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A B S T R A C T

The Yangtze River, which links the Tibetan Plateau to the eastern offshore of China, is one of the most important 
sediment routing systems in East Asia. However, the timing of its establishment has remained controversial. This 
study examines new and published zircon U-Pb geochronology data from eastern offshore basins (the East China 
Sea Shelf Basin and South Yellow Sea Basin) and major rivers in East Asia, establishing new constraints on the 
timing of full integration of the Yangtze River. We report detrital zircon U-Pb ages (n = 664) from Paleogene 
strata in the East China Sea Shelf Basin, the primary sink for the river during the Cenozoic. Detrital zircons from 
the Eocene to early Oligocene Pinghu Formation range from 34.9 ± 0.7 to 2800 ± 42 Ma, with 100–250 Ma and 
1700–2100 Ma age clusters, and small Paleozoic, Neoproterozoic, and Paleoproterozoic-Archean peaks. A similar 
age range (33 ± 0.4 to 2842 ± 43 Ma) and nearly identical peaks are documented for the Oligocene Huagang 
Formation. The maximum depositional age, based on the youngest single grains in our samples, is 34.9 ± 0.7 Ma 
for Pinghu Formation and 33 ± 0.4 Ma for Huagang Formation. Statistical comparison of the new U-Pb ages with 
published data from sands collected in major segments of the modern Yangtze River and its estuary demonstrate 
similar provenance, but with larger contributions of 700–1000 Ma and 1700–2100 Ma zircons, sourced from the 
Songpan-Garze terrane. Additionally, the new data suggest that both the East China Sea Shelf Basin and the South 
Yellow Sea Basin retain young (<80 Ma) zircons, likely sourced from the Jinshajiang segment of the Yangtze 
River. The youngest of these zircons are ~37-33 Ma and only occur in sands from the upper reaches of the 
modern river. The high degree of similarity between the eastern offshore samples and the modern Yangtze 
system suggests the river and source-to-sink system were established by the late Eocene, and may point to 
topographic adjustments in the Qiangtang portion of the Tibetan Plateau as a driver of drainage expansion and 
integration.

1. Introduction

The Yangtze River, the largest river in Asia, connects the Tibetan 
Plateau with the western Pacific Ocean, constituting one of East Asia’s 
most significant sediment transport systems (Yang et al., 2016; Gao 
et al., 2019a; Gourbet et al., 2020). This river traverses diverse tectonic 
terranes and geomorphic units that are intricately tied to changes in East 
Asia’s landscape and climate (Fig. 1a; Jia et al., 2010; Fu et al., 2015; 
Jiao et al., 2022). This connection yields significant implications for 

Asia’s geomorphic layout and the distribution of sediment, from source 
to sink (Zheng et al., 2020; Fan et al., 2021; Li et al., 2022). Thus, delving 
into the Yangtze River’s development and evolution aids in under
standing both the proximal and distal effects of interactions among the 
Indian Plate, Pacific Plate, and Eurasian Plate, as well as the geomorphic 
transformations of East Asia since the Cenozoic (Zheng et al., 2013, 
2015; Clift et al., 2020; Zhang et al., 2022).

However, the timing of the Yangtze River’s establishment has been a 
topic of controversy for many decades (e.g., Li et al., 2001; Fan et al., 
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2008; Richardson et al., 2010; Kong et al., 2012; Zheng et al., 2013, 
2015, 2020; Yang, 2021; Chen et al., 2023). Researchers have used a 
variety of constraints, resulting in different interpretations for the timing 
of full integration of the river. For instance, prior studies constrained the 
birth of the Yangtze River to between 35 and 28 Ma, based on the 
sedimentary remnants in the Yangtze River catchment (Zheng et al., 
2020; Zhang et al., 2021a). Another study, based on low-temperature 
thermochronology data of a sedimentary basin transected by the 
present-day river, suggested that the birth of the Yangtze River likely 
occurred around 26-23 Ma ago (Yang, 2021). More recent studies, based 
on biodiversity data and arguments, suggest that the birth of the Yangtze 
River probably occurred between Oligocene-Miocene (Chen et al., 
2023). Such debates are further complicated by the fact that the river’s 
catchment was likely different in the past and continental sediments that 
aid in establishing its paleo-course are limited (Clark et al., 2004; Zheng 
et al., 2013, 2020; Gourbet et al., 2017; Clift et al., 2020).

