash bed
interlayered with black shale in the
Qiongzhusi Formation. (e) A medium
limestone bed interlayered with thin-
bedded mudstone, in the upper part of the
Canglangpu Formation. (f) Thin to
medium siltstone, in the middle
Canglangpu Formation, showing a small-
scale coarsening-upward sequence. (g)
Current ripples from the sandstone in the
middle Canglangpu Formation showing a
SE-vergent palacocurrent direction
(oriented at 120°). (h) Thick coarse-
grained sandstone with minor
conglomerate in the upper Canglangpu
Formation.

compositions. The trace element-based tectonic setting discrimin-
ation ternary plots (i.e. La—Th-Sc and Th-Sc—Zr/10 ternary
diagrams, from Bhatia and Crook 1986) indicate that most of the
analysed samples from the Longzikou section can be plotted in or
near the continental island arc field (Fig. 12). Binary plots and
stratigraphic variations of representative element concentrations and
element ratios of the samples are illustrated in Figures 13 and 14,
respectively. Most Maidiping Formation and Qiongzhusi Formation
samples are obviously rich in Ba (most contain 2000-50 000 ppm), U
(mostly 4-16 ppm), V (mostly 200—1700 ppm) and Mo (mostly 8—
100 ppm), compared with the Canglangpu Formation samples
(Fig. 14). The Maidiping Formation and Qiongzhusi Formation
samples have slightly higher Zr (averaging 133 ppm) and Hf
(averaging 4.0 ppm) contents, higher Zr/Sc, V/Cr, V/(V +Ni) and
U/Th ratios and lower Ce/Ce* values than the Canglangpu Formation
samples (Fig. 14; Zr and Hf average 66 and 2.3 ppm, respectively).

U-Pb ages and Lu—Hf isotopes
U-Pb dating of detrital zircons

All of the zircon grains from Longzikou section samples (20LZK-
111, 20LZK-121 and 20LZK-155) have oscillatory zoning, with the
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majority of Th/U values between 0.12 and 1.96, typical of magmatic
zircon. A total of 100 zircon grains were analysed for each sample and
more than 95% of zircons therein have concordant ages (discordance
between 2°°Pb/?*8U and 2°7Pb/?*5U ages <10%). The three analysed
samples have similar detrital zircon age populations. The age spectra
are dominated by a strong peak in the Early Cambrian at ¢. 530 Ma,
covering more than 40% of grains for each sample (Fig. 15). The
majority of other grains are mainly Neoproterozoic, with ages
between 566 and 1075 Ma. A smaller proportion of zircon grains
belong to the Neoarchean to early Paleoproterozoic from 2.4 to
2.6 Ga, with weak age peaks at c¢. 2.5 Ga.

Zircon grains from the three Kangjiagou samples (20KJG-01,
20KJG-07 and 19LCC-01) show magmatic features with oscillatory
zoning and the majority of Th/U values between 0.17 and 1.86. In
total, 100 zircon grains were analysed for each sample, and only a
few grains are less than 10% discondant. Of 96 zircon grains after
ruling out the discondant grains, 67 grains in sample 20KJG-01
spread between 618 and 1093 Ma, with a strong peak at 853 Ma and
a secondary peak at 768 Ma as well as two minor peaks at 977 and
644 Ma (Fig. 16a and b). The other grains have Late Neoarchean to
Paleoproterozoic ages, from 2.69 to 1.9 Ga, with a weak peak at
2.46 Ga. The majority of zircon grains in sample 20KJG-07 spread
between 510 and 1041 Ma, with a prominent peak at c. 826 Ma and
some minor peaks at ¢. 545, 529 and 984 Ma (Fig. 16¢ and d). Four
of the other grains showed ages between 1.76 and 2.01 Ga, and the
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Fig. 7. Photomicrographs of sedimentary
rocks from the Longzikou section. (a)
Interbedded chert and mudstone. Sample
20LZK-003 from bottom of the Maidiping
Formation; plane-polarized light (PPL).
(b) Silty mudstone, mainly composed of
mud bands and silt-sized silica debris.
Sample 20LZK-069 from top of the
Qiongzhusi Formation; PPL. (¢)
Interbedded laminae of mud, silt sands
and calcite silt sands, showing features of
tidal rhythms. Sample 20LZK-90 from the
lower part of the Canglangpu Formation;
PPL. (d) Calcitic siltstone, containing
abundant feldspar, rock fragments and
quartz. Many grains have been replaced
by calcite. Some calcite patches contain
residual quartz grains. Sample 20LZK-
111 from the middle part of the
Canglangpu Formation; cross-polarized
light (XPL). (e) Calcite- and pebble-
bearing coarse sandstone, poorly sorted
and poorly rounded, containing various
sedimentary, metamorphic and volcanic
rock fragments, silt- to coarse-sized quartz
and calcification grains. Sample 20LZK-
121 from the upper part of the
Canglangpu Formation; XPL. (f) Calcite-
bearing medium to coarse sandstone,
mainly composed of various rock
fragments, feldspar and quartz. Sample
20LZK-155 from the upper part of the
Canglangpu Formation; XPL. Si, opal and
chert; Q, quartz grains and crystals; Dol,
dolomite crystals and dolomite grains;
Cal, calcite; R, rock fragments; F,
feldspar; mica, mica. The positions of the
samples in the section are shown in
Figure 5.

