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ABSTRACT

The Ediacaran to Cambrian sedimentary succession in the Yangtze Block (South China) has long been interpreted
as forming in a passive margin setting. However, some recent studies on Cambrian geological records challenge
this view. Here, we investigated a relatively complete Cambrian section in the central Longmenshan fold-thrust
belt, NW Yangtze Block. Composed primarily of fine-grained siliciclastic rocks with subordinate carbonate rocks,
this section was analyzed to constrain its depositional age, sedimentary environments, provenance and tectonic
setting, and to address the ongoing controversies. The Cambrian succession exhibits coarsening-upward trends
and indicates deep-water basin, slope and fan delta settings with hydrothermal inputs. The depositional ages
were constrained as the Cambrian Terreneuvian to Epoch 2 interval (ca. 524-509 Ma), based on correlation of
carbonate stable carbon isotope (8'3C) results with the global Cambrian 513C reference curve and maximum
depositional age constraints from detrital zircon U-Pb geochronology. Sandstones from the Qiongzhusi Forma-
tion have abundant volcanic lithic fragments and detrital zircons therein are dominated by Ediacaran-Cambrian
ages. Nevertheless, sandstones from the Canglangpu Formation consist of various lithic fragments (including
chert, metamorphic, volcanic and sedimentary clasts) and present diverse detrital zircon U-Pb ages (predominant
1000-500 Ma with minor 2600-2100 Ma). Both petrographic and geochemical results reveal that the Cambrian
sediments are compositionally immature and were derived from proximal sources. Detrital zircon (635-500 Ma)
trace elemental compositions denote a continental arc origin. Collectively, these results support proximal arc-
related orogenic sources for the early Cambrian clastic sediments, contradicting previous proposals of distal
orogenic sources. We propose that the Cambrian depositional succession was formed in an active margin setting
in response to the Proto-Tethys Ocean subduction beneath the NW Yangtze Block. Our findings represent a
significant advance towards understanding the Ediacaran-Cambrian transition and the role of the South China
Craton in the Gondwana assembly process.

1. Introduction

this period, most continents and microterranes amalgamated in response
to the assembly of Gondwana (Cawood et al., 2013; Cawood et al., 2018;

The Ediacaran to Cambrian transition witnessed a remarkable in-
terval in the Earth’s history for biological evolution (Grotzinger et al.,
1995; Amthor et al., 2003; Marshall, 2006; Wood et al., 2019; Wu et al.,
2022; Myrow et al., 2024), oceanic geochemical variation (Rothman
et al., 2003; Shields, 2007; Guo et al., 2013; Wen et al., 2015; Li et al.,
2017; Ackerman et al., 2022), marine redox fluctuation (Kimura and
Watanabe, 2001; Gao et al., 2016; Zhang et al., 2016; Chang et al., 2018;
Wang et al., 2018; Wei et al., 2018; He et al., 2019; Wu et al., 2021a,
2022), and global continental configuration (McKenzie et al., 2014;
Domeier, 2018; Yang et al., 2020; Merdith et al., 2017, 2021). During
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Domeier, 2018; Li et al., 2018a; Yang et al., 2020). The South China
Craton (Fig. 1A), which comprises the present-day Yangtze Block in the
west and the Cathysian Block in the east, is generally considered as a
component of Gondwana and had been positioned along the north-
western margin of East Gondwana (Duan et al., 2011; Cocks and Torsvik,
2013; Xu et al., 2013, 2014; Chen et al., 2016; Li et al., 2018b; Yang
et al., 2020; Merdith et al., 2017, 2021). From the perspective of global
paleogeographic reconstruction, the present-day Yangtze Block was
flanked by the Proto-Tethys Ocean during the Ediacaran and Cambrian,
and underwent a tectonic transition from a passive margin setting of the
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Fig. 1. (A) The tectonic framework of the major cratons in China. (B) A
simplified geological map of the NW Yangtze Block, South China, showing the
distribution of the Precambrian and Cambrian outcrops.

Ediacaran to an active margin setting of the Cambrian (Cocks and
Torsvik, 2013; Cawood et al., 2018; Merdith et al., 2017, 2021). How-
ever, whether and how this key tectonic transition is recorded in the
Yangtze Block remains poorly constrained.

Most previous studies advocate that the Ediacaran to Cambrian
succession in the NW Yangtze Block had formed in a passive margin
setting (Jiang et al., 2012; Chen et al., 2016, 2018; Domeier, 2018).
Nevertheless, sedimentary records from the NW Yangtze Block (Fig. 1B)
document a significant shift from Ediacaran carbonate-dominated to
lower Cambrian detritus-dominated successions (Gu et al., 2016, 2023b;
Chen et al., 2018). Particularly, the lower Cambrian in most areas is
characterized by thick, reverse grading clastic successions, from shales
to conglomerates intercalated with minor carbonates (Gu et al., 2021).
However, provenance and tectonic setting of the thick lower Cambrian
sedimentary records have received limited attention. Some investigators
attributed these clastic sediments to exotic source terranes (such as the
Himalaya, North India and Qiangtang terranes), linked to Gondwana
assembly-related orogenesis (Duan et al., 2011; Chen et al., 2016, 2018;
Yang et al.,, 2020; Han et al., 2024). Most of these provenance in-
terpretations relied predominantly on detrital zircon records, specif-
ically, the observed similarity in zircon age populations between the
Cambrian NW Yangtze Block and the distant exotic terranes. Although
detrital zircon geochronology (and Hf isotopes) represents a powerful
tool in tracing sediment provenance, biases in detrital zircon studies are
also prevailing, probably resulting in misleading provenance in-
terpretations (e.g., Malusa et al., 2013; Shen et al., 2024; Jian et al.,
2024 and references therein). By contrast, based on an integrated study
combining geological, geochemical and geophysical evidence from the
north Longmenshan region, Gu et al. (2023b) put forward a new hy-
pothesis that the lower Cambrian clastic rocks had proximal sources and
were deposited in an active margin setting due to the subduction of the
Proto-Tethys Ocean under the NW Yangtze Block and the associated
Motianling orogeny. As a result, an early Cambrian foreland basin was
formed in the Longmenshan region owing to the orogenic loading
northwestward and lithospheric flexure. Recently, Deng et al. (2025)
investigated early Cambrian volcanic rocks from the Maoxian section in
the central Longmenshan region (Fig. 1B) and these rocks were
explained as products of the Proto-Tethys Ocean subduction.

In this contribution, we investigated the Cambrian Dawuji section
(Fig. 2A) in the central Longmenshan region, NW Yangtze Block. This
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Fig. 2. Geological map of the study area showing stratigraphic successions and
samples sites, modified from the regional geological map of China (1:200000).
Note that the Cambrian strata were widely intruded by mafic dykes (involving
gabbro and diabase).

section comprises relatively complete lower Cambrian sedimentary
successions, characterized by thick reverse grading clastic rocks with
minor carbonate rocks. Study on this section can provide useful clues for
deciphering provenance (distant or proximal sources) and tectonic
setting (passive or active margins) of the lower Cambrian sedimentary
rocks. We performed comprehensive field-based sedimentological,
petrographic, mineralogical, geochemical and zircon U-Pb-Hf isotopic
analyses to interpret depositional process, sediment provenance and
tectonic setting of the lower Cambrian sedimentary records.