The eastern offshore basins of China, which include the East China 
Sea Shelf Basin (ECSSB) and the South Yellow Sea Basin (SYSB), are the 
main areas receiving sediment from the Yangtze River (Zhang et al., 
2019; Guo et al., 2021). Since the Cenozoic, these basins have main
tained relatively continuous sedimentary records and may preserve 
important information about the Yangtze River’s drainage and prove
nance evolution (Zhu et al., 2020; Zhang et al., 2021b). The SYSB has 
long been considered the primary sink, where most of the river’s sedi
ment eventually accumulates (Zheng et al., 2013, 2015). However, with 
more recent offshore petroleum exploration and associated sedimento
logical research, the ECSSB is now also recognized as a large sink for the 
river, one that has been accepting sediments since the Paleogene (Wang 
et al., 2018; Zhang et al., 2021b). Therefore, comparing the provenance 
of sediments in the ECSSB and the SYSB could help corroborate the 
Yangtze River’s role in these basins and provide new constraints on the 

river’s catchment evolution.
One approach to establishing the timing of full integration of the 

Yangtze River would be to identify evidence of Tibetan Plateau prove
nance in sediments derived from the river (Zheng et al., 2020; Zhang 
et al., 2021b). The unique Cenozoic igneous rocks of the Tibetan Plateau 
are ideal tracers that can be used to distinguish the Tibetan Plateau 
provenance from other major sediment sources in East Asia (Jia et al., 
2010; Zhou and Wang, 2019). Detrital zircon U-Pb geochronology is an 
effective tool for discriminating such provenance differences 
(Vermeesch, 2012) and with the expanded application of detrital zircon 
U-Pb provenance analysis in recent years, many new datasets are now 
available across East Asia’s onshore and offshore regions. These datasets 
make it possible to establish a source-to-sink framework from the Ti
betan Plateau to the eastern offshore of China (He et al., 2013; Zhou and 
Wang, 2019; Zhang et al., 2021b; Zhu et al., 2020) and to clarify the 
timing of establishment of the Yangtze River.

This study explores the provenance of Paleogene strata in the ECSSB 
(Figs. 1 and 2) using new and published detrital zircon U–Pb ages from 
onshore and offshore regions. We find that the age distributions of 
ECSSB Paleogene samples are almost identical to those of SYSB samples 
and modern Yangtze River sands, and that the youngest grains were 
likely sourced from a river with headwaters in the Qiangtang terrane of 
the Tibetan Plateau. The results suggest that a river similar to the 
modern Yangtze River was established by the late Eocene and its 
development may be related to topographic adjustments associated with 
tectonic deformation of the Tibetan Plateau.

Fig. 1. (a) Digital elevation map of East Asia showing the mainstream and tributaries of the Yangtze River; the Yellow River; and the Oujiang, Minjiang, and 
Jiulongjiang rivers. Dashed red line shows boundaries of topographic subdivisions of three terrains of China. Stars and circles are locations of detrital zircon samples. 
Data source: Yangtze River, He et al. (2013); Oujiang River, Xu et al. (2007); Minjiang River, Xu et al. (2014, 2016) and Zhang et al. (2017); Jiulongjiang River, Xu 
et al. (2014) and Zhang et al. (2017); South Yellow Sea Basin, Zhu et al. (2020); Yellow River, Yang et al. (2009) and Diwu et al. (2012). (b) Simplified geologic map 
of potential source areas within the Yangtze River catchment, modified from Jia et al. (2010) and Zhou and Wang (2019). (c) Sample location of the ECSSB. Samples 
are from this study and Wang et al. (2018). (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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2. Geological setting