other 11 grains have Neoarchean to Paleoproterozoic ages with a
weak peak at 2.49 Ga, two of which yield a Paleoarchean age of c.
3.2 Ga. The age spectrum of sample 19LCC-01 spread between
536 Ma and 3.29 Ga. The majority of zircon grains spread between
536 and 1053 Ma, with a prominent peak at c¢. 825 Ma and some
minor peaks at ¢. 624, 855 and 755 Ma (Fig. 16e and f). Only one
grain yields a Mesoproterozoic age (i.e. 1231 Ma). Twenty-five
zircon grains have Paleoproterozoic ages without obvious peaks.
Fifteen zircon grains yield an Archean age from 2.52 to 3.29 Ga,
with two peaks at 2.52 and 2.68 Ga.

Lu—Hf isotopes

Lu-Hf isotopic data were collected from five samples that were
analysed for U-Pb isotopes with concordant ages to determine the
provenance of the protoliths for the sedimentary rocks in the
Longmenshan fold—-thrust belt. The Hf isotopic results are presented
in an ey v. age diagram in Figure 17 and the raw data are shown in
the Supplementary material. The results demonstrate that the detrital
zircons with Cambrian and Neoproterozic ages have wide ranges of
eqr values (eyr values of the 518545 Ma zircons from sample
20LZK-111, the 493-560 Ma zircons from sample 20LZK-155 and
the 510-545 Ma zircons from sample 20KJG-07 are between
—22.05 and —2.09, between —31.47 and 5.11 and between 3.76 and
9.75, respectively). The early-middle Neoproterozoic detrital
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zircon gy values range from —23.28 to 14.86. Furthermore, most of
the analysed Early Paleoproterozoic zircon ages have negative ey
values and the Archean zircon grains have both positive and
negative ey¢ values (Fig. 17).

Discussion

Provenance of the Lower Cambrian siliciclastic rocks in the
NW Yangtze Block

After deposition of the Ediacaran Dengying Formation, the NW
Yangtze Block was almost fully covered by marine carbonate
rocks forming a unified carbonate platform across the block. The
thick clastic succession of the Lower Cambrian, however, was
well developed in the NW Yangtze Block, spreading to the east.
Determination of the provenance of the Lower Cambrian clastic
rocks is of importance for understanding the tectonic affinity and
evolution of the NW Yangtze Block. Some researchers considered
that the Paleozoic sedimentary rocks in South China were derived
from the SE blocks (Wang et al. 2010; Shu et al. 2014). For
example, Shu er al. (2014) suggested that the Cambrian to
Ordovician sequences in NW Cathaysia were sourced from the

Fig. 8. Representative field outcrop
photographs of the Lower Cambrian
Canglangpu Formation at the Kangjiagou
section. (a, b) Medium to thick dolomite
interbedded with thin mudstone at the
base of the Canglangpu Formation. (c)
Cross-bedding from the sandstone
showing a SE-vergent palaeocurrent
direction. (d) Current ripples from
siltstone 2 m below the coarse-grained
sandstone showing a SE palaeocurrent
direction. (e) Base of the coarse-grained
sandstone developed in a river channel
environment. (f) Cross-bedding from
coarse-grained sandstone with
conglomerate showing a SE-vergent
palaeocurrent direction. (g) Conglomerate
layers within the coarse-grained sandstone
are mainly composed of black chert, green
greenschist, light carbonate and brown
sandstone, indicating immaturity and a
proximal sediment source. (h) The
components within the massive
conglomerate are mainly black chert, red
granite and smaller dolomite and
sandstone. The positions of the
photographs are shown in Figure 5b.