2. Geological setting
2.1. The Longmenshan fold-thrust belt and surrounding tectonic domains

The Yangtze Block is the northwest part of the South China Craton
(Fig. 1A). Major tectonic domains within and around the northwestern
Yangtze Block include the Sichuan Basin, the Micangshan-Hannan
terrane, the Longmenshan fold-thrust belt, the Bikou terrane, the West
Qinling orogen and the Songpan-Ganzi terrane (Fig. 1B). The NE-
trending Longmenshan fold-thrust belt defines the northeastern
margin of the Tibetan Plateau, which marks a sharp topographic tran-
sition from plateau to plain with an elevation drop of ca. 4000 m over ca.
50 to 100 km (Burchfiel et al., 1995; Chen and Wilson, 1996; Xue et al.,
2017; Xie et al., 2020). The Longmenshan fold-thrust belt extends ca.
500 km long from NE to SW and 50 km width from SE to NW. It is
bounded with the Sichuan Basin to the SE, and bounded with the Bikou
terrane to the NW, and bounded with the Songpan-Ganzi terrane to the
west (Chen and Wilson, 1996; Jia et al., 2006; Li et al., 2012; Xue et al.,
2017; Yan et al., 2018) (Fig. 1B).
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Within the Longmenshan fold-thrust belt, Neoproterozoic complexes
occur as the Precambrian basement, i.e., the Jiaoziding complex in the
north (Li et al., 2018a), the Pengguan complex in the middle (Li et al.,
2024b), and the Baoxing complex in the south (Dong et al., 2024).
Neoproterozoic arc-related magmatic rocks (including plutonic and
volcanic rocks, 860-750 Ma) are also widely distributed in the Long-
menshan fold-thrust belt (Li et al., 2024a and references therein). These
igneous rocks are considered as parts of the Panxi-Hannan arc belt,
indicating a long-lived early-mid Neoproterozoic (970-750 Ma) sub-
duction zone along the northern and western Yangtze Block on the
northwestern margin of Rodinia (Zhou et al., 2006; Cawood et al.,
2018). A thick lower Cambrian volcaniclastic succession (> 1000 m) is
present in the central Longmenshan fold-thrust belt (within the Pen-
gguan complex) indicating a period of volcanic activity in the NW
Yangtze Block (Deng et al., 2025). There were three major stages of
tectonic movements from the Cambrian to Triassic, which are repre-
sented by large sedimentary hiatuses and unconformities between the
Cambrian and Ordovician, the Silurian and Permian, and the Middle and
Late Triassic (Gu et al., 2016; Yan et al., 2018).

The Sichuan basin is an important petroliferous basin in the NW
Yangtze Block with very thick sedimentary infill (> 10 km) including
Neoproterozoic to Quaternary deposits (Liu et al., 2021). Its early fill,
from Ediacaran to Middle Triassic times, is dominated by shallow ma-
rine carbonate deposition (Gu et al., 2021). After that, it developed as a
foreland basin, infilled by terrestrial sediments. The Micangshan-
Hannan terrane is located between the Sichuan Basin and the Qinling
orogen. The Precambrian basement includes Paleoproterozoic
amphibolite-facies Houhe complex, Meso-Neoproterozoic greenschist-
facies Huodiya Group (metasedimentary rocks in the lower part and
volcanic rocks in the upper part), Neoproterozoic greenschist-facies
Xixiang Group (dominated by metavolcanic rocks) (Hui et al., 2025).
Neoproterozoic mafic-ultramafic and granitoid plutons are widely
exposed in the Micangshan-Hannan terrane (Dong et al., 2011). The
basement rocks and plutons are mainly unconformably overlain by
Ediacaran-Silurian carbonates and siliciclastic rocks (Gu et al., 2023c).
Neoproterozoic records are widely exposed in the Bikou terrane (Hui
et al.,, 2021; Gu et al., 2023a), including Bikou Group (dominated by
volcanic successions) and Hengdan Group (thick, coarsening-upward,
deep marine, pelagic- to turbidite-dominated volcaniclastic deposits)
in the southeast and northwest parts, respectively. These strata under-
went strong deformation and low greenschist facies metamorphism and
unconformably overlie the Neoarchean Yudongzhi Group. Several
Neoproterozoic gabbroic-granitoid plutons are distributed within the
southeastern part of terrane (Hui et al., 2021, 2022). The Songpan-Ganzi
terrane is mainly composed of Triassic highly-deformed, slightly-meta-
morphosed deep-water marine calciclastic and siliciclastic rocks and
Late Triassic—Early Jurassic intermediate-acid igneous intrusions (Jian
et al.,, 2019). The Qinling orogen is the product of the Late Triassic
collision between the North and South China Cratons along the Mianlue
suture (Fig. 1B). The West Qinling orogen, as the west extension of the
Qinling orogen, is sandwiched between the Carboniferous-Permian
ophiolitic melange to the north and Early-Middle Triassic ophiolitic
melange to the south, connecting with the Triassic Andean-type
magmatic arc belts of Kunlun orogenic belt in the west (Yan et al.,
2014). Similar to the Songpan-Ganzi terrane, Triassic deposits are
widely distributed in the West Qinling orogen, whereas Precambrian
(limited exposure, named as Baiyigou Group in the southwestern region,
Gu et al., 2025) and lower Paleozoic rocks are uncommon in the orogen
(Gu et al., 2023Db).

2.2. Cambrian stratigraphy in the Longmenshan fold-thrust belt

In most regions of the Longmenshan fold-thrust belt, the Cambrian
succession comprises the Maidiping, Qiongzhusi, and Canglangpu For-
mations from base to top (Fig. 2B; Gu et al., 2021, 2023b). These strata
are thought to have accumulated during the Cambrian Terreneuvian to
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Epoch 2 (Gu et al, 2023b). The Maidiping Formation is mainly
composed of interbedded thin chert and shale with phosphoric car-
bonate, revealing an anoxic setting. The Qiongzhusi Formation is
defined by the first occurrence of trilobites, and consists of organic-rich,
black shale and is gradually coarsening upward into muddy siltstones
and siltstones. The Canglangpu Formation consists of coarsening-
upwards medium to thick siltstones, sandstones and conglomerates.
There is a set of carbonates or calcareous sandstones (ca. 5-30 m thick)
occurred at the base of the formation as a horizon marker. The Can-
glangpu Formation is generally unconformably overlain by the Ordo-
vician in the central and north Longmenshan regions.

3. Sedimentological descriptions and samples

We carried out three rounds of field work at the Dawuji section
(Fig. 2A) to examine the Cambrian sedimentary records in 2019, 2021
and 2023. Sedimentary successions were measured, described and
analyzed, and more than 160 samples (mainly including mudstones,
siltstones, carbonate-rich mudstones, carbonate rocks and subordinate
sandstones and mafic intrusive rocks) were collected for subsequent lab
analyses.

3.1. Outcrop descriptions and sedimentological features

The investigated Dawuji section starts with sporadically-exposed
gabbro bodies (Bed 0, Fig. 3; Fig. 4A). The Cambrian consists mainly
of the Qiongzhusi Formation (Fig. 3, Beds 1-5) and the overlying Can-
glangpu Formation (Fig. 3, Beds 6-8), which is unconformably overlain
by the Ordovician limestones (Fig. 3, Bed 9). The Qiongzhusi Formation
is dominated by thin bedded mudstones and siltstones intruded by some
gabbros, and the Canglangpu Formation is characterized by the lower
slump carbonates and the upper low maturity clastic rocks.

The basal Qiongzhusi Formation (Bed 1) is mainly composed of thin-
or intermediate-bedded mixed carbonate-siliciclastic rocks with domi-
nant calcareous siltstone, calcareous fine-grained sandstone, sandy
limestone, silty mudstone and calcareous mudstone (Fig. 4B-C). A
sandstone lens occurs in the upper part of Bed 1 (Fig. 4E). The thin-
bedded fine-grained sedimentary strata are rich in pyrite nodules with
a few centimeters in size (Fig. 4D). The Bed 2 consists of thin-bedded
muddy siltstones which are rich in banded pyrite (Fig. 4F-G) and was
intruded by gabbro along the bedding directions (Fig. 4H). The Beds 3-5
are discontinuously exposed and are mainly composed of black gray,
thin-bedded, gabbro-intruded mudstone and silty mudstone (Fig. 5B-C).
The limestone slumps (~1-2 m thick) are occasionally present (Fig. 5D).
A bed of porous volcaniclastic rock (~5-10 m thick) is intercalated in
the black mudstones (Fig. 5SE-F). Some layers of pyrite aggregates occur
in the black mudstones (Fig. 5G). The top mudstone of Bed 4 was
intruded by gabbro (Fig. SH).