2.1. Major rivers of the East Asia continent

The Yangtze River is the largest river in Asia and has a drainage area 
of about 1.8 × 106 km2. The river is commonly divided into four sub- 
catchments based on the topography of its west-to-east course: the 
Jinshajiang and the Chuanjiang segments of the upper Yangtze River, 
the middle Yangtze River, and the lower Yangtze River (Fig. 1a; Clark 
et al., 2004; He et al., 2013). The Jinshajiang segment of the upper 
Yangtze River originates in the Tibetan Plateau, located in the Qiang
tang and Songpan-Ganzi terranes, with elevations exceeding 5000 m, 
and includes the Yalongjiang, Daduhe, and Minjiang tributaries (Zhang 
et al., 2021a; Li et al., 2022). Its sediment sources are mainly young, 
Cenozoic (<80 Ma) and Triassic (200–250 Ma) igneous rocks. Among 

them, young igneous rocks, with an age of less than 80 Ma, are the most 
common and are considered products of the Himalayan orogen (Zhou 
and Wang, 2019; Yu et al., 2023). There are no records of this age group 
in other major rivers in East Asia (Fig. 1b; Jia et al., 2010; He et al., 
2013). The elevation of the Chuanjiang segment of the upper Yangtze 
River in the Sichuan Basin is about 1–2 km, passing through the Three 
Gorges area, and includes the Jialingjiang and Wujiang tributaries. Since 
it mainly spans parts of the Yangtze Craton, the most abundant source 
rocks are Paleoproterozoic basement rocks (1.9-1.8 Ga) and Neo
proterozoic igneous rocks (860-740 Ma) (He et al., 2013; Liu et al., 2023; 
Wu et al., 2024). The middle Yangtze River traverse the relatively low 
plains of eastern China (altitude <500 m). Although the Hanjiang River 
eventually flows into the middle Yangtze River, its source rock infor
mation is closer to that of the Chuanjiang segment. The middle Yangtze 
River contains source rocks of the Yangtze Craton and the Jiangnan 
orogenic belt, largely made up of Paleozoic to Mesozoic basement rocks 
(Fig. 1; Li, 1999; He et al., 2013; Cao et al., 2022; Zhang et al., 2023a). 
The lower Yangtze River is located northwest of the ECSSB and is 
southwest of the SYSB (Gao et al., 2019b; Cheng et al., 2021).

The Yellow River is the main river in the northern China and tra
verses parts of the Tibetan Plateau and the North China Craton (Yang 
et al., 2009; Diwu et al., 2012). The North China Craton contains 
basement rocks related to magmatic accretion and crustal metamorphic 
events during the Neoarchean to Early Paleoproterozoic (Zhang et al., 
2023b; Li et al., 2024; Xu et al., 2024). However, the river, itself, is quite 
young, forming only in the latest Pleistocene, although some tributaries 
may have formed as early as 3.7 Ma (Pan et al., 2011; Wang et al., 2020). 
Although the river currently flows in Bohai Bay, the extent and course of 
the river during the Pleistocene is uncertain (Liu et al., 2010a).

The Oujiang, Minjiang, and Jiulongjiang rivers, which are adjacent 
to the western side of the ECSSB and have long been considered a 
provenance area for it, cover most of the eastern Cathaysia Block (Xu 
et al., 2007, 2016; Zhang et al., 2017). Their bedrock is mainly 
composed of magmatic rocks formed during the Mesozoic (Yanshanian 
magmatism) (Wang et al., 2013; Wang et al., 2018; Fu et al., 2021).

2.2. Eastern offshore basins of China

The SYSB and the ECSSB are two important sedimentary basins in the 
eastern offshore of China. Although the basins formed in the Late 
Mesozoic, thick sedimentary sequences mainly developed during the 
Cenozoic (Zhao et al., 2021; Liang et al., 2024; Zhan et al., 2024). Most 
of the sediment from the Yangtze River flows into these two sedimentary 
basins (Fig. 1; Zheng et al., 2013, 2015; Zhang et al., 2021b). The SYSB is 
considered the primary sink for the Yangtze River, with a thick succes
sion of terrestrial clastic sediments deposited from the Cretaceous to 
Quaternary (Zheng et al., 2013, 2015; Zhu et al., 2020). Cenozoic strata 
include the Paleocene Funing Formation, the Eocene Dainan and Sanduo 
formations, the Neogene Xia Yancheng and Shang Yancheng formations, 
and the Quaternary Donghai Group (Fig. 2; Zhu et al., 2020).