cast to SE. It is generally accepted that the Yangtze Block was
separated from the Cathaysia Block by an intracontinental abyssal
basin during the Ediacaran to Cambrian (Wang et al. 2010; Jiang
et al. 2011; Li et al. 2018). In this case, terrestrial clastic
sediments would be impeded by the abyssal basin and could not
be transported into the western Yangtze Block, implying a low
possibility of sedimentary sources from the east or SE. Another
viewpoint favours an origin of the clastic sediments from some
distal exotic terranes, such as north India and the Himalaya
(Yao et al. 2014; Chen et al. 2016, 2018). For example,
Chen et al. (2016) investigated the provenance of the Silurian—
Devonian rocks in the west Yangtze Block using U-Pb age and
Hf isotopic data of detrital zircons, and suggested an exotic source
of the sediments derived from the northwestern margin of the
supercontinent Gondwana. Their evidence includes the occurrence
of some dominant zircon ages (0.9—1.0, 0.73-0.85, 0.49-0.67 and
2.5 Ga), which were considered to be not widely present in South
China, and the moderately to highly rounded shapes of the zircon
grains (Chen et al. 2016, 2018).

In this study, we integrated seismic and well data from gas
exploration activities in the Sichuan Basin with some representative
outcrops in the NW Yangtze Block, using sedimentological,
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Fig. 9. Photomicrographs of detrital
zircon dating samples from the
Kangjiagou section. (a) Calcitic
conglomeratic litharenite. The grains are
mainly metamorphic and volcanic rock
fragments and quartz, cemented by calcite
(stained red) and ferrodolomite (stained
blue). Sample 20KJG-01; PPL. (b) The
same field of view as in (a). The rock
fragments are mainly siliceous rocks,
carbonate rocks and volcanic rocks; XPL.
(c) Siltstone, mainly composed of very
fine quartz, mica grains and carbonate
cements. The ferrodolomite is stained
blue. Sample 20KJG-07; PPL. (d) The
same field of view as in (¢). Many grains
showing complete extinction are
amorphous silicon; XPL. (e) Dolomitic
conglomeratic litharenite. The grains are
mainly sand-size rock fragments and
quartz, with minor angular pebbles and
coarse rock fragments. Mica and some
silty to fine-grained heavy minerals
including zircons are also observed.
Sample 19-LCC; PPL. (f) The same field
of view as in (e). The conglomerates are
poorly sorted, with low compositional
maturity; XPL. Q, quartz grains and
crystals; Dol, dolomite cements; R, rock
fragments.

Fig. 10. Sandstone framework grain and heavy mineral compositions of the Canglangpu Formation from the Kangjiagou section. (a) Q-F-L (quartz—
feldspar-lithic fragment) ternary diagram for tectonic setting discrimination (interpretation fields from Dickinson 1985). (b) A ternary diagram (Zrn + Tur +
Rt-Grt + Ep + Chl-Others) showing the variability of heavy mineral assemblages. The pie chart indicates the average heavy mineral compositions of all the
samples from this section. Zrn, zircon; Tur, tourmaline; Rt, rutile; Chl, chlorite; Ep, epidote; Grt, garnet. Other minerals, as the minor components of the
heavy mineral assemblages, mainly include hornblende, augite, apatite, monazite, biotite and barite. It should be noted that most samples plot in the
recycled orogenic field and the samples with extremely high lithic fragment contents are very coarse-grained sandstones. Heavy minerals in the Canglangpu
Formation sandstones are dominated by zircon, tourmaline, chlorite, biotite, epidote and rutile.
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Fig. 11. Upper continental crust (UCC) normalized element patterns of Maidiping Formation (a), Qiongzhusi Formation (b) and Canglangpu Formation (c)
samples from the Longzikou section. UCC composition data are from Taylor and McLennan (1985).

