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ABSTRACT

Sedimentary records in dynamic land-sea transition zones are complicated by the interplays between terrestrial
and marine processes. On the East Asian continental margin, the glacial-interglacial climate fluctuations have
profoundly shaped sediment source-to-sink patterns by modulating sea level, monsoon intensity, and terrestrial
output. Questions remain on the sediment source-to-sink system of the eastern China marginal seas since the last
glacial period, with several key issues focusing on river-derived sediment contributions and the role of oceanic
dynamics in sediment dispersal. To decode how the river-borne fine-grained sediment signals have evolved
across these cycles, this study, from a clay mineralogy perspective, integrates a new drilling core from the
Oujiang River delta with a comprehensive database of surface and core sediments from the eastern China
marginal seas. Kaolinite/illite ratios and illite chemical indices indicate that clay mineral assemblages of the
marginal sea sediments are primarily inherited and weathered minerals from sedimentary rocks. Crucially, we
demonstrate that fluvial signals are not constant across glacial-interglacial timescales, recommending that
modern fluvial sediments may be inappropriate analogues for ancient marine sediment provenance studies and
for reliable paleoclimate reconstructions. During the middle-late Holocene high sea-level period, the increasing
kaolinite/illite values among cores from the inner East China Sea shelf mud belt suggest an amplified signal from
the Zhejiang-Fujian rivers, driven by attenuated coastal currents. Our findings emphasize an evident decoupling
between clay-mineral-based weathering indication and local climate at continental margins. This contribution,
based on an integrated database analysis of clay mineral and geochemical records, facilitates a better under-
standing of sedimentary processes in a unique marginal sea and offers significant implications for both modern
and deep-time source-to-sink system investigations worldwide.
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1. Introduction

The land-sea transition zone on the Earth’s surface provides envi-
ronmental and socio-economic services (Barbier et al., 2011; Barcelo
et al., 2023; Pittman and Armitage, 2016) and also represents the
frontline of climate change and sea-level fluctuations (Barbier, 2015;
Seibert et al., 2020). Its high sensitivity to natural and anthropogenic
activities underscores the necessity to clarify the processes connecting
land and sea, which is essential for a better understanding of material
cycles at the Earth’s surface and their controlling mechanisms (Barbier,
2015; Pittman and Armitage, 2016; Zielinski et al., 2022). From a
sedimentological perspective, the coastal area is a critical pathway for
terrestrial sediment transfer to the sea. Hydrodynamics—such as waves,
tides, alongshore currents, and river plumes—shape sedimentary envi-
ronments and coastal landforms (Grotzinger and Jordan, 2014). It re-
mains a challenge to conduct long-term observations on the land and sea
simultaneously in such volatile conditions (Weymer et al., 2022).
Nevertheless, sedimentary records in coastal zones retain key paleo-
environmental information, enabling reconstructions of past climate,
paleo-hydrology, and sediment provenance characteristics. It is well
known that sedimentary sequences across river deltas, coastal plains and
shelves were strongly influenced by sea level changes during the late
Quaternary glacial-interglacial cycles (Grotzinger and Jordan, 2014;
Wang et al., 2022b). Over the past ~500 ka, global sea level oscillated
between ~120 m below present during glacial maxima and about 5-10
m above during interglacial periods, following a ~100-ka eccentricity
cyclicity (Grant et al., 2014). The rapid transgression over the past 20 ka
has led to progressive migration of the land-sea transition zone, with
significant changes in coastal sedimentary records (Lambeck, 2004;
Lambeck et al., 2014; Lewis et al., 2013; Li et al., 2014a).

The East Asian continental margin is characterized by a broad and
flat shelf with water depths below 150 m across most of the area. The
continental shelf has witnessed a gradual fall of sea level reaching ~135

m until the Last Glacial Maximum (LGM), followed by a rapid rise during
the Last Glacial Termination (Denton et al., 2010; Lambeck, 2004;
Lambeck and Chappell, 2001; Rohling et al., 2014). Most areas of the
epicontinental seas in the East Asian margin today were exposed during
the low sea level periods (Qiao et al., 2017; Wang et al., 2022b). The
eastern China marginal seas (ECMS), as the most representative region
of the East Asian continental margin, are the waters on the continental
shelf surrounding the eastern China mainland, covering an area over
122 x 10*km? (Fig. 1). Large rivers originating from the Tibetan Plateau
and mountainous small rivers located in southeastern China have sup-
plied abundant terrigenous sediment to the area since the late Quater-
nary (Cao et al., 2023; Liu et al., 2024; Qiao et al., 2017; Xu et al., 2009).
As a typical river-dominated continental margin, the ECMS represents a
critical window for deciphering how river-borne sediment signals have
evolved and for understanding the varying dynamics of the sediment
source-to-sink systems under such sea-level fluctuations (Gao, 2013; Jin
et al., 2023; Shi et al., 2024; Yang et al., 2015).

The ECMS can be divided into four regions from north to south: the
Bohai Sea (BS), the Yellow Sea (YS), the East China Sea (ECS) and the
Taiwan Strait. The elongated Okinawa Trough embraces the ECMS at the
eastern edge of continental shelf, which is considered as one of the major
ultimate sinks of terrigenous materials from the continent (Li et al.,
2019). To the south, the South China Sea (SCS) connects to the ECMS
via the Taiwan Strait. Under the influence of the ocean currents and the
seafloor topography, several fine-grained sediment depocenters have
formed in the marginal seas around eastern China, including the muddy
belts along the Zhejiang-Fujian coast (the inner shelf of the ECS), the
Bohai Sea, the Shandong Peninsula, the southwestern Cheju Island, and
the Central Yellow Sea (Li et al., 2014a; Qiao et al., 2017; Zhang and
Chu, 2018; Liang et al., 2015). Despite numerous studies that have
investigated the sedimentary systems of the ECMS since the Late Pleis-
tocene, key questions remain regarding their source-to-sink dynamics,
particularly concerning the river-borne sediment outputs and the role of
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Fig. 1. Topographic map showing major river systems (including the Yangtze River, Yellow River, Huaihe River, Pearl River, Zhejiang-Fujian rivers, and Taiwan
rivers) and major oceanic currents in eastern China. Numbers around the river estuaries indicate the annual sediment load (Mt/yr) (modified after Jian et al., 2020b;
Zhang et al., 2022¢; Zhao et al., 2018a). TWC: Taiwan Warm Current; KC: Kuroshio Current; ZFCC: Zhejiang-Fujian Coastal Current; YDW: Yangtze River Diluted

Water; YSCC: Yellow Sea Coastal Current; YSWC: Yellow Sea Warm Current; BSCC: Bohai Sea Coastal Current. Locations of sediment core samples used in this study
are shown in a yellow diamond (core QTZ3) and red dots (from previous studies).
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marine processes in the formation and evolution of these fine-grained
sediment depocenters.