The ECSSB has also been a sink for the Yangtze River since the 
Miocene and perhaps earlier (Wang et al., 2018). The ECSSB is a large 
basin, covering much of the shelf, and contains a thick succession (~15 
km) of Cenozoic strata that include the Pinghu and Huagang formations 
(Ye et al., 2007; Suo et al., 2015; Abbas et al., 2018; Zhu et al., 2019; Lei 
et al., 2024), the focus of this study (Fig. 1c and 2). The Eocene to early 
Oligocene Pinghu Formation is up to 3000 m thick and consists of 
alternating sets of mudstones and medium- to fine-grained sandstone 
(typically <20 m thick) intercalated with coal, deposited in estuarine 
delta and tidal flat environments from 43 to 32 Ma (Zhang et al., 2012; 
Chen et al., 2022; Xie et al., 2024). The overlying Oligocene Huagang 
Formation is up to 2000 m thick and is dominated by sets of 
medium-grained and thick (>50 m) sandstone interspersed between 
thin mudstones and coal, deposited in fluvial-deltaic and lacustrine 
environments from 32 to 23 Ma (Zhang et al., 2018). These formations 
are bounded at their base and top by regional unconformities, 

Fig. 2. Geological age, tectonic movement, and stratigraphic column of the 
South Yellow Sea Basin and the East China Sea Shelf Basin. The stars and circles 
indicat the stratigraphic position and geological age attributed to the detrital 
samples. Modified from Zhu et al. (2020) and Abbas et al. (2018). (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.)
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recognized in seismic data, tied to the Oujiang, Yuquan, and Huagang 
movements (tectonic events) (Ye et al., 2007).

3. Material and methods

3.1. Detrital zircon sampling, processing, and U-Pb analysis

We collected samples of fine- to medium-grained sandstone from 
core and cuttings in 12 boreholes in the ECSSB for detrital zircon U-Pb 
analysis: four in the Eocene to early Oligocene Pinghu Formation, and 
eight in the Oligocene Huagang Formation (previously reported in Wang 
et al., 2018) (Table 1). Samples were separated by standard mechanical, 
heavy liquids, and electromagnetic mineral separation techniques. 
Recovered zircons were split and all zircons were collected under 
binocular microscopes, mounted in epoxy, and polished for U-Pb spot 
analysis. The internal structure of the grains was evaluated using cath
odoluminescence (CL) images. The U-Pb ages of zircons were deter
mined by laser ablation-inductively coupled plasma mass spectrometry 
(LA-ICP-MS). The laser ablation analysis used a GeoLas 2005 ArF exci
mer laser with 193 nm wavelength and ~15 ns pulse width, and an 
Agilent 7500a ICP-MS instrument was used to acquire the ion-signal 
intensities. The laser energy density was 14 J/cm2 at a frequency of 8 
Hz and a spot diameter of 32 μm. Helium was applied as a carrier gas 
with a flow rate of 0.7 L/min. Zircon 91500 was used as the external 
reference material and was analyzed twice for every eight analyses. The 
geochronologic analyses were completed at the State Key Laboratory of 
Geological Processes and Mineral Resources, China University of Geo
sciences (Wuhan). More detailed information on the analytical proced
ures can be found in Wang et al. (2017, 2019) and specifics on the laser 
and mass spectrometry systems are provided in Liu et al. (2008b).

Data reduction was performed using ICPMSDataCal (Liu et al., 
2008b, 2010b). Zircons with ages >1000 Ma were evaluated using 
207Pb/206Pb ages, while zircons with ages <1000 Ma were evaluated 
using the more reliable integrated 206Pb/238U age (Compston et al., 
1992). Error ellipses of data points on the Concordia diagram are 1 
sigma.