petrological, geochemical and detrital zircon U-Pb—Hf isotopic
analyses, to decipher the provenance of the Lower Cambrian clastic
rocks in the NW Yangtze Block. Palacocurrent measurements based
on current ripples, cross-bedding and conglomerate gravel imbrica-
tions are an effective way to determine the direction of sediment
transport pathways. The measurement results show an overall
present-day SE-vergent palacocurrent direction, indicating that the
NW regions were most probably closer to the detrital sources than
were the SE regions. The regional seismic profile across the Sichuan
Basin shows northwestward thickening and southeastward thinning
of the Lower Cambrian within the basin, indicating that sediments
were derived from the NW, consistent with the palaeocurrent
measurements. The lithostratigraphic correlation of the Lower
Cambrian across the Yangtze Block reveals that the Bikou terrane
may provide the source of the Lower Cambrian clastic rocks
deposited in the Longmenshan and Sichuan Basin. The petrological

observations of the Lower Cambrian Canglangpu Formation
sandstones demonstrate that the clastic rocks are dominated by
immature components, especially the development of volcanic
components and conglomerates, indicating a proximal source, rather
than a distal source. The massive conglomerate succession at the top
of the Canglangpu Formation at the Kangjiagou section shows
dominant immature and proximal features, and the clasts within the
conglomerate are dominated by chert, carbonate rocks and
metasedimentary rocks, which is consistent with the framework
grain compositions of the analysed sandstones. All the provenance
evidence reveals that the neighbouring Bikou terrane could be an
important contributor to the sedimentary succession.

Heavy mineral analysis results indicate highly variable textures
and medium to high ZTR values of the heavy mineral grains,
revealing that these clasts could be contributed by both proximal
igneous rocks and recycling of underlying sedimentary successions
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Fig. 12. Trace element-based tectonic setting interpretations for the analysed fine-grained sedimentary rock samples from the Longzikou section. (a) La—
Th—Sc ternary diagram and (b) Th—Sc—Z1/10 ternary diagram (after Bhatia and Crook 1986).

in adjacent regions. The trace and rare earth elements, such as La,
Th, Sc, Zr and Hf and related element ratios, suggest variable parent-
rock types for the Maidiping and Qiongzhusi Formation sediments
(e.g. felsic and mixed felsic—mafic rocks) and dominant felsic
parent-rocks for the Canglangpu Formation sediments (Fig. 13b).
Furthermore, the Maidiping and Qiongzhusi Formation sediments
indicate comparatively more intense signals of sedimentary
recycling than the Canglangpu Formation sediments (Fig. 13a).
Detrital zircon U-Pb dating could provide important information
on sedimentary provenances, and Lu—Hf isotopic analysis may offer
insights into the nature and source of magmatic rocks in the
provenance of the sediments (Chen ez a/. 2018). The age spectra of
detrital zircons from the Canglangpu Formation at the Longzikou
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section show a prominent peak at c. 530 Ma, close to its deposition
age of ¢. 510 Ma, which is further indicative of a proximal source.
The c. 750-830 Ma zircons have been demonstrated to have a
proximal magmatic source, and are well developed in the NW
Yangtze Block (Chen et al. 2016, 2018). The c¢. 970 Ma age of
detrital zircons from the Canglangpu Formation in the Longzikou
section has been reported in the Tongmuliang Group in the
northwestward Jiaoziding complex by Li ef al. (2018), consistent
with a NW-derived proximal source. The c. 2.5 Ga detrital zircons
may be derived from an old basement nearby, indicating that an
older continental crust existed to the NW. The positive ey(¢) values
with the age c¢. 530 Ma indicate that the magmatic source was
derived from a depleted mantle. The age spectra of detrital zircons

Fig. 13. Binary diagrams of representative
element concentrations and element ratios
of the analysed samples from the
Longzikou section. (a) Th/Sc v. Zr/Sc
(after McLennan et al. 1993); (b) La/Th
v. Hf (after Floyd and Leveridge 1987);
(¢) V/(V+Ni) v. Mo; (d) U/Th v. Ba.
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Fig. 14. Vertical variations of
representative element concentrations and
element ratios of the analysed Longzikou
section samples. Ce-anomaly is
represented as Ce/Ce* = Cey/(Lay % Pry)"
2, based on chondrite-normalized values.
CI carbonaceous chondrite compositions
(Taylor and McLennan 1985) were used
for the normalization.