2. Key issues and debates on the sediment source-to-sink system
of the ECMS since the last glaciation

River systems in eastern China can be categorized into three types:
large river systems (e.g., the Yangtze and Yellow Rivers), small moun-
tainous rivers in tectonically active regions (e.g., Taiwan), and tidal-
influenced mountainous rivers in subtropical SE China (Jian et al.,
2020b; Li et al., 2025; Yang et al., 2014). One of the key issues in
recent sedimentological investigations in eastern China is the discrimi-
nation of terrigenous sediment compositions and fluxes to the marginal
seas, especially for those small-to-medium-scale mountainous river
systems. It is widely believed that the Yangtze-derived fine-grained
sediment has primarily contributed to the East China Sea (Jia et al.,
2021; Liu et al., 2018a; Xu et al.,, 2012) and interacted with SE
China’s mountainous river estuaries (Gao, 2013; Guang et al., 2025; Qiu
et al., 2024). Challenges remain in tracing sediment from mountainous
rivers, whose output signals are highly varied under the influence of
monsoon precipitation and typhoons (Bi et al., 2015; Jian et al., 2020b;
Jian et al., 2020a; Su et al., 2018). Except for the seasonal and inter-
annual variation of river discharge that regulating the sediment
composition and flux, the increasing human activities since the late
Holocene dramatically impacts on the sediment source-to-sink process
(Li et al., 2018a; Lu et al., 2023; Zhang et al., 2022a). Furthermore, the
shifts between terrestrial and marine sedimentary environments during
glacial-interglacial cycles lead to the complexity of river-borne sedi-
ment preservation (Li et al., 2014a; Liu et al., 2023a; Xu et al., 2022).
The modulation of ocean current intensity, tidal effects, and monsoon
variations, on the sedimentary characteristics from the marginal seas is
commonly underestimated (Qiao et al., 2017; Zhao et al., 2018c; Xue
et al., 2018b). Whether and how the terrigenous sediment composi-
tion and flux have changed since the last glacial period remain contro-
versial. The Oujiang River is an ideal window to reveal these issues as
one of the mountainous rivers in SE China (Fig. 1). The Oujiang Delta,
located about 400 km south to the Yangtze Delta, preserves a valuable
sedimentary archive to identify the Oujiang-derived and
Yangtze-derived provenance and weathering signals, and to clarify how
these signals have evolved since the last glacial period.

The marine sedimentary processes in the ECMS are also controversial
because of the spatial heterogeneity of the monsoon system (Chandana
etal., 2018; Liu et al., 2017; Yu et al., 2017) and the poorly constrained
evolution of regional ocean current circulation (Li et al., 2009; Yang
et al., 2014; Yao et al., 2017). Specifically, how the interplay between
ocean current intensity, monsoon dynamics, and global climate changes
during the deglacial and post-glacial periods modulated the sedimentary
characteristics of these marginal seas remains underestimated. Recent
studies have fueled debates on three specific aspects: 1) the dispersion of
Yangtze-derived sediments into small mountainous river catchments
along the SE China coast, with controversial understandings on the fine-
grained sediment transport mechanism (e.g., Guang et al., 2025; Li et al.,
2025; Wang et al., 2024); 2) the formation of the mud belts in the ECMS,
which mainly includes the views from contemporaneous large river
discharges (Yangtze and Yellow River) or shelf sediments reworking (e.
g., Gao and Collins, 2014; Xu et al., 2023a; Shi et al., 2021); and 3) the
timing of the coastal current system establishment and its intensity
evolution with the East Asian monsoon climate (e.g., Chen et al., 2017a;
Shan et al., 2023; Zhao et al., 2018a).

As major detrital components in fine-grained terrestrial sediments,
clay minerals have been widely utilized as a proxy to reveal fine-grained
sediment provenance and to decode sediment source-to-sink systems
(Dianto et al., 2019; Gingele et al., 2001; Liu et al., 2016a; Wang et al.,
2020; Xu et al., 2012). Clay mineral assemblages in fine-grained sedi-
ments are indicators for silicate weathering (Fu et al., 2023; Li et al.,
2020; Warr et al., 2024), but factors in parent rock lithology,
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transport pathway, and sediment reworking may distort the weathering
intensity interpretations (Fagel, 2024; An et al., 2020). The independent
selection of reference values of source clay mineral proxies in previous
studies introduces contradictions when reconstructing regional sedi-
ment transport pathways (Liu et al., 2014, 2024; Mi et al., 2017). It is
essential to unravel the variation and controlling factors of clay mineral
proxies in sediments from various sedimentary environments across the
ECMS, specifically concerning weathering intensity, sediment prove-
nance, and distribution mechanisms from a broader spatial perspective.

In this contribution, we compile new and previously published clay
mineral data (involving 5489 samples in total) from 19 sediment cores
(2930 samples, including 59 samples from a new sediment core at the
Oujiang Delta in SE China) and surface sediment samples (458 modern
river sediment samples and 2101 marginal sea sediment samples) from
the marginal seas along the eastern China. Additional elemental and Sr-
Nd isotopic data from 8 sediment cores in this region are involved for
comparative discussion with clay mineral proxies. The aims of this study
are: 1) to review the temporal and spatial variation in clay minerals in
sediments from the rivers and marginal seas within the eastern China
region, 2) to investigate the controlling mechanisms of fine-grained
sediment distribution and evolution in diverse sedimentary environ-
ments over the last glacial-interglacial cycle, and 3) to discuss the
applicability of clay mineral proxies for indicating environmental sig-
nals in land-sea interaction zones.

3. Geological settings
3.1. Epicontinental seas in eastern China

Asia has the largest and highest continent on the modern planet. It
collides with the Indian Plate on the southwest and is subducted by the
Pacific Plate from the east. The shallow continental shelf around eastern
China situates at the West Pacific Continental Margin and occupies most
areas of the present-day ECMS region. The continental shelf has expe-
rienced complex deformation during the Cenozoic and exhibits an east-
tilting topography that transformed the pre-Cenozoic highland into a
continental margin basin (Suo et al., 2015). During the last glacial
period, most of this area was exposed as coastal plains, allowing
terrigenous sediments to be transported by rivers across the exposed
shelf and delivered either to the shelf edge or directly into the Okinawa
Trough (Li et al., 2014a; Shi et al., 2024).

The hydrodynamic framework of the ECMS is integrated by the
monsoon, oceanic currents, tides, river runoff, and submarine topog-
raphy. The currents of the ECMS show obvious variation in seasons (Liu
et al., 2021Db). Here, we simplify the circulation system in the ECMS into
1) currents along the coast of continent and 2) currents from the open
ocean (Fig. 1). The northwesterly winter monsoon drives coastal cur-
rents to the south, which include the Bohai Sea Coastal Current (BSCC)
in the Bohai Sea, the Yellow Sea Coastal Current (YSCC) in the Yellow
Sea, the Zhejiang-Fujian Coastal Current (ZFCC) in the East China Sea
(Liu et al., 2021b; Yang et al., 2014; Zhao et al., 2018a). The coastal
currents flow along the coast of China from north to south in winter and
weaken or even reverse in summer (Xu et al., 2023a; Zhang et al.,
2022c). Input of fresh water from large rivers can also contribute to
coastal currents, in which the most notable one is the Yangtze River
Diluted Water (YDW, also named Changjiang Diluted Water) (Chen
et al.,, 2017b; Yang et al., 2014). From the open ocean, the Kuroshio
Current (KC) flows northward on the edge of the outer continental shelf,
which forms the Taiwan Warm Current (TWC) on the western side of
Taiwan Island. The Yellow Sea Warm Current (YSWC) flows into the
Yellow Sea from the east and intrudes into the northern part during
winter (Liu et al., 2018b). In general, the coastal currents flow south-
wards and the open-ocean currents flow northwards. The modern cur-
rent system in the ECMS was formed after the sea level reached close to
the present situation about 7-8 ka ago. The coastal currents are highly
influenced by the intensity of the East Asian monsoon and the KC (Jian
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et al., 2000; Liu et al., 2016a; Zhao et al., 2018a). Some studies sug-
gested that the ZFCC declined in the late Holocene (ca. ~4 ka) as the
East Asian winter monsoon weakened (Chen et al., 2017a; Xiao et al.,
2005). The ECMS is mostly controlled by semi-diurnal tides with high
tidal ranges exceeding 4 m (Larsen et al., 1985; Liu et al., 2010a; Uehara
and Saito, 2003). Modern tidal sand ridges are distributed widely within
30 m depth on the bottom of ECMS (Berné et al., 2002; Li et al., 2014a;
Liu et al., 2007).