In addition to obtaining new age data, we compiled published 

detrital zircon U-Pb age data from the eastern offshore of China and the 
catchments of major rivers across the East Asia continent. These include 
data for the SYSB (Zhu et al., 2020), North China Craton segment of the 
Yellow River (Yang et al., 2009; Diwu et al., 2012), Yangtze River (He 
et al., 2013), Oujiang (Xu et al., 2007), Minjiang (Xu et al., 2014, 2016; 
Zhang et al., 2017), and Jiulongjiang rivers (Xu et al., 2014; Zhang et al., 
2017). The new and published zircon U-Pb ages are presented as Kernel 
Density Estimation (KDE) plots and pie charts (Vermeesch et al., 2016). 
To compare the zircon age information across the entire age range and 
younger age range of 0–200 Ma, we employed two different bandwidths 
for zircon age KDEs. The bandwidth for the entire age range is 20 Ma, 
while for the 0–200 Ma age range, the bandwidth is 1 Ma. Additionally, 
we explored the provenance of detrital zircon ages through Multidi
mensional Scaling (MDS) analysis (Vermeesch, 2013) and detrital zircon 
mixing modeling. The MDS analysis allows quantitative comparisons of 
our samples with published datasets, aiding our understanding of the 
provenance affinity of different source regions and depositional areas. 
To validate the provenance of the SYSB and the ECSSB, we utilized the 
DZmix program (Sundell and Saylor, 2017) to decompose the prove
nance proportions. This mixing model allows the characteristics and 
proportional differences of the source areas of these two basins to be 
resolved. To ensure that our model results were robust, we conducted 
10,000 fitting tests and utilizing KDE and Kolmogorov-Smirnov (KS) 
tests (D statistics), we selected the top 1 % of optimal fitting results to 
estimate the relative contribution rates of provenance in the potential 
source areas.

3.2. Seismic reflection and well data, and relative sea-level analysis

We used seismic reflection and well data, obtained from the 
Shanghai Branch of China National Offshore Oil Corporation (CNOOC), 
to analyze changing sedimentary conditions and environments during 
deposition of the Pinghu (43-32 Ma) and Huagang (32-23 Ma) forma
tions in the ECSSB. The depositional age ranges of these two formations 
spans most of the previous geochronological constraints on the evolu
tion of the Yangtze River (e.g., Zheng et al., 2015; 2020; Yang, 2021). 
Combining the geochronology analysis with information on sedimentary 

Table 1 
Detrital zircon sample information and references of region, depth, stratigraphic affiliation, lithology and concordant U-Pb ages.

Region Sample Depth(m) Age Formation Sample 
material

Dated 
grains

Concordant U-Pb 
ages

Source

ECSSB A1 3235–3237 late Eocene to early 
Oligocene

Pinghu Core 75 69 This study

B3 4183 late Eocene to early 
Oligocene

Pinghu Core 75 71

B5 4193–4196 late Eocene to early 
Oligocene

Pinghu Core 74 73

C4 4340–4342 late Eocene to early 
Oligocene

Pinghu Core 75 73

Y1 2826 Oligocene Huagang Core 52 46 Wang et al. (2018)
Y3 3137 Oligocene Huagang Core 52 49
G1 3848 Oligocene Huagang Core 51 47
G2 3768 Oligocene Huagang Core 52 49
H3 3964 Oligocene Huagang Core 48 46
H2 3842 Oligocene Huagang Core 45 42
L2 3711–3755 Oligocene Huagang Cutting 50 49
L1 3329–3339 Oligocene Huagang Cutting 53 50

SYSB �� �� Eocene Dainan and 
Sanduo

�� �� 457 Zhu et al. (2020)

Yangtze River �� �� modern �� river sediments �� 1656 He et al. (2013)
Yellow River �� �� modern �� river sediments �� 425 Yang et al. (2009)

Diwu et al. (2012)
Oujiang River �� �� modern �� river sediments �� 259 Xu et al. (2007)
Minjiang River �� �� modern �� river sediments �� 637 Xu et al. (2014, 

2016)
Zhang et al. (2017)

Jiulongjiang 
River

�� �� modern �� river sediments �� 208 Xu et al. (2014)
Zhang et al. (2017)
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environments could provide more robust evidence for the birth time of 
the Yangtze River.

The seismic reflection data, reprocessed in 2015, is characterized by 
an effective frequency range of 10–65 Hz, with a predominant frequency 
of approximately 31 Hz. The data were tied to well data and profiles 
were interpreted to examine stratal packages in terms of their continuity 
and stacking, thickness changes, and facies architecture.