Fig. 15. Concordia plots (a, ¢, e) and
histogram as well as relative probability
plots (b, d, f) of LA-ICP-MS detrital
zircon U-Pb age distributions from the
Canglangpu Formation sandstone samples
at the Longzikou section. The 2°’Pb/*°°Pb
age is used for zircons older than

1000 Ma and 2°°Pb/**8U age is used for
zircons younger than 1000 Ma. Analyses
are plotted with 2c error ellipse after
common-Pb correction. Sample locations
are shown in Figure 5a. (a, b) Sample
20LZK-111; (e, d) sample 20LZK-121;
(e, f) sample 20LZK-155.
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from the Canglangpu Formation in the Kangjiagou section show a
different pattern from those in the Longzikou section. The dominant
age peak is c¢. 826 Ma, consistent with the development of
Neoproterozoic magmatism in the western Yangtze Block. A
minor ¢. 530 Ma age peak indicates an Early Cambrian tectono-
magmatic event in the nearby source region. The occurrence of c.
980 Ma zircons indicates a source from the Jiaoziding complex and
northwestward regions. The occurrence of ¢. 2.5 Ga zircons shows a
common feature with those of the Longzikou section. Moreover, the
occurrence of ¢. 3.2 Ga zircons with positive ey(?) values shows a
juvenile Paleoarchean continental crust, consistent with the
Paleoarchean Yudongzi Group, which occurs in the NW Yangtze
Block (Zhang et al. 2001).

In summary, the Lower Cambrian clastic rocks in the NW
Yangtze Block appear to be from local sources to the NW, such as
the Jiaoziding complex, the Bikou terrane, the West Qinling orogen
and even the buried present-day Songpan—Ganzi terrane.

Tectonic transition from a passive margin to a foreland
basin

The Ediacaran succession comprising the Doushantuo and
Dengying formations in South China is dominated by thick
marine carbonate rocks interlayered with minor clastic rocks,
which are generally considered to have formed in a passive margin
setting (Zhou and Xiao 2007; Jiang et al. 2011; Zhou et al. 2019; Gu
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Fig. 16. Detrital zircon U-Pb age plots for
the Canglangpu Formation sandstones of
the Kangjiagou section. Sample locations
are shown in Figure 5b. (a, ¢, e) U-Pb
concordia diagrams of detrital zircon; (b,
d, f) relative probability diagrams of
zircon U-Pb ages. (a, b) Sample 20KJG-
0; (¢, d) sample 20KJG-07; (e, f) sample
19LCC-01.

et al. 2021). The Lower Paleozoic sequence in the NW Yangtze
Block has long been considered to be also formed in a passive
margin setting (Meng and Zhang 1999; Dong and Santosh 2016;
Domeier 2018). Chen and Yang (2000), however, argued that a
long-term active continental margin with intense tectonic activity
existed in the Paleozoic, based on the chemical composition of
sedimentary rocks.

From the Ediacaran to the Cambrian, considerable variations
occurred as a result of tectonic and sedimentary environment
changes. One of the important variations is the decrease of marine
carbonate rocks and the significant increase of clastic rocks in the
Lower Cambrian, which from base to top shows an obvious reverse
grading, from fine-grained to coarse-grained texture and from thin
to medium-thick bedding, indicating a tectonic transition from a
former passive margin setting to an active margin setting. The
sediments of the Lower Cambrian show dominantly immature
features, together with the occurrence of thick conglomerates and
proximal, local sources, revealing that a possible uplift event
occurred to the NW. The Lower Cambrian succession in the Sichuan
Basin thickens dramatically to the NW, indicating basin subsidence
as a result of loading to the NW of the present-day Longmenshan,
where collisional orogens may occur, resulting in the formation of
tectonic loading. Furthermore, the results for redox-sensitive
elements (such as Mo, U, V and Ce) suggest that most areas of
the NW Yangtze Block were probably in anoxic and even euxinic
sedimentary environments during the depositional periods of the
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Fig. 17. Plot of ey(7) v. U-Pb age (Ma) of the detrital zircons from the
Canglangpu Formation sandstone samples of the Longzikou (samples
20LZK-111 and 20LZK-155) and Kangjiagou sections (samples 20KJG-
01, 20KJG-07 and 19LCC-01). Grains with more than 10% discordance
have been omitted. CHUR, chondritic uniform reservoir. The sloping
parallel lines are two-stage Hf model age (Tpm»)-

Maidiping and Qiongzhusi formations, whereas the Canglangpu
Formation strata were deposited in relatively oxic, shallow water
environments (Fig. 13c). These interpretations are consistent with
the variations in outcrop lithofacies (Fig. 5a). Furthermore, the
obvious Ba enrichments in the Maidiping and Qiongzhusi
formations (Figs 11, 13c and 14) reveal that the sedimentary
environments were potentially influenced by hydrothermal events
on the seafloor. Representative trace elements of the Longzikou
section fine-grained sedimentary rocks reveal a possible continental
arc source for the Early Cambrian deposits (Fig. 12). All the
observations indicate a tectonic transition from a passive margin to
an active orogenic setting in the NW Yangtze Block.