3.2. Modern sediment sources and river systems around the ECMS

The modern East Asia presents an east-tilting topography with major
rivers flowing from west to east into the marginal seas (Wang, 2004).
The Yangtze River (Changjiang River) and Yellow River (Huanghe
River) are major contributors that transport terrigenous sediments to the
ECMS (Gao, 2013; Qiao et al., 2017). The Yangtze River originates on
the Tibet Plateau and extends 6300 km eastward to the ECMS, with
annual discharges at 900 km? (Milliman and Farnsworth, 2011). The
Yangtze River delivers 390 Mt of sediment to the ECS annually, of which
about 50% deposits accumulate within the estuarine area (Qiao et al.,
2017). In the upper reach, the drainage is covered by Mesozoic rocks
with subordinate upper Paleozoic carbonate rocks and Cenozoic strata.
The middle and lower reaches are mainly covered by Paleozoic car-
bonate rocks, Mesozoic intermediate-acidic igneous rocks, and Quater-
nary sedimentary rocks, together with metamorphic rocks (Bi et al.,
2017; Liu et al., 2018c). The current water discharge and sediment
fluxes are highly influenced by monsoonal climate and human activities
(Wang et al., 2008). The deltaic sediments formed in glaciation are left
on the East China Sea Shelf and retransported by strong tidal currents.

Although the runoff volume and discharge area of the Yellow River
are lower than those of the Yangtze River, the sediment content of the
Yellow River reaches the highest in the world. The Yellow River delivers
722 Mt/yr of sediment into the BS, which has decreased significantly
(260 Mt/yr for 1996-2000 average, Liu et al., 2012a) since the second
half of the 20® century due to the runoff yield and precipitation
decrease, vegetation preservation and water conservation (Li et al.,
2017; Qiao et al., 2017; Tian et al., 2021). The drainage mainly con-
sists of Archean metamorphic rocks, Paleozoic carbonates, and Cenozoic
clastic rocks (Pang et al., 2018). Both the modern and ancient Yellow
River have similar catchment lithology and over 90% of sediment loads
from the Loess Plateau (Huang et al., 2019). Due to the high sediment
loads and the high sedimentation rates at the lower reach of the Yellow
River, the channel and the estuary have changed frequently throughout
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history (Zhang et al., 2018). The continuous diversion of the Yellow
River at its lower reach provides considerable terrestrial materials to the
BS and the YS regions.

The drainage of the Huaihe River is located between the Yangtze and
Yellow Rivers (Fig. 1). Its main channel marks the boundary between the
northern and southern climates of China (Zhang et al., 2011; Zhang
et al,, 2016). The Archean to Paleozoic rocks are exposed in the
mountainous areas of the western and southern parts of the basin,
including various igneous rocks and metamorphic rocks. Neogene and
Quaternary sediments are distributed over the large plains in the eastern
part of the watershed (Zhang et al., 2011b). Climate changes and human
activities caused changes in sediment provenance from the downstream
Huaihe River and in the YS (An et al., 2020; Zhang et al., 2018). The
ancient Yellow River flows into the southern YS by taking the channel of
the Huaihe River during 1128-1855 AD, resulting in rapid sedimenta-
tion at the coastal plain of northern Jiangsu Province in the late Holo-
cene (Chen et al., 2012; Gao, 2013). Today, artificial irrigation canals
are built on the coastal plain to bear a portion of the water volume. The
natural channel of the Huaihe River integrates into the Yangtze River
and eventually flows into the ECS (Zhang et al., 2011).

Mountainous rivers around the coast of Zhejiang and Fujian Prov-
inces (e.g., the Qiantangjiang, Oujiang, Minjiang, Jiulongjiang Rivers,
etc.) are located in tectonically stable settings in the hilly areas of
southeastern China under the influence of the East Asian monsoon. In
comparison to the Yangtze, Yellow, and Huaihe Rivers, the runoff and
sediment discharge of the Zhejiang-Fujian (also called Zhe-Min) rivers
are much lower (Milliman and Farnsworth, 2011). Yanshanian volcanic-
sedimentary strata are widely distributed in the Zhejiang-Fujian region,
which are located in the eastern part of the Cathaysia Block. The pro-
portion of volcanic-volcaniclastic rocks decreases and intrusive rocks
increase southward (Yang et al., 2021; Zhou et al., 2006). Mesozoic and
older sedimentary strata are scattered in the area and can be dominant in
the basins of particular small rivers or tributaries (Wang et al., 2024).
Sediment from the small and medium-sized Zhejiang-Fujian rivers is
distributed in a limited area close to the coast (Xu et al., 2023b; Xue
et al., 2018a). The Zhejiang-Fujian rivers are sensitive to human activ-
ities (dam construction, agricultural plantations, urbanization, etc.) due
to their small catchment and undulating topography (Chen et al.,
2017b). In addition, the intensity of sediment input by the Zhejiang-
Fujian rivers remains controversial due to seasonal changes caused by
monsoon climate and frequent typhoons (Jian et al., 2020a; Su et al.,
2018; Wu et al., 2023). Although the river basins are small, the
Zhejiang-Fujian region has large number of rivers and shows significant
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seasonal variations. As a result, these rivers are considered important
sources for the ECMS sediment.

Rivers on the Taiwan Island (e.g., Zhuoshui, Gaoping, Lanyang,
Tsengwen Rivers) contribute to the ECMS by transporting sediments into
the Taiwan Strait. Previous studies have estimated that about 85% of the
Taiwan rivers-derived fine-grained sediments left the Taiwan Strait,
which either outflux southward to the northern SCS or transport
northward to the Okinawa Trough (Kao et al., 2008; Liu et al., 2008a;
Zheng et al., 2015). Taiwan is a part of the collision orogen bounded by
subduction zones, which is therefore located in a tectonic-active region
(Garzanti et al., 2023; Zhang et al., 2022b). The bedrock is dominated by
Cenozoic sedimentary and metasedimentary rocks (Huang et al., 2012).
There are 151 rivers on the island, of which the largest one, the Zhuoshui
River, is only about 190 km in length (Kao et al., 2008; Li et al., 2023).
The Taiwan rivers mostly originate from the Central Range area with
elevations approaching 4000 m (Wang et al., 2016). The active tectonic
background and high gradient of the river channel lead to fast erosion
and rapid transport, resulting in extremely high sediment load of the
Taiwan rivers (Kao et al., 2008). For example, the sediment load of the
Gaoping River, another representative river in Taiwan, has high varia-
tion from 30.37 Mt/yr (2001-2020 average, Sun et al., 2024b) to 70.8
Mt/yr (1999-2004 average, Wang et al., 2022a). The sediment load is
one order of magnitude higher than that of the Minjiang River (~6.9 Mt/
yr), the largest one among the Zhejiang-Fujian rivers (Wang et al.,
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2024).