The lower Canglangpu Formation consists mainly of slump lime-
stones intercalated with thin bedded mudstones and siltstones with a
thickness of ca. 140 m (Fig. 3; Fig. 6A-D). Diabase intruded into the
mudstones at the top of Bed 6. The Bed 7 includes some coarse-grained
greywackes (Fig. 6E-F). The Bed 8 is characterized by grayish siltstone
and lithic sandstone with coarsening-upward sequences (Fig. 3; Fig. 6G).
The Ordovician limestones which are rich in cameroceras fossils un-
conformably overlie on the Canglangpu Formation sandstones,
revealing a major stratigraphic gap between the Cambrian and the
Ordovician (Fig. 6H).

3.2. Samples for lab analyses

More than 110 samples were selected for thin section petrographic
analysis, and 14 sandstone samples were selected for framework
petrography analysis. Three sandstone samples were targeted for
transparent heavy mineral analysis. To constrain and correlate the
stratigraphic ages, sixty-seven samples were selected for sedimentary
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Fig. 3. Lithostratigraphic column showing the Cambrian sedimentary successions at the Dawuji section, detrital zircon dating sample sites, stable carbon isotopic
data from sedimentary carbonate samples and the sedimentary environment interpretations. The Global carbon isotope reference curve is modified from Zhu et al.
(2019). For detailed descriptions of the carbon isotopic excursions, refer to Zhu et al. (2006, 2019).

carbonate stable carbon isotopic analysis. Moreover, thirty-nine fine-
grained siliciclastic rock samples were selected for whole-rock major
and trace elemental analyses. Five sandstone and one sand-rich
mudstone samples were selected for detrital zircon U-Pb isotopic anal-
ysis, and in-situ trace elemental compositions were obtained simulta-
neously from the dated detrital zircon grains. Some detrital zircon grains
from three samples (23-DWJ-28, 21-DWJ-08 and 19-DWJ-01) were
subsequently selected for Lu-Hf isotopic analysis. Furthermore, nine and

eight representative samples from fine-grained siliciclastic rocks were
selected for whole-rock mineralogical and clay mineralogical composi-
tion measurements, respectively. All the raw analysis data are presented
in the supplemental materials (including Tables S1-S7).
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Fig. 4. Representative photographs from the lower parts (Beds 0-2, Fig. 3) of the Cambrian outcrop. (A) Gabbro at the bottom of the profile; (B-D) pyrite nodules
(red arrows)-bearing mixed carbonate-siliciclastic strata; (E) thick sandstone layers at the top of Bed 1; (F-H) thin-bedded fine-grained sedimentary rocks intruded by
gabbro along the bedding directions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Methods
4.1. Petrography and sandstone heavy mineral analysis

The collected samples were prepared into 30 pm-thick thin sections
for micro-petrographic analysis. Thin sections were observed under a
polarizing microscope and the compositional and textural features were
described minutely. For carbonate-rich sedimentary rocks, half of each
thin section was stained using alizarin red solution before microscopic
examination. Model analysis of 14 sandstone samples was performed
using the Gazzi-Dickinson method, with greater than 400 points counted
per sample (Dickinson, 1985). Selected sandstone samples were
analyzed for transparent heavy minerals. The samples were prelimi-
narily crushed and the 63-250 pm fractions were sieved. The sieved
fractions were soaked in acetic acid for removing carbonate components
and Fe-Mn oxide coatings. Heavy minerals were then separated by heavy

liquid tribromomethane (2.89 g/cmg) from the treated fractions and
subsequently weighted and mounted on glass slides with Canada bal-
sam. Transparent heavy minerals were counted and described for com-
positions and textural features. All the petrographic and transparent
heavy mineral analyses were carried out at the Sedimentary Geology
Lab, Xiamen University, following the procedures given by Gu et al.
(2023a) and Jian et al. (2023).

4.2. Whole-rock mineralogy and clay mineralogy

Mineralogical compositions of selected sedimentary rocks were
analyzed using an X'Pert Pro X-ray diffractometer at the Analytical
Laboratory, Beijing Research Institute of Uranium Geology. For whole-
rock mineralogical analysis, the samples were first powdered to 200
mesh and the rock powders were then scanned using the X-ray diffrac-
tometer. For clay mineralogical analysis, loose samples were soaked in
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Fig. 5. Representative photographs from the middle parts (Beds 3-4, Fig. 3) of the Cambrian outcrop. (A) fine-grained sedimentary rocks intruded by gabbro; (B-C)
representative thin-bedded rocks from Bed 4; (D) limestone slump from the mixed carbonate-siliciclastic strata from Bed 4; (E-F) volcanic rocks from Bed 4; (G)

pyrite-rich thin-bedded mudstones; (H) mudstone strata intruded by gabbro.

deionized water and the particles <2 pm were separated according to
the Stoke’s law. The separated clay particles were made to oriented
mounts. Air-dried, ethylene glycol-saturated and heated mounts were
successively scanned using the X-ray diffractometer. All the XRD scan-
ning data were treated using an MDI jade software for smoothing, peak
value extraction and mineral phase identification. The semi-quantitative
compositions were then determined.

4.3. Whole-rock major and trace element geochemical analyses

The whole-rock major and trace element analyses were conducted at
the Analytical Laboratory, Beijing Research Institute of Uranium Geol-
ogy. All the samples were crushed and powered to less than 200 meshes
for elemental analysis. The Loss on ignition (LOI) values were obtained
by measuring the weight loss after heating the sample powders at
980 °C. Before major element determination, the sample powders and

the lithium metaborate flux were mixed in 1:10, then fused at 1050 °C in
a Pt-Au crucible and were made to glass disks after cooling. Major
element compositions of the well-mixed glass disks were determined
using an Axios-mAX X-ray fluorescence (XRF) spectrometer. Trace
element compositions were determined using an ELEMENT XR Induc-
tively Coupled Plasma Mass Spectrometry (ICP-MS). Before the mass
spectrum analysis, the sample powders were accurately weighed (25
mg) and completely dissolved by Hf-HNO3-HClIO4 mixture acid solutions
in high-pressure-resistant Teflon beakers. The solutions were finally
diluted with 1 % HNOs3 to 50 ml for trace element determination.

4.4. Carbonate stable carbon isotopic analysis

Sedimentary carbonate stable carbon isotopic analysis was con-
ducted at the Analytical Laboratory, Beijing Research Institute of Ura-
nium Geology. The regular phosphoric acid method was used to produce
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Fig. 6. Representative photographs from the upper parts (Beds 6-9, Fig. 3) of the Cambrian outcrop. (A-C) representative limestone slump from Bed 6; (D) mudstone
strata intruded by gabbro nearly along the bedding directions; (E-F) thick-bedded litharenite strata from Bed 7; (G) grayish black mudstones with horizontal bed-
dings; (H) Ordovician Baota Formation limestone strata with abundant cameroceras fossils.

CO5 and to determine carbon and oxygen isotopic compositions. The
samples are cleaned and selected to exclude the influence of diagenesis.
The selected carbonate rocks are crushed to 200 mesh before reacting
with supersaturated phosphoric acid. The generated CO, was tested with
a MAT253 stable isotope mass spectrometer. The carbon isotope values
are expressed by 8'3Gy.ppg. The error range is controlled within 0.1 %o.

4.5. Detrital zircon U-Pb dating and in-situ trace element measurement

The detrital zircon grains were firstly separated from fresh samples
using density and magnetic techniques, were carefully hand-picked
under a binocular microscope and then were mounted in epoxy resin.
These zircon grains were polished to expose the internal texture. Cath-
ode luminescence (CL) images of all the mounted zircon grains were
obtained. The zircon U-Pb isotopic and trace elemental compositions of
six samples were performed on a LA-ICP-MS (combing a NWR 193 laser

system & an Agilent 7900 mass spec) at the Mineral Laser Microprobe
Analysis Laboratory (Milma Lab), China University of Geosciences,
Beijing (CUGB), China. About 60-120 zircon grains were analyzed for
each sample. Zircon standards 91,500 (1065 Ma) and GJ-1 (607 Ma) and
the NIST SRM 610 glass were simultaneously measured for analytical
quality control. The measured compositions were corrected for common
Pb using measured 2°4Pb. Zircon U-Pb ages with poor precision and high
discordance were omitted from the kernel density estimation plots and
from interpretation. Ages <1000 Ma were based on common Pb cor-
rected 2°°Pb/238U ratios, whereas ages >1000 Ma were based on com-
mon Pb corrected 2°°Pb/207Pb ratios.