In addition, the regional seismic profile shows a typical foreland
basin geometry that is considerably thickened in the NW and
significantly thinned in the SE, consistent with the development of a
foredeep in the NW and the development of an uplift in the SE fora
foreland basin. An unconformity between the Ediacaran Dengying
Formation and Lower Cambrian took place across the Yangtze
Block (Gu et al. 2016a, b), implying a transition from a passive
margin to an active foreland basin. The overall basin geometry
indicates that the Lower Cambrian sequence was deposited in a
foreland basin setting and sediments were derived from the
northwestward uplifted terranes, such as the Jiaoziding complex,
the Bikou terrane and the West Qinling orogen.

Detrital zircon age spectra have distinctive distribution patterns
that reflect the tectonic setting of the basin in which they are
deposited (Cawood et al. 2012). Some of the Lower Cambrian
zircons display a euhedral, prismatic shape, suggesting that they are
first-cycle detritus from a proximal source. Detrital zircons of the
Canglangpu Formation within the Longmenshan have typical
foreland basin-like age spectra. The ages of the youngest zircon
grains of sediments are close to their depositional ages, together
with older sources, indicating deposition in a convergent or
collisional plate margin setting (Cawood et al. 2012). Hence, the
dominant ¢. 530 Ma age signature of detrital zircons from the
Longzikou samples may represent an important tectonomagmatic
event that occurred to the west of the present-day Longmenshan
fold—thrust belt. The foreland sediments were largely derived from
elevated terranes (e.g. the Jiaoziding complex, the Bikou terrane and
the West Qinling orogen) located to the west of the Longmenshan.

Therefore, we propose that an Early Cambrian continental arc
assemblage and older continental crust were exposed to the NW,

and served as a potential source for the sediments deposited in the
present-day Longmenshan fold—thrust belt and in the Sichuan Basin
to the SE. These arcs are also probably now buried under the
Songpan—Ganzi terrane, to the west of the Longmenshan. Our
results suggest that an Early Cambrian foreland basin succession
located in the Longmenshan and Sichuan Basin was the result of
loading to the NW; for instance, in the Bikou terrane and the West
Qinling orogen.

Origin of the foreland basin and related orogeny

We suggest that an Early Cambrian foreland basin developed in the
NW Yangtze Block was related to a lithospheric flexural loading to
the west of the present-day Longmenshan fold—thrust belt.
Moreover, the loading could be related to crustal thickening that
resulted generally from oceanic plate subduction and subsequent
arc—continent convergence and collision (Cant and Stockmal 1989;
Ettensohn 1993). Thus, it is of great importance to determine the
northwestern boundary of the Yangtze Block during Ediacaran to
Cambrian times, and further to determine the distribution of
adjacent oceans. The present-day northwestern boundary of the
Sichuan Basin is the Longmenshan fold—thrust belt, and the
boundary of the North China and South China cratons is the
Mianlue suture. Because of the complex evolution history, the NW
boundary of the Yangtze Block during the Ediacaran to Cambrian
remains controversial, and the Longmenshan (Dong and Santosh
2016; Luo et al. 2018), the Bikou terrane (Yan ez al. 2003, 2004;
Druschke et al. 2006; Li et al. 2018; Gao et al. 2020) and the West
Qinling orogen (Meng and Zhang 1999) have all been considered as
boundaries. Whether the West Qinling orogen belonged to the
Yangtze Block during that time remains controversial.

However, a large amount of evidence has demonstrated that
during the Ediacaran to Cambrian, the boundary of the Yangtze
Block was located along the Tianshui and Sangdan sutures. Hence,
the Longmenshan fold—thrust belt, the Bikou terrane and the West
Qinling orogen are thought to be closely related to the Yangtze
Block during that time. Moreover, field investigations of the Tonian
to Cryogenian in the West Qinling orogen reveal lithostratigraphic
features similar to those of the Yangtze Block, but different from
those of the North China Craton, especially the occurrence of the
tillite in the Cryogenian. Hence, we favour the view that the West
Qinling orogen was connected to the Yangtze Block during the
Ediacaran to Cambrian.