3.3. The Oujiang River: an example of the strongly tide-dominated
Zhejiang-Fujian rivers

The Oujiang River is one of the most typical mountainous river
systems on mainland China, yet its downstream and estuary areas are
significantly affected by external sediment from the ECS, which is pri-
marily transported landward via tidal processes (Guang et al., 2025; Xue
et al., 2018a; Wu, 2019). Its estuary is under a macrotidal environment
with a tidal range exceeds 4 m on average (7 m in maximum) at the river
mouth and a tidal reach extending 83 km upstream to Qingtian County
(Fig. 2) (Zhejiang Water Resources Department, 2020). Therefore, it is
an ideal research target for investigating how the Yangtze-derived
sediment transported by the coastal current interact with sediment
from mountainous rivers.

The Oujiang River is the second-longest river in Zhejiang Province
with a drainage area of 18165 km? and a mainstream length of 384 km
(Ding et al., 2019; Wu et al., 2019; Xue et al., 2018a). The watershed of
the Oujiang River mainly sits 500-1500 m above sea level and is high in
the southwest and low in the east (Shang et al.,, 2018). The Asian
monsoonal climate characterizes the catchment, resulting in seasonally
variable rainfall reaching 1746 mm per year that concentrates in the
summer, and a mean temperature of about 19 °C (Bi et al., 2015). As a