We also performed spectral analysis of natural gamma-ray log data, 
using the Cyclolog software and following Nio et al. (2005), to correlate 
well logs and to explore relative sea-level changes in the ECSSB during 
the Paleogene. The analysis uses Integrated Prediction Error Filter 
Analysis (INPEFA). This type of spectral analysis can be applied to 
facies-sensitive well logs (e.g., Gamma Ray curves) to illuminate dis
continuities and trends in the log data that may be of geological sig
nificance (e.g., hiatuses, erosional surfaces, and changes in lithology 
and/or sedimentation rate, sea-level fluctuations).

To use INPEFA analysis to determine changes in relative sea level, 
several steps are required. First, Maximum Entropy Spectral Analysis 
(MESA) is performed to mathematically transform the spectral data. 
Prediction Error Filter Analysis (PEFA) then determines the relative 
amount of change between data points using a moving window, typi
cally 10 m (Nio et al., 2005). The final INPEFA curve is the integral of the 
PEFA and represents the cumulative changes in the PEFA curve. Positive 
and negative trends in the resulting INPEFA curve are separated from 
one another by turning points in the curves that correspond to signifi
cant changes in the lithological and depositional patterns (Yuan et al., 
2018). Positive trends reflect intervals where the prediction error filter 

underestimates log values and are commonly associated with increases 
in mud or shale that correspond to transgressive systems and relative 
sea-level rise. Negative trends reflect intervals where the prediction 
error filter overestimates log values and are commonly seen as increases 
in sandstone that are associated with regressive systems and lowering of 
relative sea-level.

4. Results

4.1. Detrital zircon U-Pb ages of the ECSSB

We analyzed 702 zircons from the 12 samples, resulting in 664 ages 
with a concordance greater than 90 %. The detrital zircon age results are 
presented as KDE plots in Figs. 3 and 4, with the diagnostic age ranges of 
specific East Asian terranes highlighted (details of the zircon U-Pb ages 
are provided in Table S1). Ages from the Pinghu Formation range from 
34.9 ± 0.7 to 2800 ± 42 Ma, with major age clusters at 100–200 Ma, 
200–250 Ma, and 1700–2100 Ma and minor groups of 400–500 Ma, 
700–1000 Ma, 2400–2600 Ma ages. The Huagang Formation ages range 
from 33 ± 0.4 to 2842 ± 43 Ma, with age clusters similar to those of the 
Pinghu Formation. K-S tests indicate sample populations from the two 
formations were drawn from nearly identical sources (p > 0.05; 
Table S2), also confirmed by MSD analysis of the samples (Fig. S1).

Fig. 3. KDE plots of detrital zircon U-Pb ages from the Pinghu and Huagang formations of the ECSSB. Data are discretized at a fixed interval (20 Ma). Concordia plots 
of 0–200 Ma U-Pb ages in each sample are also shown, as are the cathodoluminescence images of the youngest grains in the dataset. TP: Tibetan Plateau; DBS: 
Dabieshan terrane; QT: Qiangtang block; SG: Songpan-Garze terrane; YC: Yangtze Craton; NCC: North China Craton.
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4.2. Compilation of detrital zircon data from the East Asian continent and 
offshore basins

We compared the zircon age population from samples of modern 
river sands across the East Asian continent with Paleogene samples from 
eastern offshore regions, focusing on seven specific age groups (Fig. 4). 
The age groups are <80 Ma, 100–200 Ma, 200–250 Ma, 400–500 Ma, 
700–1000 Ma, 1700–2100 Ma, and 2400–2600 Ma. For the Yangtze 
River, modern river sands from the Jinshajiang segment of the upper 
Yangtze River and the lower Yangtze River contain ages from all seven 
age groups, while the Chuanjiang segment of the upper Yangtze River 
and the middle Yangtze River lack zircons from the <80 Ma age group. It 
should be noted that although samples have similar age ranges, there are 
significant differences in the proportions of different age peaks. The 
Jinshajiang segment and the lower Yangtze River have the highest 

density of zircon grains in the 200–250 Ma age range, while the 
Chuanjiang segment clearly has higher proportions of zircon grains in 
the 700–1000 Ma and 1700–2100 Ma age ranges, with the largest peak 
in the middle Yangtze River occurring at 400–500 Ma. In contrast, 
modern sands from the Yellow River lack zircon ages <200 Ma, and 
older zircon grains of 1700–2100 Ma, 2400–2600 Ma, and 400–500 Ma 
are more abundant. Zircons from the Oujiang, Minjiang, and Jiu
longjiang River generally lack of very old and young zircons, mainly 
consisting of 100–200 Ma, 200–250 Ma, and 400–500 Ma ages.