Recently, large numbers of magmatic zircon ages have been
reported along the Wushan, Tianshui and Sangdan sutures, which
spread predominantly between 534 and 471 Ma (Dong et al. 2007,
2011; Pei et al. 2007a, b), indicating that a palaeco-ocean subduction
event occurred during the Early Cambrian to Ordovician along the
NW boundary of the Yangtze Block. The palaco-ocean has been
referred to as the Shangdan ocean (Dong et al. 2011) or Proto-
Tethys ocean (Pei et al. 2007b; Li et al. 2018). There are two distinct
viewpoints on the palaco-ocean subduction polarity: a northward
subduction (Dong et al. 2011) or southward subduction direction
(Li et al. 2018). Although the subduction polarity of the Proto-
Tethys ocean is beyond the range of this study, we prefer southward
subduction because the microterranes underwent southward shift
during the assembly of the Gondwana supercontinent (Li et al.
2018).

The widespread c¢. 530 Ma age of detrital zircons found in the
Lower Cambrian sandstones from the Longmenshan fold—thrust
belt is consistent with the age of arc magmatism located near the
Proto-Tethys ocean suture. The ternary plots of La—Th—Sc and Th—
Sc—Zr/10 for Lower Cambrian fine-grained sedimentary rocks of
the Longzikou section also indicate the occurrence of continental
arcs (Fig. 12). Recently, we have found records of the Early
Cambrian magmatic event in the Longmenshan fold—thrust belt,
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including a thick volcaniclastic rock sequence (more than hundreds
of metres thick, c. 526 Ma) and gabbro intrusions (c. 528 Ma),
which could be related to oceanic plate subduction. These imply that
the continental arc rocks, which resulted from the Proto-Tethys
ocean subduction, could be a potential source for the Lower
Cambrian sediments in the Longmenshan and Sichuan Basin. The
consequences of the Proto-Tethys ocean subduction include
convergence and subsequent collision of microterranes, such as
the present-day West Qinling orogen, the Bikou terrane and the
Jiaoziding complex. We consider that these microterranes were
elevated after ¢. 530 Ma, experienced exhumation and provided
sediments to the SE. The clastic components in the Longmenshan
are also consistent with the lithology of microterranes located to the
west of the Longmenshan. The framework grain petrographic mode
(QFL ternary plot) of Canglangpu Formation coarse-grained
sandstones from the Kangjiagou section shows a recycled orogenic
setting (Fig. 10a), indicative of orogeny occurring to the west.
Therefore, the orogeny attributed to the Proto-Tethys ocean
subduction produced a loading in the present-day West Qinling
orogen and Bikou terrane, and a foreland basin in the Longmenshan
and Sichuan Basin owing to lithospheric flexure.

Early Cambrian orogeny has been demonstrated to occur in the
NW Yangtze Block. This period of orogeny, however, has not been
defined by previous studies. Because of its importance for the
tectonics of the Yangtze Block and its implications for gas
exploration of the Sichuan Basin, an orogenic event name should

be coined. In this study, we would like to give a local orogenic name
following previous rules, and refer to the Early Cambrian orogeny
in the NW Yangtze Block as the Motianling orogeny, because of the
extensive exposure and intense uplift of the Motianling region
during that time.

In addition to loading, the geometry of a foreland basin is largely
dependent on the strength of lithospheric elastic flexure (i.e. 7).
The Sichuan Basin lithosphere is likely to have a high 7,. Previous
researchers have given some representative values of 7, most of
which are around 50 km, implying a high-T7 nature. Li et al. (2003)
analysed the thickness variations of Triassic sedimentary rocks
deposited in the foreland of the Longmenshan and estimated that 7
was 4354 km. Jiang and Jin (2005) modelled profiles of Bouguer
gravity anomalies to estimate 7 values close to 45 km for the
Sichuan Basin in their preferred model of variable 7. Fielding and
McKenzie (2012) obtained a best-fit flexure model with
T.=54.6km by virtue of the Watts (2001) broken model.
Therefore, ¢. 50 km of T, could be reasonable for the Sichuan
Basin. If we apply the broken model and use 50 km of T, we can
assign an orogenic loading at the Bikou terrane that would produce
a downwarp in the Longmenshan and western Sichuan Basin and a
peripheral bulge in the eastern Sichuan Basin, consistent with the
basin geometry of the Early Cambrian as shown in Figure 4.
Hence, the development of the foreland basin during the Early
Cambrian time is reasonable from the viewpoint of lithospheric
elastic flexure.