4.6. Detrital zircon Lu-Hf isotopic analysis

A total of 116 detrital zircon grains from three dated sandstone
samples were measured for Hf isotopes after U-Pb dating, using a LA-
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MC-ICP-MS. The zircon standards GJ-1, Plesovice and Mud Tank was
analyzed for monitoring the measurement quality. The obtained
1761.u/177Hf, 176Hf/177Hf ratios and the 7®Lu decay constant of 1.867 x
107! year™! were applied to calculate initial 7%Hf/'7’Hf ratios. The
eye(t) values were calculated using 0.0336 and 0.282785 as the
1761,u/Y77Hf and 7°Hf/Y77Hf ratios for the chondritic uniform reservoir
(Wu et al., 2007; Bouvier et al., 2008), respectively. Detailed Hf isotopic
analysis methods were given by Li et al. (2018a).

5. Results
5.1. Sandstone framework grain and heavy mineral compositions

The analyzed 14 samples are characterized by poorly-sorted, lithic
fragment-rich sandstones (Fig. 7). Most detrital grains therein are
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angular to subangular in shape (Fig. 7A). These lithic fragments mainly
include volcanic fragments and chert grains (Fig. 7B, C, G-I), with
subordinate sedimentary fragments and metamorphic fragments. The
detrital quartz shows variable grain sizes and some quartz grains have
embayed margins (Fig. 7B). Detrital feldspar is dominated by plagioclase
and K-feldspar is relatively minor. Some feldspar grains are euhedral and
subhedral in shape. The modal analysis results of the framework grain
compositions indicate that sandstones from the Qiongzhusi and Can-
glangpu Formations have Qm-F-Lt (Qm: monocrystalline quartz, F:
feldspar and Lt: lithic fragment with chert involved) ratios of 15:22:63
(10 samples) and 19:12:69 (4 samples), respectively. The Canglangpu
Formation sandstones have relatively lower volcanic lithic fragment
contents and higher chert and metamorphic lithic fragment contents
than the Qiongzhusi Formation sandstones (Fig. 8). The framework
grain-based Dickinson ternary plots demonstrate that most of the

Fig. 7. Representative photomicrographs of the analyzed sample thin-sections and transparent heavy minerals separated from sandstone samples. (A) Carbonate-rich
fine-grained litharenite; (B) medium-grained litharenite; (C) coarse-grained litharenite; (D) carbonate-rich siltstone; (E) silty mudstone; (F) sandy limestone (stained
with alizarin red solution); (G)-(I) coarse-grained litharenite; (J)-(K) heavy minerals from representative analyzed sandstone samples. Qtz: quartz; Pl: plagioclase; Lv:
volcanic lithic fragment; Ls: sedimentary lithic fragment; C: carbonate; Cht: chert; Zrn: zircon; Tur: tourmaline; Ap: apatite. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Modal analysis results of the sandstone framework grain compositions. (A) Q-F-L diagram; (B) Qm-F-Lt diagram; (C) Qp-Lvm-Lsm diagram. The tectonic fields
are from Dickinson (1985). The pie charts indicate average data of the lithic fragment compositions. Q: monocrystalline quartz (Qm) and polycrystalline quartz (Qp);
F: plagioclase and K-feldspar; L: lithic fragment excluding chert and carbonate fragment; Lt: lithic fragment with chert involved; Lvm: volcanic and meta-volcanic
lithic fragment; Lsm: sedimentary and meta-sedimentary lithic fragment (carbonate excluded). Most Maidiping Formation samples are plotted in the arc-related
fields, whereas the Canglangpu Formation samples are dominantly in the recycled orogenic fields.

Qiongzhusi Formation sandstones fall into the arc-related fields, sizes and mainly include tourmaline, zircon, apatite and minor chlorite
whereas the Canglangpu Formation samples mainly fall into the and titanite. Most of these heavy minerals are angular to subangular
orogenic fields (Fig. 8). All the point-count data of the analyzed samples with euhedral or subhedral shapes (Fig. 7J-L).
are shown in Table S1 (see the supplemental data file).

Transparent heavy minerals in the analyzed sandstone samples pre-
sent low contents and thus the quantitative data are not shown in this
contribution. The available heavy mineral grains show variable grain
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Fig. 9. Detrital zircon U-Pb age data from the six analyzed samples. (A-D) Samples 23-DWJ-28 and 21-DWJ-08 from the Cambrian Qiongzhusi Formation; (E-L)
samples 21-JXG-02, 19-DWJ-1, 19-DWJ-2 and 19-DWJ-3 from the Cambrian Canglangpu Formation; (M) representative cathode luminescence images of the
analyzed detrital zircon grains.
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5.2. Detrital zircon U-Pb ages, trace elemental and Hf isotopic
compositions

The detrital zircons of the two Qiongzhusi Formation samples (23-
DWJ-28 and 21-DWJ-08) are dominated by latest Neoproterozoic to
Cambrian ages (e.g., 560-500 Ma), with age peaks at 518 (Fig. 9A-B)
and 528 Ma (Fig. 9C-D), respectively. The sample 21-DWJ-08 therein
also shows certain Tonian ages. By contrast, the four Canglangpu For-
mation samples (19-DWJ-1, 19-DWJ-2, 19-DWJ-3 and 21-JXG-02)
display more diverse detrital zircon age populations. The dated
detrital zircon grains from sample 21-JXG-02 are dominated by Edia-
caran to Cambrian (635-500 Ma, with a predominant age peak at 538
Ma), Tonian (1000-750 Ma) and Neoarchean to Paleoproterozoic
(2600-2100 Ma) ages with minor Mesoproterozoic ages (Fig. 9E-F).
Samples 19-DWJ-1, 19-DWJ-2 and 19-DWJ-3 have similar detrital
zircon U-Pb age populations which are mainly composed of Neo-
proterozoic to Cambrian ages (1000-520 Ma), with subordinate Neo-
archean to Mesoproterozoic ages (Fig. 9G-L). All the raw U-Pb
geochronological data are shown in Table S2 (see the supplemental data
file). Representative CL images of the dated detrital zircon grains are
shown in Fig. 9M and most zircons are characterized by oscillatory
zoning textures.

Most dated detrital zircons (424 grains) from the six samples were
measured for trace element concentrations. The raw data and repre-
sentative elemental ratios are shown in Table S3 (see the supplemental
data file). The results of detrital zircon grains with ages of 650-500 Ma
(data of 181 grains are valid) show that the Nb/Hf and U/Yb ratios range
from 0.00007 to 0.00147 and from 0.23 to 22.81, respectively. The
Logi10(Sc/Yb) and Logio(Nb/Yb) values vary from —0.53 to 2.11 and
from —2.77 to —0.79, respectively.

Eleven, sixty-two and forty-three dated zircon grains (mostly having
Neoproterozoic and Cambrian U-Pb ages) were selected from samples
19-DWJ-1, 21-DWJ-08 and 23-DWJ-28 for measuring Hf isotopes,
respectively. The Hf isotopic ratios and calculating results are shown in
Table S4 (see the supplemental data file). Zircons with early-mid Neo-
proterozoic ages have variable egy¢ (t) values (Fig. 10) with a range of
—20 to 12 (averaging at 0.5), whereas the late Neoproterozoic and
Cambrian zircon grains present relatively positive ey(t) values (ranging

30 T T T T T T T T T A
20} o .
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eHf(t)

-10
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A Precambrian © 19-DWJ-1
o cambran 8 211198
-30 1 1 1
0 500 1000 1500 2000 2500 3000

Detrital zircon U-Pb age (Ma)

Fig. 10. Representative detrital zircon Hf isotopic data of the dated Cambrian
sandstone samples from the Dawuji section and comparison with Hf isotopic
data of the Precambrian basement (Jian et al., 2020 and references therein) and
previously investigated Cambrian strata (Ye, 2025 and reference therein) in the
western-northwestern Yangtze Block. The epd(t) values were calculated based
on equations described by Wu et al. (2007). The raw Hf isotopic data are pre-
sented in Table S4 in the supplemental files.
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from —9 to 9, fifty in 68 grains >0, averaging at 1.1). The analyzed
Archean to Mesoproterozoic zircon grains also display variable ep¢(t)
values, with a range of —13 to 23 (Fig. 10; Table S4).