In the eastern offshore of China, detrital zircons from both the SYSB 
and the ECSSB also record the seven zircon age peaks. In the ECSSB, the 
age peaks of the Pinghu Formation and Huagang Formation are similar. 
Although K-S tests indicate sample from these formations were drawn 
from nearly identical sources (p > 0.05; Table S2), the age peaks of the 
Huagang Formation are more pronounced than those of the underlying 

Fig. 4. KDE plots and pie charts of detrital zircon U-Pb ages from sources and sinks. Sediment sources include data from modern river sands of the upper, middle, and 
lower Yangtze River and other rivers. Sinks include the Pinghu and Huagang formations in ECSSB, and Paleogene strata from the SYSB. Data are discretized at a fixed 
interval (20 Ma). Data sources same as in Fig. 1.
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Pinghu Formation, particularly for the 100–200 Ma age group. In the 
SYSB, published data from Paleogene strata (Eocene Dainan and Sanduo 
formations) display similar age spectra as for the ECSSB samples, how
ever, densities of 700–1000 Ma ages are more significant (Zhu et al., 
2020).

The MDS plot (Fig. 5) intuitively displays the sediment provenance 
affinity between Paleogene samples from SYSB and ECSSB and the 
modern sands from major rivers of the East Asia continent. In the plot, 
samples from the SYSB and the Yangtze River are closely connected, 
with the highest affinity being the provenance of the lower Yangtze 
River, which is consistent with their geographical proximity (Figs. 1a 
and 5). The SYSB samples are also similar to data from the Chuanjiang 
segment of the upper Yangtze River. The provenance affinity between 
the Pinghu and Huagang Formation of ECSSB with the Chuanjiang 
segment of the upper Yangtze River is also high, which is consistent with 
their similarities in zircon U-Pb age peaks (Fig. 5). In addition, the MDS 
plot indicates a relatively high affinity between the Pinghu Formation 
and the provenance of the Yellow River, despite their lack of 
geographical proximity. Lastly, the provenance represented by the 
zircon U-Pb ages of the Yellow River is dissimilar to SYSB in the MDS 
plot, despite their geographical proximity (Fig. 5). A similar observation 
can be made when comparing east Cathaysia sediment sources (repre
sented by the zircon U-Pb ages of the Oujiang, Minjiang, and Jiu
longjiang River) with the Pinghu and Huagang formation samples 
(Fig. 5).

4.3. Seismic reflection profiles and well data analysis results

Seismic reflection profiles, in the direction of sediment transport, 
and borehole data from the ECSSB reveal important information about 
facies, depositional environments, and relative sea-level changes during 
the Paleogene (Fig. 6). Fig. 6a reveals changes in the sediment flux of the 
ECSSB since Cenozoic, particularly during deposition of the Pinghu and 
Huagang formations. By comparison, Fig. 6b and c compare the poten
tial for sediment preservation of the two formations based on differences 
in seismic reflection architecture and geometry. Fig. 6d compares rela
tive sea-level changes during deposition of the Pinghu and Huagang 
formations derived through spectral analysis of natural gamma-ray log 
data.

The profiles show that the pre-Pinghu strata are thin and somewhat 
discontinuous due to their development during rifting, with deposition 
mainly occurring in small, fault-controlled basins. In contrast, both the 
Pinghu and the Huagang formations are defined by thick strata with 
more continuous seismic reflectors across the seismic profiles. However, 
the wedge-shaped structure of the Pinghu Formation, with more steeply 
inclined and prograding reflectors, suggests greater accommodation 
space during its deposition. In contrast, the Huagang Formation is 
characterized by a thinner and more gently inclined set of seismic re
flectors that suggest less accommodation space.