Deoth lithostratigraphy Grain Size Fraction Magnetostratigraphy Paleoclimate
PN sam
ple - - -
(m) ) Lithology | Sedimentary [ Clay Silt Sand Magnetic ]
Period | Epoch o 5t s | EnVirONMEN 2 40 60 80 100%) Column GPTS | Polarity Events | Warm / Cold Dry / Wet
0 T e
- M .
é Deltaic I
©7] E 8 Gothenb
d 1 1ot | [ 4 othenburg
‘ § (12 ka)
20 4 ¢ =
: 2 Shallow
1 marine I
H
30 — :
Laschamp
4 i
H Paleosol |----—fSSSSSSSEERSESRISEREES. ... (41 ka)
40 4 o
o
4 .
H Lacustrine
50 4 .
.
4 .
H I
60 — 2 Fluvial
. 8 Blake
1 . > o) (114-108 ka)
. [} 5
[ I c ‘© Lacustrine
. [0) 2
4 . w %
. S5 | = |===/ | b
80 — e} 8
(o8
] > v
90 —
7] . . T Jamaica
Sediment classification (212 ka)
100 — --- clay
00O
. === clay loam
~~~ mud
no— Fluvial & silt
H Diluvial - fine sand
7] s GC) - medium sand . .
120 — . [0} « « « coarse sand 8%41%1)]2’3{1 Ridgd
8 o oo gravel
. -
K2 Sediment color
130 nif \:| greyish white
E o o000 [ bluish grey
5 B ey
140 ke ok ey
- = I greyish brown
150 I brownish yellow

Fig. 3. Sampling position, down-core changes of lithostratigraphy, grain size fraction, paleoclimate proxy, and magneto-stratigraphy in core QTZ3. Modified after

Wu (2019).



Y. Chen et al.

result, the Oujiang River has an asymmetrical water discharge at 18.692
km? per year, in which 2/3 is concentrated from May to September, and
a sediment load at 266.5 kt per year (Zhejiang Water Resources
Department, 2020). Typhoons, monsoon variation, and human activ-
ities increase interannual variation of the runoff and sediment load of
the Oujiang River (Bi et al., 2015; Wei et al., 2025).

The Oujiang River basin is located in the eastern Cathaysia Block and
is predominantly covered by late Mesozoic volcanic-intrusive com-
plexes, with volcanic-sedimentary rocks and granitic rocks occupying
65.0% and 12.8% of the drainage area, respectively (Fig. 2). The
Mesozoic volcanic eruption products in the area are mainly felsic py-
roclastic rocks and rhyolitic lava flows (Yan et al., 2016; Liu et al.,
2019). Mafic rocks like basalt, gabbro are relatively rare in the river
basin (Jia et al., 2020). Only a few Mesozoic and Cenozoic mafic in-
trusions are exposed, taking up less than 0.2% of the basin. Metamorphic
rocks are distributed in the western part of the upstream regions,
occupying 4% of the river basin. In the middle and eastern part of the
basin, about 14.5% and 3.6% are Mesozoic sedimentary strata and un-
consolidated Quaternary sediments, respectively. In response to this
lithological composition, the detrital zircon U-Pb ages from modern
Oujiang River sediments shows a prominent peak at 130-150 Ma and a
minor peak at 1850 Ma, indicating the contribution of Yanshanian
igneous rocks and the ancient Paleoproterozoic bedrocks, respectively
(Xu et al., 2007; Zhang et al., 2017). The heavy minerals in sediments
from the Oujiang River are mainly composed of hornblende, magnetite,
epidote and micas (Ma et al., 2018; Song et al., 2018). Clay minerals in
the river sediment are predominated by illite, followed by kaolinite and
chlorite, with scarce smectite content (Guang et al., 2025; Xue et al.,
2018a).

Previous investigations indicate that the coastal plain and the
shallow sea around the Wenzhou district have ~150 m thick uncon-
solidated Quaternary sediment above the granitic bedrock (Wu et al.,
2017; Zhang, 1991; Yang et al., 2022). The Lower Pleistocene strata
are generally lacking in sedimentary records therein. The littoral deposit
during the Middle Pleistocene was buried 100-120 m below the surface.
The strata since the Upper Pleistocene have been well preserved and
have recorded the sedimentary environment evolution due to climate-
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Fig. 4. Age model for the sediment core QTZ3 based on the magnetostrati-
graphic correlation, compared with AMS *C dating samples (YQ0902 and
QTZ1) from adjacent areas at the Oujiang River delta and relative sea level
(RSL) change of the Red Sea in the last 500 ka. The interpolated age uncertainty
ranges are simulated by a Monte Carlo sensitivity analysis. * data from Wu
(2019). ® data from Shang et al. (2018). © data from Li et al. (2024). ¢ data
from Grant et al. (2014). Note that the dating sample depth is the location in
cores, and is not normalized to real elevation.
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related sea level change with 50-100 m of thickness (Fan et al., 2019;
Wu et al., 2019; Zhang, 1991; Yuan et al., 2023). The Holocene strata
have several transgression-regression sequences that are affected by the
eustatic changes. A layer of stiff clay was found at ~30 m below the sea
level, which is supported by *4C chronology as a paleosol formed during
the Pleistocene-Holocene boundary (Fan et al., 2019; Shang et al., 2018;
Zhang et al., 2012).

4. Materials and methods
4.1. Core sediment samples and clay mineral analysis

4.1.1. Drilling core sediment samples from the Oujiang Delta

The sediment core QTZ3 (27°52'41.3" N, 120°50'27.4" E) was drilled
in 2017 on the coastal plain at the southern side of the Oujiang Delta in
Wenzhou, Zhejiang Province (Figs. 1 & 2). Detailed descriptions of li-
thology, color, and texture were recorded in a previous study (Wu,
2019). The paleoenvironmental reconstruction based on grain size,
geomagnetic, palynologic, and microfossil analysis was previously
described by Wu (2019) and is summarized in Fig. 3. Most of the core is
composed of bluish-grey mud, interspersed with a few layers containing
coarse sediments. Thick tuffaceous gravel layers at the bottom of the
core were inferred to be mountainous flood deposits. Magnetostrati-
graphic analysis was conducted previously that can correlate with the
geomagnetic polarity time scale (GPTS): the specific reversals at 32-36
m, 77.5m, 112.5 m, and 119 m correspond to the Gothenburg event (12
ka), the Laschamp event (41 ka), the Blake event (114-108 ka), and the
Calabrian Ridge event (343 ka), respectively (Figs. 3 & 4). The gravel
layers in the lower part were absent for geomagnetic analysis in the
previous study (Wu, 2019). According to AMS 14C dating of two adjacent
sediment cores on the coastal plain, QTZ1 (28°0'11.2" N, 120°56'58.6" E)
(Li et al., 2024b) and YQ0902 (27°55'27" N, 120°50'35" E) (Shang et al.,
2018), the uppermost ~40 m of the coastal plain preserved sediments
from the Holocene. Therefore, we propose that the sediment above 80 m
in core QTZ3 has a relatively reliable age model since 40 ka. Due to the
errors of the specific geomagnetic events ages adopted, a Monte Carlo
sensitivity analysis on the age model was conducted to evaluate the age
uncertainty. A randomly perturbed age within a given standard devia-
tion from the GPTS (Ogg, 2020) was estimated for each control points
and the age—depth curve was established via repeated linear interpola-
tion for 1000 times (Fig. 4). This allows us to assess whether the
observed clay mineral trends during critical climatic transitions are
robust against age uncertainties.

4.1.2. Clay mineralogy analysis

A total of 59 sediment samples were collected at 0.5-1.5 m intervals
in the core QTZ3 for clay mineral analysis. The treatment procedure for
X-ray diffraction (XRD) analysis is the same as reported in a previous
study (Mei et al., 2021). Clay fractions (< 2 pm) in each sediment sample
were separated based on the Stokes’ setting principle. Thereafter,
organic matters and carbonates were removed by 10% hydrogen
peroxide and 1 mol/L acetic acid, respectively, under a 60°C water bath
condition. After cleaning and concentrating with deionized water, clay
samples were transferred to quartz slides and dried at room temperature
for natural air-dried sheets (N). After an XRD test on the N sheet, the
same slide underwent saturated ethylene glycol vapour treatment for
48h at room temperature for the EG sheet. A Rigaku Ultima-IV X-ray
diffractometer was used for the XRD scanning at Xiamen University.
Each slide was continuously scanned under 40 kV and 30 mA, with
scanning degree range from 3° to 35°, step width of 0.02°, and scanning
speeds at 4°/min conditions.

The MDI Jade 6 software was used for clay minerals quantitative