5.3. Whole-rock mineralogical and clay mineralogical compositions

All the whole-rock and clay XRD analysis data are shown in Tables S5
and S6 (in the supplementary data), respectively. The results exhibit that
the analyzed 9 samples are mainly composed of quartz, plagioclase and
clay minerals, with subordinate K-feldspar and calcite. Pyrite occurs in
most samples (Table S5), with relative contents ranging from 3.8 % to
10.9 %. The clay minerals of the analyzed 8 samples are dominated by
illite, with minor chlorite. Some samples show relatively high Illite/
Smectite mixed layers (Table S6).

5.4. Whole-rock major and trace elemental compositions

The major and trace elemental concentrations of the analyzed 38
samples were normalized to the Upper Continental Crust (UCC) com-
positions (Fig. 11). Most samples show depletion in Ca, Li, Cs and Sr and
enrichment in P, Ba, U and Mo relative to UCC. The binary plots between
Si02/Al;03 and Fe303/K20 demonstrate most samples are plotted in the
fields of wacke, shale, arkose and some in the Fe-shale and litharenite
fields (Fig. S1 in the supplemental data file). Chondrite-normalized rare
earth element (REE) patterns are featured by light REEs enrichment,
slightly negative Eu anomaly and flat middle and heavy REEs, while
Post-Archean Australian Shale (PAAS)-normalized REE patterns show
enrichment in light REEs and slightly positive Eu anomalies (0.72-1.55,
29 in 38 samples have Eu/Eu* >1) for most samples (Fig. S2 in the
supplemental data file). In the A-CN-K diagram (Fig. 12A), most samples
are plotted close to the plagioclase-K-feldspar line, indicating mild
weathering intensity. In the A-CNK-FM ternary diagram (Fig. 12B), the
samples are plotted close to the reference point of granodiorite. The
calculated Chemical Index of Alteration (CIA) and Index of Composi-
tional Variability (ICV) values (see the figure captions for the calculation
formulas) of the analyzed samples have ranges of 40-68 (averaging in
54.5) and 0.7-1.7 (averaging in 0.97) (Fig. 12C), respectively. The
representative trace element ratios, La/Th, Th/Sc and Zr/Sc, are vari-
able and are ranging in 1.05-6.07 (averaging in 3.03), 0.36-1.70
(averaging in 0.64) and 7.0-21.3 (averaging in 11.3), respectively. All
the raw data are shown in Table S7 in the supplemental data file.

5.5. Carbonate stable carbon isotopes

The 613CV_pDB values of 67 samples from the Qiongzhusi and Can-
glangpu Formations are generally negative, ranging from —7.6 %o to 3.1
%o and the &'3Cy.ppp curve shows two distinct positive shifts as shown in
Fig. 3. For the Bed 1 samples (the basal Qiongzhusi Formation), the
613CV_1)DB values rise from —4.8 %o to 0.1 %o, then fall back to —6.2 %o,
showing a sharp positive drift. For the Bed 6 samples (the lower Can-
glangpu Formation), the 613CV_pDB values first decrease from 2.1 %o to
around 0.1 %o, then rise to 2.5 %o, and then rapidly decrease to —5.7 %o,
forming another significant positive drift. The 5'3Cy.ppp values in the
upper strata remain relatively negative, rising to 0.5 %o shortly and then
falling to —2.3 %o followed by recovering slightly to near —0.9 %.. Our
obtained geochemical results of whole-rock samples show very weak
correlations between 613Cv_pDB and 6180v_pDB, and very low Mn/Sr and
Fe/Sr ratios, indicating very limited diagenesis effect.

6. Discussion
6.1. Depositional ages of the Qiongzhusi and Canglangpu Formations
Detrital zircon U-Pb dating is thought to provide useful information

for constraining depositional ages for unknown sedimentary strata in
which the biostratigraphy has not been established or that are devoid of
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Fig. 11. Upper Continental Crust (UCC) compositions-normalized major and trace element geochemical spider diagrams for all the analyzed samples. The UCC data

are from Rudnick and Gao (2014).

volcanic ash interlayers (Gehrels, 2014). And the youngest detrital
zircon grains commonly yield the maximum depositional ages, espe-
cially in the areas that underwent active volcanism during sediment
accumulation (Gehrels, 2014). For the Dawuji section in this study, the
U-Pb age spectra of detrital zircons from the lowermost sandstones (Bed
1, Fig. 3) are characterized by a single peak age of ca. 518 Ma (Sample
23-DWJ-28, Fig. 3; Fig. 9A), implying that the sandstone depositional
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age is less than 518 Ma. On the other hand, the stable carbon isotopic
record (8'3C) from the Cambrian has been widely used as constraining
and correlating the Cambrian sedimentary successions (Zhu et al., 2006;
Chang et al., 2016; Wu et al., 2021b). There are 10 distinct carbon
isotopic excursions that can be recognized from the global Cambrian
5'3C reference curve (Fig. 3; Zhu et al., 2019). In our work, we attempted
to construct the §!3C curve for the accessible carbonate rocks and the
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Fig. 12. Chemical weathering intensity and compositional maturity evaluations of the analyzed sedimentary rock samples based on major elemental results. (a)
A-CN-X ternary diagram (Al,03-CaO* + Na,0-K,0 in molecular proportions, modified from Fu et al. (2022)); (b) A-CNK-FM ternary diagram (Al,03-CaO* + NaO
+ K30-Fe;03 + MgO in molecular proportions, modified from McLennan et al. (1993)); (C) binary plots between CIA (Chemical Index of Alteration, as the most
widely used proxy for quantifying chemical weathering degree) and ICV (Index of Compositional Variability, as a compositional maturity proxy) values. CIA = Al;03
/ (Al303 + K30 + NayO + Ca0) x 100 (In the CIA calculation, all variables represent the molar amounts of major-element oxide, and the CaO represents its fraction
in silicate minerals only without contributions of CaO from carbonate and phosphate minerals); ICV = (Fe503 + K20 + NazO + CaO + MgO + MnO + TiO3) / Al;03.
The UCC and PAAS data are from Rudnick and Gao (2014), and Taylor and McLennan (1985), respectively.

new 8'3C data were correlated with the global carbon isotopic curve. For
the thick carbonate-rich succession from the Canglangpu Formation
(Bed 6, Fig. 3), the lower 513C curve shows overall positive values with
minor negative shift in the middle, which corresponds well with the
global MICE (MIngxinsi Carbon isotope Excursion event) (Zhu et al.,
2006, 2019). Thus, we regard the base of the thick Cambrian carbonates
as the Age 4 of Epoch 2 (ca. 514.5 Ma). The middle and upper §'3C curve
shows overall negative values from a slightly positive to large negative
shift then to minorly negative shift (Fig. 3). This feature can be corre-
lated with the AECE (Archaeocyathid Extinction Carbon isotope
Excursion event) from the global carbon isotopic curve (Fig. 3). Mean-
while, the 5'3C curve in the lowermost carbonate rocks (Bed 1) increases
upward from a large negative value to a peak value of nearly O, then
decreases continuously to a large negative value. This has the feature
between the SHICE (SHIyantou Carbon isotope Excursion event) and
CARE (Cambrian Arthropod Radiation isotope Excursion event), which
can be correlated with the Age 2 of the Terreneuvian (ca. 524-521 Ma).
As discussed above, this is also consistent with the U-Pb ages from the
detrital zircons (less than and close to 518 Ma) in the lowermost sand-
stones, which are located above the analyzed carbonate strata (Fig. 3).