The pattern observed in the seismic reflection data is consistent with 
the thickness and lithology data from boreholes in the basin. The 
borehole data indicate that more than 900 m of sediment was deposited 
in the Pinghu Formation, while only about 700 m of sediment was 
deposited in the Huagang Formation. The Pinghu Formation is mainly 
composed of thin and alternating gray mudstone, coal, and medium-to 
fine-grained sandstone (Fig. 6d). By comparison, the proportion of 
coal and mudstone in the Huagang Formation is significantly reduced. 
The unit is composed of several sets of thick (medium-grained) sand
stone, commonly exceeding 50 m in thickness, mixed with fine-grained 
sandstone and mudstone. According to the INPEFA curve analysis, 
relative sea-level was likely higher during deposition of part of the 
Pinghu Formation and then decreased during deposition of the Huagang 
Formation, a major cause of the unconformity between the two forma
tions. This might imply that during deposition of the Pinghu Formation, 
it was somewhat easier to acquire sediments from continental areas 
compared to the timeframe of the Huagang Formation.

5. Discussion

5.1. Detrital zircon provenance of Paleogene sandstones in the ECSSB

To evaluate the provenance of ECSSB sediments, we compared the 
detrital zircon age spectra of our samples to published age data from 
modern sands of major onshore rivers, a proxy for potential sediment 
source regions, and an age-equivalent sediment sink (SYSB) (Fig. 4). Age 
spectra for the Eocene to early Oligocene Pinghu Formation and 
Oligocene Huagang Formation are nearly identical to the age distribu
tions of sands from the lower Yangtze River (He et al., 2013), with 
pronounced 100–200 Ma and 1,700–2,100 Ma age clusters, and small 
Paleozoic, Neoproterozoic, and Paleoproterozoic-Archean peaks, and 
minor clusters of <80 Ma ages. Likewise, further comparisons reveal 
similarities with the other catchments of the river (Fig. 4). Although the 
detrital zircon age spectra of the different portions of the river are 
similar, MDS analysis suggests the Paleogene ECSSB samples are most 
similar to sands from tributaries of the Chuanjiang segment of the upper 
Yangtze River, which contain the largest proportions of 1700–2100 Ma 
and 2400–2600 Ma ages, likely sourced from Songpan-Garze terrane 
(Jian et al., 2019). However, peaks associated with these age groups are 
somewhat diminished in the samples from the lower Yangtze River, 
suggesting the upper Yangtze River may have been a more prominent 
source of sediments in the Paleogene compared to the present. The age 
spectrum for the Yellow River, which represents potential sediment 
sources in the North China Craton, is also similar to those of the ECSSB 
samples, including a prominent 200–250 Ma, 400–500 Ma, 1700–2100 
Ma and 2400–2600 Ma age groups; however, ages <200 Ma are notably 
absent from samples, suggesting such that Mesozoic and younger sedi
ment sources may have been limited (Fig. 4; Yang et al., 2009; Diwu 
et al., 2012). Age spectra from other potential source regions, repre
sented by the Oujiang, Minjiang, and Jiulongjiang rivers, proxies for the 
east Cathaysia Block sediment sources, bear little resemblance to the 
Pinghu and Huagang formation age spectra and are, thus, unlikely to 
have contributed to the provenance of the ECSSB, despite their physical 
proximity to the basin (Fig. 4).

Fig. 5. Multidimensional scaling (MDS) plot and pie chart of detrital zircon U- 
Pb ages of the SYSB, ECSSB, and continental provenance. Solid lines indicated 
the closest age populations and dotted lines indicated ages with similarities. YR: 
Yangtze River.
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Fig. 6. Seismic reflection profiles and interpretations across lines (a) A-A�, (b) B-B�, and (c) C-C��in the ECSSB. Line locations shown in Fig. 1c. Profiles are roughly 
consistent with the primary sediment transport direction and indicate accommodation and sediment supply increased substantially during deposition of the Pinghu 
Formation. (d) Lithologies and sedimentary environments of Pinghu and Huagang Formations, and relative sea-level curve. Ages of tectonic events are from Zhang 
et al. (2018). GR: Gamma Ray; INPEFA: Integrated Prediction Error Filter Analysis.
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