analysis. According to the calculating method by Biscaye (1965), rela-
tive percentages of smectite, illite, kaolinite, and chlorite were deter-
mined using ratios of (001) peak series of their basal reflections
according to the XRD diffractogram of EG sheets, and were weighted by
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empirically estimated factors (Mei et al., 2021). Furthermore, the full
width at half maximum of the illite peak at 10 A and the ratio of peak
area at 5 A/10 A were calculated to obtain the Kiibler index (KD and the
chemical index (CI) of illite, respectively (Esquevin, 1969; Kiibler and
Jaboyedoff, 2000). The KI reflects the sharpness of the diffraction
peak shape on the XRD spectrum, which is indicative of the degree of
illite’s crystallization (Kiibler and Jaboyedoff, 2000; Wang et al.,
2015a). The CI of illite is defined by the ratio of the illite (002) peak
at5 A and the illite (001) peak at 10 A, representing the long-range order
in the vertical direction of the illite structure.

4.2. Compilation of previously reported clay mineral data from the
eastern China margin

4.2.1. Data filtration and standardized calibration

Previously published clay mineral composition data of sediments
from the ECMS and the surrounding regions were compiled for further
comparative analysis. The database encompasses samples from surface
sediments, suspended sediments, and sediment cores. The riverbed
sediments were also taken into compilation as analogues of river-borne
sediment sources within the eastern China margin. For modern sedi-
ments, the location of each sample was labeled and used as the classi-
fication basis, documenting the sampling river, sea region, and the
longitude and latitude of sampling sites. For core sediments, the sam-
pling position (depth in the core) was verified and correlated with the
age of the sample. Cores with too short (<1 ka) or too long (>1 Ma) time
spans are not included in this study because the time resolution of
samples is expected to be controlled within 5 ka. Interpolated ages were
calculated based on the chronology model by AMS *C or OSL dating
data. To keep the consistency in the data for comparison with our re-
sults, data were required to calculate the clay mineral proxies using the
same method as in this study. Data that were not calculated from the
peak area in XRD diffractogram of EG sheets were excluded from our
database.

The clay mineral datasets include six parameters: the relative content
of smectite, illite, kaolinite, and chlorite, alongside the values of CI and
KI. The compositions of the four clay minerals were recalculated for
those cases where the Biscaye’s empirical weighing factors were not
used. Since the raw XRD spectra were not provided in most published
studies, the originally reported relative percentages of each clay mineral
were used to recalculate the final clay mineral content (CM,q)):
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fmineml x P, ‘mineral

CM, g = = mineral = “mineral
“ Z (fmineral x P, mineral)

x 100%

where the f represents the Biscaye (1965) empirical factors (fsmectite = 1,
fitite = 4, fraotinite = 2, and fepiorite = 2), P indicates uncalibrated per-
centage of each four clay minerals (Psmectite +Pittite + Pkaolinite + Pechiorite =
100%). Previous studies generally report an analytical uncertainty of
5-10% (e.g., Dou et al., 2014; Li et al., 2014b; Liu et al., 2019a) for the
relative content of each clay mineral. The numerical error after cali-
bration still remains within ~10%. The CI and KI values of compiled
data were strictly required to be defined as the 5 A/10 A peak area ratio
and the full width at half maximum at 10 A, respectively. Otherwise, it
was regarded as irrelevant indicator data and would be systematically
excluded from the database.

In cases where numerical data were unavailable in the published
documents, we extracted the sample coordinates and clay minerals
manually by correlating datapoints with the axes on the published dia-
grams using the GetData software. Due to the limited resolution of these
figures, the summation of extracted clay mineral contents may not be
exactly 100%. Cross-validation between the originally published data
and manually-obtained values from the same documents demonstrates
that this extraction method introduces a negligible error of <1% for core
samples and 2%-5% for surface sediments. These data are only used for
plotting in spatial or temporal distribution trends and are highlighted in
the appendix materials. Although these treatments would introduce
larger errors than the original data, the variation trend can still be
preserved and enhances the richness of the database.

4.2.2. Descriptions of the clay mineral database and data sources

Data of 458 modern river sediment samples and 1480 marginal sea
sediment samples are compiled to demonstrate the modern framework
of clay mineral distributions; additional 621 samples were obtained
from the published spatial distribution isograms without raw data. A
total of 19 cores with clay mineral composition data are collected from
15 literatures, among which the CI and KI values are reported in 10 cores
from 6 literatures (Table 1, Appendix Table S4). Data from 7 cores
(MZ01 (Liu et al., 2010b), F15 (Chen et al., 2017b), YSC-1, YSC-4 (Li
et al., 2014b), ZX-1 (Wang et al., 2006), ECS-1601 (Cong et al., 2021),
R24 (Jia et al.,, 2012) are obtained manually from figures since no
available data are provided in the source literature (Fig. 1, Table 4).

The dataset of river sediment samples comprises riverbed and sus-
pended sediment from the catchment of the Yangtze River, Yellow River,
Huaihe River, and medium-to-small-scale rivers at Zhejiang, Fujian,

Table 1

Brief information for compiled core data in this study.
Sample name Region Longitude (°E) Latitude (°N) Elevation (m) Length (m) Reference
QTZ3 Oujiang River, ECS 120°50'27.4" 27°52/41.3" - 150 this study
MZ01 ECS mud 120°50'56.4" 26°32'49.2" —64.7 2.96 Liu et al., 2010b
MZ02 ECS mud 121°53'24" 28°10'7.8" —-32.4 35.3 Liu et al., 2014
MZ03 ECS mud 120°30'00" 26°00'00" —65 25.5 Shan et al., 2023
C5 ECS mud 122°17'59.4" 28°44'16.8" —-40 5.3 Zhang et al., 2022c
c7 ECS mud 121°42'11.4" 27°45'46.8" —40 5.15 Zhang et al., 2022¢
Cco ECS mud 120°54'00" 26°58'44.4" —40 7.35 Zhang et al., 2022¢
C10 ECS mud 119°52'12.6" 25°49'58.8" —-25 5.3 Zhang et al., 2022c
ECS1302 ECS mud 122°22'17.36" 29°01'28.29" —38.2 60.9 Liu et al., 2023a
ECS1601 ECS mud 120°39'36" 26°5024" —38.5 90 Cong et al., 2021
R24 ECS tidal sand 124°11'00" 28°39'00" -81 10.1 Jia et al., 2012
CSHC-15 Okinawa Trough 127°20'19.8" 28°49'54" —-940 60 Shi et al., 2024
U1429 Okinawa Trough 128°59'51.00" 31°37'2.40" —732 200 Zhao et al., 2017
YSC-1 Central YS mud 123°40'00" 35°32'00" —76.2 4.37 Li et al., 2014b
YSC-4 Central YS mud 122°50'00" 35°58'00" —69.8 4.61 Li et al., 2014b
CSDP-1 Western South Yellow Sea 122°22'00" 34°18'00" —52.5 300 Zhang et al., 2019
ZX-1 Yangtze Delta 121°11'02" 31°08'01" 2.67 20 Wang et al., 2006
CJK11 Yangtze Estuary, ECS 122°27'00" 31°19'48" -21 72.2 Xu et al., 2024
JRD-N Zhuoshui River, Taiwan 120°1809" 23°54'10.2" 1.79 98 Zhang et al., 2022b
F15 Taiwan Strait 119°02'06" 24°45'46.44" —47.1 2.5 Chen et al., 2017a
MD18-3569 Northern SCS 119°49'14.4" 22°9'18" —1320 40.08 Bertaz et al., 2024
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Fig. 5. a) Down core distribution and b) box plots of clay mineral contents (%), illite chemical index (CI), illite crystallinity (KI), kaolinite/illite, and smectite/illite
for analyzed samples in core QTZ3. The X mark in the box plot indicates the average value in the corresponding time intervals.

Table 2

Average of clay mineral compositions of the core QTZ3 in each sedimentary stage
Depth (m)  Time period (ka) Sedimentary Smectite Illite Kaolinite Chlorite IlliteCI  IlliteKI ~ Sample

environment (%) (%) (%) (%) number
0-12 Late Holocene (0-4) transitional 3.2 67.2 14.9 14.8 0.39 0.48 8
12-36 Early and Middle Holocene marine 5.1 68.9 11.8 14.2 0.33 0.43 18
(4-12)

36-45 Deglaciation (12-18) terrestrial 0.2 69.9 13.0 17.0 0.39 0.36 7
45-65 LGM (18-32) terrestrial 1.1 69.0 13.4 16.5 0.33 0.36 11