Therefore, we suggest that the measured succession roughly corre-
lates with the Cambrian Age 2 of the Terreneunian to Age 4 of the Epoch
2 interval (ca. 524-509 Ma). Our results are consistent with previously
reported Cambrian depositional ages from records in eastern Chongqing,
South China, which present 521-509 Ma depositional ages for the
Qiongzhusi, Canglangpu and Longwangmiao Formations (Ren et al.,
2019). Furthermore, the Cambrian Canglangpu Formation sandstones
are unconformably overlain by the Late Ordovician Baota Formation
limestones, which have distinct characteristics of lithological and bio-
logical records (Figs. 3 and 6H). The depositional period constraint is
reinforced by this unconformity boundary. And this unconformity also
reveals a major tectonic movement occurred between Cambrian and
Ordovician.

6.2. Depositional processes and sedimentary environments

The Cambrian sedimentary successions at the Dawuji section are
approximately 1000 m in thickness and are characterized by coarsening-
upward siliciclastic rocks interlayered with carbonate rocks (Fig. 3). As
described above, those black gray thin-bedded mudstone, silty
mudstone and calcareous mudstone layers from the Qiongzhusi For-
mation are rich in pyrite nodules (Figs. 4-5). These nodules are
distributed along the bedding directions and thus most likely
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accumulated during the depositional period (i.e., syn-depositional nod-
ules), rather than diagenetic nodules, revealing relatively anoxic, deep-
water depositional environments. This is consistent with sedimentary
geochemical data that these fine-grained siliciclastic rocks are rich in Mo
and U (most samples are plotted close to the Anoxic field in the Mo_gg-U.
gr binary diagram, Fig. 13B). The widespread carbonate slump deposits
from the Canglangpu Formation (Figs. 5-6) are of depositional origin,
rather than diagenetic origin and reveal relatively high-slope deposi-
tional settings. Carbonate slumps in many cases tend to be interpreted as
deep-water slope facies due to tectonic (seismic activity or the tectoni-
cally induced steepening of slopes) or climatic (such as climate change-
induced sea-level oscillations or extreme terrigenous inputs) factors (e.
g., Bassant et al., 2005; Dilliard et al., 2010; Mastrogiacomo et al., 2012;
Komatsu et al., 2014). Although the mechanism of soft carbonate-rich
sediment slumping collapse remains uncertain in this case, the mixed
carbonate and siliciclastic features most likely point to deep-water slope-
basin environments where gravity flows prevailed (e.g., Dilliard et al.,
2010). This interpretation is reinforced by the detrital textures that
poorly-sorted detrital grains are dominant in most analyzed sandstones
and carbonate-rich sandstones (Fig. 7). The upper Canglangpu Forma-
tion is dominated by thick, moderately-sorted sandstone interbedded by
thin, gray muddy siltstone and siltstone (Fig. 3), implying increasing
detrital inputs. We propose that these terrigenous detritus-dominated
successions were most likely deposited in delta front environments.
Given the potential high-slope settings without river facies signals, we
favor fan delta environments that were close to the source terranes for
the upper coarsening-upward detrital records. In summary, the
Qiongzhusi Formation accumulated in deep-water basin settings,
whereas the Canglangpu Formation documented a change from a mixed
slope to fan delta environments with increasing detritus inputs and high
sedimentation rates.

Elemental geochemical data of fine-grained siliciclastic rocks also
document sedimentary environments and weathering history of the
source-to-sink system (e.g., Bennett and Canfield, 2020; Fu et al., 2023).
Both the A-CN-K (and the CIA values) and the A-CNK-FM ternary plot
results of the analyzed samples reveal mild weathering intensity
(Fig. 12). This is not only inconsistent with the early Cambrian records
in other places of the western Yangtze Block (most displaying moderate
and even intensive weathering intensity, e.g., Zhai et al., 2018; Zhou
et al., 2019 and our unpublished data), but also is decoupled with the
regional (and global) climate conditions (greenhouse prevailed in the
early stage of the early Paleozoic time, e.g., Babcock et al., 2015;
Hearing et al., 2018; Goldberg et al., 2021). A reasonable interpretation
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Fig. 13. Representative major and trace elemental proxy data of the analyzed samples for sedimentary environment interpretations. (A) total contents of REEs vs.
UCC-normalized P contents (Pycc.n); (B) Mogr vs. Ugp, the diagonal dotted lines represent different Mo:U ratios of modern seawater (indicating 0.3, 1 and 3)
(modified from Algeo and Tribovillard (2009)); (C) Bays vs. Pycc.n; (D) Bays vs. Eu/Eu* (calculated based on PAAS-normalized data). Most samples indicate high P,
Mo, U and Ba contents. The Eu/Eu* data (Eu/Eu* = Euyn/(Smy x GdN)o‘s) are calculated based on PAAS-normalized data. The enrichment factors (EFs) of elements
Mo and U were calculated according to Xgr = (X/Alsample/(X/Al)paas, where X and Al represent the weight percent values of elements X and Al, respectively. Bayg
represents Excess Ba (assumed to be equivalent to biogenic Ba) and is calculated as total Ba (Bao;) minus detrital Ba, i.e., Bays = Baotal — (Ba/ADdetrital X Alsample
(Schoepfer et al., 2015), where (Ba/Al)getritar is for the PAAS composition, and Alsample represents the concentration of element Al in the analyzed samples. In the
binary diagram of Mogr and Ugg, the gray field with a gradient ramp represents a “unrestricted marine” depositional system with no limited trace metal renewal. The
“particulate shuttle” field indicates a depositional environment where intense redox cycling of metals may occur within the water column (Tribovillard et al., 2012).

is that rapid erosion in sedimentary sources and high sedimentation
rates in depositional sinks resulted in a kinetic-limited weathering
regime, leading to more source material inheritance and less sediment
chemical alteration than those under a supply-limited regime (Fu et al.,
2023 and references therein). If the explanation is reasonable, the
sediment weathering records at the Dawuji section imply quite active
tectonic activities (e.g., uplift and exhumation) in the sedimentary
sources. The mild weathering intensity and potentially high erosion rate
conditions are also reinforced by the whole-rock mineralogical and clay
mineralogical compositions which present high plagioclase contents in
the major mineral compositions (Table S5) and high illite contents in the
clay mineral assemblages (Table S6).

Furthermore, we suggest that the depositional area was more or less
influenced by hydrothermal activities. This can be explained as follows.
Most samples display positive Eu anomalies (i.e., Eu/Eu* >1, as a hy-
drothermal environment proxy, Bau (1991)) according to the PAAS-
normalized data (Fig. 13D). Although many samples have relatively
high plagioclase contents (Table S5), the positive Eu anomalies based on

13

PAAS-normalized data (Fig. S2) are not due to the occurrence of
plagioclase, because the Chondrite-normalized REE patterns show
negative Eu anomalies (Fig. S2). The slightly positive Eu anomalies (Eu/
Eu* ranges from 1.0 to 1.6, Fig. 13D) may further indicate effect of low-
temperature hydrothermal fluids on the sedimentary succession (e.g.,
Bau et al., 2010; Wang et al., 2024). It is remarkable that the Ba contents
show positive correlations with the Eu anomaly values (Fig. 13D) but do
not display correlations with P contents (Fig. 13C). This means that the
Ba enrichment was most likely due to hydrothermal activities in the
basin, rather than high paleo-productivity. We realize that high Ba
abundances are widely present in many Cambrian fine-grained sedi-
mentary records in the Yangtze Block and are generally interpreted as a
result of hydrothermal inputs (e.g., Li et al., 2015; Zhang et al., 2016;
Wang et al., 2020; Cao et al., 2023), but how the hydrothermal system
was spatially and temporally distributed and the potential mechanisms
deserve more attentions in future studies.
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6.3. Sedimentary provenance interpretations

The newly-obtained petrographic, heavy mineral and detrital zircon
results of relatively coarse-grained rocks and elemental compositions of
fine-grained siliciclastic rocks are applied to interpret provenance for
the Cambrian sedimentary records. The Qiongzhusi Formation sand-
stones are dominated by volcanic lithic fragments (Fig. 7) and are mostly
plotted in the arc-related fields in those detrital framework grain ternary
diagrams (Fig. 8). The single-mineral grains, such as quartz, feldspar,
zircon and apatite, are euhedral-subhedral in shape or represent as
embayed grains (Fig. 7). This means that most of the detrital grains are
first-cycle detritus and are of volcanic origin. By contrast, the upper
Canglangpu Formation sandstones are composed of more variable lithic
fragments (Figs. 7-8), including chert, metamorphic lithic fragment,
sedimentary lithic fragment as well as volcanic lithic fragments. These
sandstones are plotted in the recycled orogenic field (or mixed orogenic
source fields) in the Dickinson diagrams (Fig. 8). Therefore, these sed-
iments did not only indicate volcanic contributions but were also
derived from recycled sedimentary sources. The diverse clastic compo-
sitions (with both first cycle and recycled detritus) are consistent with
the major element-based maturity analyses of analyzed fine-grained
siliciclastic rocks, which show that some samples have ICV values
>1.0 and others have relatively lower ICV values (0.7-1.0) (Fig. 12).