Fig. 18. Hypothetical schematic tectonic model illustrating the proposed transition from a passive margin in the Ediacaran to a foreland basin in the Early
Cambrian in the NW Yangtze Block. Insets present the structure of oceanic and continental crust and the tectonic transition at lithospheric scale. (a) Passive
margin stage during the Ediacaran. (b) Initiation of oceanic subduction during the Early Cambrian (c. 530 Ma) resulted in orogenic loading (Motianling
orogen), flexural warping of the lithosphere and subsequent filling of the foredeep in the present-day Longmenshan fold—thrust belt and western Sichuan
Basin. (¢) As oceanic subduction continued, collisions and uplifts of microterranes provided sediments to the foredeep ahead of the advancing tectonic

loading, and a peripheral bulge formed in the SE Sichuan Basin.
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Early Cambrian tectonic and sedimentary evolution in the
NW Yangtze Block; implications and perspectives

In summary, a passive margin was formed during the Ediacaran and
the beginning of the Early Cambrian, facing the Proto-Tethys ocean
to the NW (Fig. 18a). In the Early Cambrian at ¢. 530 Ma, Proto-
Tethys ocean subduction beneath the NW Yangtze Block was
initiated, producing continental arcs along the NW margin of the
Yangtze Block, and microterranes, such as the present-day West
Qinling orogen and the Bikou terrane, were uplifted above sea level
(Fig. 18b). As subduction continued, the convergence and collision
of microterranes took place and the Motianling orogen was formed
in the present-day West Qinling orogen, the Bikou terrane, the
Jiaoziding complex and even in the Songpan—Ganzi terrane regions
(Fig. 18c). The Motianling orogen not only resulted in loading to
produce a downwarp in the Longmenshan area and western Sichuan
Bain owing to lithospheric flexure, but also provided detritus to fill
the foreland basin. Owing to the high strength of the Sichuan Basin
lithosphere, a forebulge was formed in the eastern Sichuan Basin,
consistent with the overall basin geometry. The reverse-graded
succession of the Lower Cambrian, from shale to conglomerate,
indicates the gradual advance of the Motianling orogen as
subduction continued.

The recognition of the Early Cambrian foreland basin in the NW
Yangtze Block can provide insight into the gas exploration of the
Lower Cambrian in the Sichuan Basin. The foredeep areas have
been demonstrated to be favourable for the accumulation of fine-
grained hydrocarbon source rocks of the Lower Cambrian (e.g.
Maidiping and Qiongzhusi formations), and the forebulge and
associated palacogeographical high areas would be favourable for
widespread ooid deposition of the Lower Cambrian (e.g.
Canglangpu and Longwangmiao formations). This study also has
important implications for the assembly of East Gondwana during
Late Neoproterozoic to Early Paleozoic times. It may be not
necessary to link the western Yangtze Block, South China, with the
other blocks. We note that previous investigations have given few
reports of structural deformation, metamorphism and magmatic
events during the Early Cambrian in the NW Yangtze Block. Thus,
further work is required to verify the hypothesis in this study.
Flexural modelling based on lithospheric strength and tectonic
loading will be considered in our future research.

Conclusions

The Ediacaran to Cambrian in the NW Yangtze Block has long
been considered to have formed in a passive margin setting;
however, the occurrence of Lower Cambrian thick clastic rocks
has led us to think about their provenances and origin. Our results
show that the northwestern Yangtze Block experienced a tectonic
transition from a passive margin in the Ediacaran to a foreland
basin in the Early Cambrian. A regional lithostratigraphic
correlation across the Yangtze Block indicates a considerable
strata absence from NW to SE, indicating that an orogeny might
have taken place to the NW. A regional seismic profile across the
Sichuan Basin shows a typical foreland basin geometry. The
provenance analyses of the Lower Cambrian in the Longmenshan
fold—thrust belt, including field-based sedimentology, sandstone
petrography, geochemistry and detrital zircon U-Pb ages and Hf
isotope study, indicate that the sediments were most probably
derived from northwestern proximal terranes. The dominant c.
530 Ma age of detrital zircons with positive ey(#) values reveals
that continental arcs served as proximal sediment sources. We
propose that the formation of the Early Cambrian foreland basin
was related to Proto-Tethys ocean subduction at ¢. 530 Ma and
that subsequent collisions between arcs and microterranes
resulted in orogenic loading.
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