65-80 Interstadial (32-50) terrestrial 5.5 65.3 13.3 15.9 0.29 0.35 7
110-120 Middle Pleistocene (> 50) terrestrial 3.5 60.5 18.9 17.0 0.30 0.35 8

Taiwan, and Bohai-rimming regions (Table 3, Appendix Table S2).
Seafloor surface samples are classified into 5 categories (i.e., BS, YS,
ECS, SCS and the Taiwan Strait) based on their distribution and
geographical regions of the seas (Table 3, Appendix Table S3). The lo-
cations of compiled surface samples and core samples are mainly
concentrated in the muddy depocenters of the ECMS (Tables 1 & 3).
Among them, the core MZ03 lacks a reasonable age correlation and is
not used for temporal analysis in this study (Shan et al., 2023). Typical
cores from the Okinawa Trough (CSHC-15, U1429) and the northern SCS
(MD18-3569) are involved in this study as a response of terminal sedi-
ment outputs to the environmental change within the ECMS (Fig. 1)
(Bertaz et al., 2024; Shi et al., 2024; Zhao et al., 2017).

5. Clay mineralogy of river-borne sediments in the ECMS and the
surrounding regions

5.1. Clay mineral variation in the core sediments from the Oujiang Delta

The down-core clay mineral compositions of the core QTZ3 are
shown in Fig. 5, and detailed data are shown in Appendix Table S1. Illite
shows high proportions in the core (58%-76%). Kaolinite and chlorite
are comparatively low with proportions ranging 7%-25% and 8%-21%,
respectively. Smectite is scarce in most samples (0-14%) and 10 of 59
samples failed to detect smectite in clay minerals. The KI value ranges
between 0.30-0.54, exhibiting an increasing trend from the bottom to
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Table 3
Average of clay mineral compositions of modern sediments.
Sample region Smectite Illite Kaolinite Chlorite Illite Illite Sample Reference
% % % % CI KI number
Yangtze River 3.0 69.4 13.8 13.8 0.49 0.52 140 An et al., 2020; He et al., 2013; Wang et al., 2021; Zhao et al., 2018c
Yellow River 19.0 60.7 6.8 13.4 0.33 0.32 46 An et al., 2020; Pang et al., 2018; Zhang et al., 2019
North China 21.1 54.8 13.4 11.0 - 0.46 26 Dou et al., 2014
Rivers
Huaihe River 131 56.4 17.1 13.3 - - 21 An et al., 2020; Zhang et al., 2011
Zhejiang 9.1 57.6 13.8 19.5 - - 31 Liu et al., 2016b; Xue et al., 2018a; Yang, 1995
Rivers
Fujian Rivers 0.5 30.8 49.1 19.6 0.62 0.39 117 Mei et al., 2021; Liu et al., 2016b
Taiwan Rivers 0.8 72.9 1.8 245 0.35 0.16 73 Liu et al., 2008a; Liu et al., 2010c; Liu et al., 2016b; Wang et al., 2016
Bohai Sea (BS) 15.7 58.1 13.5 12.7 - 0.40 131 Dou et al., 2014; Ma et al., 2010
Yellow Sea 2.8 66.8 12.4 18.0 - 0.21 187 Ma et al., 2010; Cho et al., 2012; Koo et al., 2018; Rho, 2015
(YS)
East China Sea 7.1 63.9 121 17.0 - 0.51 214 Liu et al., 2006; Liu et al., 2016b; Zhao et al., 2018c; Ma et al., 2010;
(ECS) Youn et al., 2007; Xue et al., 2018a; Xu et al., 2009; Zhou et al., 2003
Taiwan Strait 5.0 69.1 8.5 17.4 - - 696 Li et al., 2021; Liu et al., 2016b; Xu et al., 2009; Ma et al., 2010
NE South 1.8 71.0 3.8 23.4 0.35 0.17 186 Liu et al., 2008b; Liu et al., 2010c; Liu et al., 2016b; Wang et al., 2016;
China Sea Xu et al., 2009; Ma et al., 2010
NW South 18.7 47.3 19.7 14.2 - - 62 Liu et al., 2016b
China Sea

Note: Extracted clay mineral data from published diagrams are not involved in the table.
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mud belt.

the top in the core. The CI value ranges between 0.22-0.55 and has
higher variation in the uppermost 40 m (~15 ka).

The clay mineral compositions change significantly among different
time periods (Table 2, Fig. 5). The Monte Carlo simulation on age un-
certainty shows a significant deviation for samples ranging from 20 to
40 m (Fig. 4). Lithostratigraphy correlation and the dating data of
adjacent cores indicated the strata above 36 m was basically formed
since the Holocene. Significant transition periods of clay mineral as-
semblages are distinguished by utilizing the linear interpolated ages
(Table 2). Smectite proportion shows the minimum average in the last
glacial period (0.2%), and shows high values and high variation during
the Holocene (4.5%) with the maximum of 14% at about 4 ka. Illite
proportion increases to 69.9% during the Late Pleistocene from 60.5% in
the Middle Pleistocene, and decreases to 68.4% in the Holocene. The
proportion of kaolinite reaches the highest average in the Middle
Pleistocene (18.9%), decreases during the Late Pleistocene (13%), and
increases to ~20% in modern time. Chlorite has the highest proportion
in the Middle Pleistocene (17.0%), the lowest proportion in the

10

Holocene (14.4%), and relatively high proportion during deglaciation
(17.0%).

5.2. Clay mineral composition and distribution of sediment from the
ECMS area

5.2.1. The modern framework of clay mineral distributions

The clay mineral compositions of the present river and shelf sedi-
ments are shown in Table 3, and Figs. 6 and 7. Detailed information is
given in Appendix Tables S2 and S3. The clay mineral assemblages of the
Yangtze River basin are dominated by illite (69.4%), with less abundant
chlorite (13.8%) and kaolinite (13.8%), and scarce smectite (3.0%). The
CI and KI of illite in the Yangtze River basin are 0.49 and 0.52,
respectively. Compared with the Yangtze River sediments, the clay
mineral assemblage of the Yellow River basin features higher smectite
content (19.0%), lower illite (60.7%) and kaolinite contents (6.8%), and
similar chlorite content (13.4%). The CI and KI of illite in the Yellow
River basin are 0.33 and 0.32, respectively. The clay mineral
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Fig. 8. Clay minerals assemblages in cores from the ECMS in the following periods: 0-4 ka; 4-8 ka; 8-12 ka; >12 ka. The locations of sediment cores are shown
in Fig. 1.

assemblages of the Huaihe River basin show fewer illite content (56.4%) (13.3%). Clay mineral assemblages in Taiwan rivers are dominantly
and more kaolinite content (17.1%) than those from the Yangtze and illite (72.9%) and chlorite (24.5%), with very scarce smectite (0.8%)
Yellow River, and approximate smectite (13.1%) and chlorite contents and kaolinite (1.8%). For river sediment on the continent side, illite is
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Fig. 9. Downcore changes of clay mineral contents (smectite, illite, kaolinite, and chlorite) in sediment cores since the Holocene (<12 ka) and last glaciation (< 50
ka). Sampling elevations and sampling regions are marked beside each sediment core.

also dominant in rivers from North China (54.8%), and Zhejiang
(57.6%), but shows a low proportion in Fujian rivers (30.8%). Inversely,
Fujian rivers feature the highest kaolinite content (49.1%), while
kaolinite is relatively low in North China (13.4%) and Zhejiang (13.8%).
Smectite content is high in North China (21.1%) and decreased to 9.1%
in Zhejiang rivers and 0.5% in Fujian rivers. Furthermore, the CI and KI
in sediments from Fujian and Taiwan rivers vary significantly. Fujian
rivers exhibit high CI values (0.62) and moderate KI values (0.39), while
Taiwan rivers exhibit low CI values (0.35) and the lowest KI values
(0.16). Note that the quantity of samples from each river basin and re-
gion may cause analytical bias in the averaged contents.

Clay minerals in surface sediments from the ECMS show regional
disparity distribution (Fig. 7, Table 3). Generally, illite (32%-85%) is
still dominant in the clay mineral assemblages of sea surface sediments
of ECMS and appears highest content on the seafloor close to Taiwan
Island (71.0%), including eastern Taiwan Strait and northeastern SCS.
Smectite (0-33%) is relatively low in the sea, showing high contents at
the Liaodong Bay in northern BS, the Jiangsu Coast in eastern YS, and
the Beibu Gulf in SCS. Smectite contents of sediment from the inner shelf
of ECS are relatively higher than those from the central YS and Taiwan
Strait. Kaolinite (0-41%) appears higher in the north while lower in the
south, with the lowest values around the Taiwan Island and the highest
values near the Pearl River Estuary on northern SCS shelf. Chlorite (6%—
33%) in clay minerals show similar distribution pattern as illite, with