Detrital zircon U-Pb ages are also consistent with the above prove-
nance interpretations. Specifically, the two Qiongzhusi Formation
samples (23-DWJ-28 and 21-DWJ-08) are dominated by Cambrian
zircon ages with age peaks at 518 Ma and 528 Ma (Fig. 9), respectively,
whereas the four Canglangpu Formation samples (21-JGX-02, 19-DWJ-
01, 19-DWJ-02 and 19-DWJ-03) show several zircon age populations
(Fig. 9), including Ediacaran to Cambrian (635-500 Ma), Tonian
(1000-750 Ma), Neoarchean to Paleoproterozoic (2600-2100 Ma) ages
and minor Mesoproterozoic ages (e.g., 1600-1500 Ma). This reveals the
Canglangpu Formation sandstones were fed by more complicated,
various sources, compared with the Qiongzhusi Formation. The domi-
nant positive eyg(t) values (Fig. 10) also support contributions of arc-
related rocks with minor crustal reworking. The widespread Cambrian
orogenic signals (i.e., ca. 530-520 zircon ages) were also found from
other Cambrian outcrops in the Longmenshan region in previous studies
(Fig. 14; Chen et al., 2018, 2021; Gu et al., 2023b; Han et al., 2024;
Wang et al., 2025). Some investigations inferred that these zircons were
possibly derived from distant orogens, such as the Cadomian arc belt in
the Iran-Turkey terranes (Chen et al., 2018, 2021). However, the simi-
larity of Precambrian zircon U-Pb ages and Hf isotopic signatures be-
tween western Yangtze Block basements and Cambrian sedimentary
records (Fig. 10; Fig. 14) as well as the newly-found early Cambrian arc-
related volcanic rocks in this region (Deng et al., 2025), suggest that
both Cambrian and Precambrian detrital zircon grains might not need to
come from distant sources. More importantly, the first-cycle detritus
features and the volcanic materials- and chert-mixed sedimentary re-
cords reveal nearby sources. Therefore, we favor an adjacent arc
orogenic belt in the northwest contributed major sediments to the study
area. Our limited paleocurrent data (unpublished) from a Cambrian
outcrop close to the Dawuji section show southeast-directed
paleocurrents.

The elements-based provenance indicators are variable (Fig. 15), but
present intermediate parent-rocks or mixed acid and mafic rocks for the
sediments. Volcanic lithic fragments in the analyzed samples mostly
have microlitic and lathwork textural features (Fig. 7), generally inter-
preted as intermediate volcanic petrofacies (e.g., Affolter and Ingersoll,
2019; Critelli et al., 2023). Furthermore, the patterns of REEs are also
consistent with the parent-rock interpretations (Fig. S2). The upward
increasing chert and metamorphic lithic fragments in the sandstones
reveal exposure and enhanced recycling of chert-rich strata and Pre-
cambrian metamorphic basement to the northwest. We note that chert
deposits widely accumulated in the Yangtze Block in the Ediacaran and
Cambrian periods (e.g., Wang et al., 2012; Zhang et al., 2020; Li et al.,
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Fig. 14. Comparison of detrital zircon U-Pb age signatures among (A) the
Precambrian basement in the western Yangtze Block, (B) previously investi-
gated Cambrian strata in the western-northwestern Yangtze block and (C)
newly investigated Cambrian strata (data from 6 samples are combined) at the
Dawuji section. The Precambrian basement data are from Jian et al. (2020) and
references therein. The reported Cambrian strata data are from Ye (2025) and
reference therein.

2022; Wang et al., 2022), especially during the Ediacaran-Cambrian
transition and most chert records are distributed in central, south and
east regions of the Yangtze Block. Recent investigations in the western
Yangtze Block, Bikou terrane and West Qinling orogen demonstrated
that cherts were also widely deposited in these periods (Gu et al., 2023a,
2025). Our new findings, from the Cambrian sandstone petrography
perspective, verify that the western Yangtze Block and the surrounding
regions (i.e., the potential source regions for the Cambrian Dawuji sec-
tion) to the west most likely had similar chert-related sedimentary en-
vironments with those mentioned in the literatures (e.g., Wang et al.,
2012; Zhang et al., 2020; Li et al., 2022; Wang et al., 2022) during the
Ediacaran and earliest Cambrian periods. Further detailed chert frag-
ment explanation is expected to have important implications for better
understanding of the Ediacaran and Cambrian paleogeography in the
Yangtze Block.

6.4. Tectonic implications

We favor that the variations in sedimentary environments and
provenance are dominantly due to tectonic forcings, rather than climate
and sea-level fluctuations. The sea-level rise during the Cambrian (Miller
et al.,, 2005; Haq and Schutter, 2008) may results in upward-fining
sedimentary sequences, which is inconsistent with the early Cambrian
records at the Dawuji section. As mentioned above, the Cambrian
sedimentary successions show a coarsening-upward feature from shale
to sandstone, being consistent with an orogen advance. Although the
early Cambrian greenhouse climate (Babcock et al., 2015; Hearing et al.,
2018) may lead to enhancement of precipitation, runoff and terrigenous
sediment fluxes, and thus influenced the sedimentary environments,
regional climatic fluctuations hardly altered signals of the source ter-
ranes. Previous investigations suggested that the thick Cambrian suc-
cessions were fed by distal continents due to the assembly and collision
of Gondwana (Duan et al., 2011; Chen et al., 2016, 2018; Yang et al.,
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2020; Han et al., 2024). However, Gu et al. (2023b) put forward that the
Cambrian clastic sediments were from proximal sources owing to the
subduction of the Proto-Tethys Ocean underneath the NW Yangtze
Block. In this contribution, several lines of evidence confirm the
proposition.

The plots for major elements SiO2 vs. Ko0/Nay0 and K20/NayO vs.
Si0y/Al;03 (Fig. S3 in the supplemental data file) all point to the con-
tinental arc setting. The trace element discriminant plots, such as La-Th-
Sc, Th-Sc-Zr/10, and Th-Zr/10-Co (Fig. 15F; Fig. S4 in the supplemental
data file), also denote the continental arc setting. All of these elemental
geochemical data indicate that the clastic sediments were shed from
nearby continental arcs and older terranes.

Detrital zircon U-Pb age spectra are thought to reflect the tectonic
setting of the basin in which sediments are deposited (Cawood et al.,
2012). Specifically, convergent plate margins are generally character-
ized by a large proportion of zircon ages close to the depositional ages of
the sediments, whereas sedimentary records in collisional, extensional
and intracratonic settings may contain greater proportions with older
ages that reflect the history of the underlying basement (Cawood et al.,
2012). The age spectra from the Qiongzhusi Formation (samples 23-
DWJ-8 and 21-DWJ-08) present a distinctive feature of a single age
peak close to the depositional period, which may reveal an active margin
setting. The detrital zircon age cumulative proportion curves based on
differences between the crystallization and depositional ages (Fig. 16)
reveal that the Cambrian sedimentary successions in NW Yangtze Block
were most likely under convergent (for the Qiongzhusi Formation) and
then collisional (for the Canglangpu Formation) settings. This is rein-
forced by the sandstone petrographic analyses, which show that the
Qiongzhusi Formation sandstones (mainly plotted in arc-related fields in
the Dickinson ternary diagram) are dominated by volcanic lithic
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Fig. 16. Age cumulative proportion curves, based on differences between the
crystallization and depositional ages (CA-DA) of the detrital zircons of the
analyzed six sedimentary rock samples, are regarded as a function of three main
tectonic settings (after Cawood et al., 2012). Extensional (including intra-
cratonic) settings are suggested to have CA-DA greater than 150 Ma in the
youngest 5 % of the zircons (step 1), and all convergent settings have CA-DA
less than 100 Ma in the youngest 30 % of zircons (step 2). A, B and C fields
refer to convergent, collisional and extensional basins, respectively (Cawood
etal., 2012). As mentioned in the text, the investigated sedimentary successions
most likely accumulated during the Age 2 of the Terreneunian to Age 4 of the
Epoch 2 (ca. 524-509 Ma) and the depositional age of the lowermost (i.e., the
oldest) sandstone sample (i.e., Sample 23-DWJ-28, Fig. 3; Fig. 9A) is less than
518 Ma. Here, depositional ages (DA) of the analyzed samples 23-DWJ-28, 21-
DWJ-08 and other four Canglangpu Formation samples were roughly set as 516
Ma, 515 Ma, 509 Ma for calculations, respectively.
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fragments, whereas the overlying Canglangpu Formation sandstones
(mainly plotted in orogenic fields) are composed of various detritus
including chert, volcanic and metamorphic lithic fragments (Figs. 7-8).
The variations in petrographic compositions reflect increasing contri-
butions from the underlying basement from the depositional period of
the Qiongzhusi Formation to that of the Canglangpu Formation. In
addition, from the zircon trace elements-based discrimination diagrams
(Fig. 17), the detrital zircons with ages ranging from 635 to 500 Ma are
plotted within the continental arc field, supporting the active margin
settings. Furthermore, previous detrital zircon U-Pb geochronology and
sedimentary geochemical results from the Longzikou section (early
Cambrian records, ca. 100 km northeast of the Dawuji section, Fig. 1B)
in the Longmenshan region also demonstrate proximal arc-related
source signals (Gu et al., 2023b), implying that the sediment supply
from the early Cambrian arc terrane was a regional event in the NW
Yangtze Block, rather than a local event.

It is well known that subduction-related convergent plate margins
are also characterized by extensive arc volcanic rocks and metamorphic
rocks. Gu et al. (2023b) reported early Cambrian volcanic rocks (ca. 526
Ma, more than hundreds of meters thick) at the Maoxian section
(Fig. 1B), 30 km west of the Dawuji section, in the central Longmenshan
fold-thrust belt, implying an early Cambrian magmatic event. Recently,
Deng et al. (2025) performed detail research for this section, and pro-
posed that the volcanic rocks are shoshonite series consisting of
trachyte, trachy-andesite, andesite, dacite, and rhyodacite. These vol-
canic rocks have crystallization ages ranging from 528 Ma to 523 Ma,
have positive zircon eyg(t) values and were interpreted as arc magma-
tism products associated with subduction-collision in an active conti-
nental margin (Deng et al., 2025). This new clue provides important
evidence for the proposition of the early Cambrian active margin setting
in the NW Yangtze Block. While other early Cambrian arc-related
magmatic and metamorphic rock associations have been rarely discov-
ered in the NW Yangtze Block, early Cambrian arc volcanic rocks and
ophiolites (ca. 534-514 Ma) were widely found along the Wushan,
Tianshui and Sangdan sutures in the Qinling orogen, which were
regarded as products of the Proto-Tethys Ocean subduction (Dong and
Santosh, 2016; Yang et al., 2018). We note that the Longmenshan
fold-thrust belt, the Bikou terrane and the West Qinling orogen (Fig. 1B)
are thought to be closely related to the Yangtze Block during that time
(Gu et al., 2023b and references therein). However, whether these
magmatic arcs served as the sources for the lower Cambrian sediments in
the Longmenshan region requires further studies. Although the base-
ment of the thick Triassic flysch complex in the Songpan-Ganzi terrane
remains mysterious (Jian et al., 2019 and references therein), several
research groups contended that continental basement beneath the
eastern Songpan-Ganzi terrane was most likely a continuation of the
Yangtze Block (Roger et al., 2004; Zhang et al., 2006; Wang et al., 2007;
Yuan et al., 2010; Xu et al., 2015). If this is reasonable, the regions that
were covered by the Triassic flysch in the Songpan-Ganzi terrane might
be a potential area to find the early Cambrian arc-related volcanic and
metamorphic rocks.

A growing number of studies suggest that the South China Craton
and other Asian continental fragments (e.g., Tarim, North China,
Qiangtang, Lhasa and Sibumasu and Indochina) were located along the
northern Gondwana margin in the earliest Paleozoic, were involved in
the subduction-closing process of the Proto-Tethys Ocean, and subse-
quently accreted to East Gondwana (Cawood et al., 2013; Cawood et al.,
2018; Zhao et al., 2018; Nouri et al., 2021; Allen et al., 2023), forming a
peripheral orogen to the north, named as the North Indo-Australie
Orogen (Cawood et al., 2021). Therefore, we suggest that the newly-
identified continental arcs were most likely formed in response to the
subduction of the Proto-Tethys Ocean underneath the NW Yangtze Block
during the assembly process of Gondwana. These results and explana-
tions also demonstrate that the NW Yangtze Block underwent a major
tectonic transition from a passive margin to an active margin from the
Ediacaran to the Cambrian. Our findings are an important step towards a
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Fig. 17. Representative trace element data of the dated late Neoproterozoic-Cambrian detrital zircon grains (with ages ranging 500-650 Ma) from the Cambrian
samples. (A) Log10(U/Yb) vs. Log10(Sc/Yb); (B) Log10(Sc/Yb) vs. Log10(Nb/Yb); (C) Nb/Hf vs. Th/U; (D) U/Yb vs. Hf. The fields indicated in A-B are density dis-
tribution plots from Grimes et al. (2015). The contours shown are for 50, 80, 90, and 95 % levels. MOR-type: mid-ocean ridge setting; Ol-type: ocean-island setting;
Cont. Arc-type: continental arc setting. The fields indicated in C-D are from Yang et al. (2012) and Grimes et al. (2007), respectively.

better understanding of the Cambrian orogeny and the role of the South
China in the Gondwana assembly process.

7. Conclusions

In this study, we present comprehensive research results for the
Cambrian sedimentary successions from the central Longmenshan re-
gion in the NW Yangtze Block, South China. The carbonate stable carbon
isotopic data, compared with the global Cambrian &!°C curve and
combined with the maximum depositional age constrain from detrital
zircon U-Pb ages, reveal that the investigated successions roughly
correlate with the Cambrian Age 2 of the Terreneuvian to Age 4 of the
Epoch 2 (ca. 524-509 Ma). Sandstone petrographic results exhibit
dominant arc-related orogen sources with upward-increasing recycled
orogenic material contributions. The geochemical data of fine-grained
siliciclastic rocks demonstrate that these sediments have relatively low
maturity and are dominated by first-cycle, intermediate rocks-
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contributed detritus. Detrital zircon U-Pb ages show predominant
Cambrian orogen signals (ca. 530-520 Ma). These zircon ages are close
to the inferred depositional ages, also implying an active margin setting
for the study area. Furthermore, the trace elements of the zircon grains
with ages of 635-500 Ma denote a continental arc origin. All the new
data point to dominantly nearby arc-related source terranes for the
Cambrian clastic sediments, rather than distant orogen sources as pre-
viously proposed. We suggest that the early Cambrian sedimentary
system was controlled by subduction-collision processes and the
underestimated arc terranes were developed in response to the Proto-
Tethys Ocean subduction beneath the NW Yangtze Block. These new
findings are important to better understand the Ediacaran—Cambrian
transition and the Gondwana assembly process.
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