high values around the Taiwan Island and in areas close to the Korean
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Peninsula. The CI values of illite were rarely reported for surface sedi-
ments in the previous studies, only 146 samples have reported the CI
values at 0.28-0.44, which are mainly distributed close to the Taiwan
Island in the northeastern SCS (Fig. 7e). The KI values of illite were
analyzed for 387 samples in northern BS, northeastern SCS, eastern SYS,
and the Yangtze River estuary (Fig. 7f). The distribution of KI values in
the surface sediments is similar to those in river sediments. For example,
the high KI values in ECS samples (0.51) and BS samples (0.40) are
approximate to those from the Yangtze River and the North China rivers,
respectively. Samples in northeastern SCS exhibit very low KI values
(0.17), which are similar to the Taiwan rivers.

5.2.2. Records of clay minerals since the last glaciation

Clay mineral compositions of the core sediments are shown in Figs. 8
and 9. Original data and detailed statistics are given in Appendix
Table S4 and S5, respectively. Illite in most of the samples appears
highest content, which is consistent with the modern distribution pat-
terns in the ECMS (Figs. 6 & 8). Smectite contents are generally low in
most cores, but appears commonly high values in cores U1429 in the
northern Okinawa Trough (Zhao et al., 2017), CSDP-1 in the YS (Zhang
et al., 2019), and ECS1601 in the ECS (Cong et al., 2021). Kaolinite
content in the core ZX-1 at the Yangtze Delta Plain (Wang et al., 2006)
and the core R24 on the ECS shelf (Jia et al., 2012) is obviously higher
than samples from the ECS mud belt (Fig. 9). Chlorite contents exceed
30% in the core MZ01 (Liu et al., 2010b) and are lower than 10% in the
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Table 4
Variation trends of clay mineral compositions of compiled core sediments.
Core name Time period (ka) Sample number Smectite Illite Kaolinite Chlorite Illite CI Illite KI
QTZ3 0-4 9 " 1" - - - -
4-8 8 - - - - - -
8-12 9 - - - - - -
12-18 7 _ n _ M 1
18-24 5 - - - - - -
24-32 6 - - - - - -
32-50 7 - - 1 - - -
50-130 3 - - 1 1 - -
0-4 75 - " W 1 - -
4-8 134 - ! - 1 - -
MZ02 8-12.68 178 - 1 - 1 - -
0-4 28 - - - - -
4-8 20 - - - - -
8-12 15 - ! 1 1 -
12-18 8 1" 1l - - - -
18-24 7 - - - - - -
24-32 12 - - - - - -
CSDP-1 32-58 30 ! - - - -
0-4 11 1 - - - - -
4-8 5 - - - - - -
JRD-N 32-58 6 - 1 - - -
0-4 33 - 1 - no data no data
4-8 32 - - - no data no data
CJK11 8-9.81 5 - - - - no data no data
0-4 40 N - I - T -
c5 4-7.32 28 - - 1 - -
c7 0-4.84 61 1 1 1 - -
0-4 49 T - I T - -
c9 4-5.09 10 - - 1 - 1 -
0-4 30 - I " - 1
c10 4-8.58 37 1 - - ! - 1
0-4 8 - - 1l - -
4-8 9 - - - - -
8-12 3 - - - - - -
12-18 15 " W ™ -
18-24 39 - - - - - -
24-32 40 - - ! -
32-58 89 - - - - - -
58-75 52 - - - - - -
CSHC-15 75-130 64 - - - - - -
0-4 38 " - i no data no data
4-8 7 - - - - no data no data
8-12 41 l - - - no data no data
ECS-1302 12-14.77 46 ) - 7 no data no data
0-4 47 1 - - - -
4-8 74 - - -
8-12 72 - - - - - -
12-18 82 - - - - - -
18-24 43 - - - - - -
MD18-3569 24-31.38 63 - - - - - -

11: Significantly increase (p < 0.05 and regression slope > 0.5); ||: Significantly decrease (p < 0.05 and regression slope < -0.5); 1: Slightly increase; |: Slightly
decrease; —: Balanced or no significant change. For detailed data and statistic results, please see Appendix Tables S4 and S5.

core ECS1601 (Cong et al., 2021), both cores are located in the center of
the ECS mud belt (Fig. 9). The fluctuation of clay mineral composition in
most cores is less than 3% between each time interval, except for cores
7ZX-1, R24, CSHC-15, U1429, CSDP-1, JRD-1 and MZ03 (Appendix
Table S5). Obvious clay mineral changes mainly appeared during the
deglaciation (18-12 ka) to the early Holocene (12-8 ka) in these cores,
indicating possible changes in the clay mineral provenance from the low
sea-level and high sea-level periods (Fig. 9, Table 4). Some of the cores
also exhibit clay mineral changes during the late Holocene (4-0 ka).
The difference among sediment cores is higher than the temporal
variation in clay minerals in a single core, even though the cores are
close to each other in position (Figs. 8 & 9). For example, the core
ECS1601 (120°39'36" E, 26°50'24" N) at the central part of the mud belt
shows extremely high percentages of smectite (Cong et al., 2021), while
the core C9 (120°54'00" E, 26°58'44.4" N) and MZ01 (120°50'56.4" E,
26°32'49.2" N) contain smectite less than 10% and 5%, respectively (Liu
et al., 2010b; Zhang et al., 2022c). Sediment cores that are analyzed in
the same study or taken by the same research team appear to have
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similar clay mineral composition, although their position may be quite
distant from each other. The cores C5, C7, C9, and CI10
(119°52'12.6"-122°17'59.4" E, 25°49'58.8"-28°44'16.8" N) (Zhang et al.,
2022c) exhibit similar compositions of clay minerals. The reported clay
mineral data were given an analytical error of ~5% by replicate analysis
each in the original articles. However, it is also suggested that the
smearing method during XRD analysis and quantification programs
(TOPAS, MDI Jade, etc.) have inherent errors for about 2%-10% (Warr,
2022; Xu et al., 2016; Xu et al., 2023b). Thus, the obtained results by
using different programs may cause such inconsistency in clay mineral
compositions within the mud belt. Besides, the local input from coastal
rivers or rocks can also introduce influences that remain hard to esti-
mate. The cores YSC-1 and YSC-4 located on the central YS mud show
similar compositions of clay minerals to those on the ECS mud or the
Yangtze River sediments, which is characterized by high contents of
illite. The core CSDP-1 on the southwestern part of the YS has approx-
imate smectite-high composition to the Yellow River sediments (Fig. 9).
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6. Discussion

6.1. Sedimentary environment and climate evolution in the eastern China
margin since the last glaciation

The East Asian monsoon mainly controlls the climate conditions in
the eastern China margin, primarily including temperature and precip-
itation aspects. Paleoclimate reconstructions in the last decades have
revealed that the mean annual temperature (MAT) was ~5 °C lower
during the LGM and ~1.5 °C higher in the Holocene thermal optimum
during 5-7 ka BP, while the mean annual precipitation (MAP) was
decreased for 54%-62% but higher varied in seasons during the LGM (Lu
et al., 2024). Due to the global ice volume changes, the sea level was
about 60-100 m below present in MIS 3 (Marine Isotope Stage 3) and
about 120 m below present in the LGM period (Fig. 4) (Grant et al.,
2014; Rohling et al., 2014; Siddall et al., 2008). During MIS 4 and MIS
2 with low sea levels, fine-grained sediments were transported to the
continental slope and deposited mainly in the Okinawa Trough (Shi
et al., 2024). The incised paleochannel systems were filled with fluvial
and subsequently estuarine sediments, truncated by transgressive as sea
level rose (Liu et al., 2023a; Liu et al., 2010a; Yang et al., 2022). Few
fine-grained sediment was preserved on the exposed shelf area as a
terrestrial environment until the sea level rose rapidly during the last
deglaciation (Li et al., 2014a; Wang et al., 2015b). During the sea-level
rising period from ~14-10 ka, the river channel and flats were sub-
merged and became estuarine (Jin et al., 2023; Liu et al., 2023a; Yang
et al., 2017) and shallow marine (Liu et al., 2021a; Shan et al., 2023;
Shang et al., 2018) environments (Fig. 10). The sediment sources for the
continental shelf have become more diverse due to the ocean circulation
system (Li et al., 2014a; Liu et al., 2018b). The mud deposits in the
modern ECMS were mainly developed after the strongest transgression
in the Holocene (Fig. 10) (Dong et al., 2020). It is suggested that there
was a shift of sediment provenance in the Okinawa Trough from pri-
marily supplied by the large rivers (i.e., the Yellow River and Yangtze
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River) in the glacial period to increasing contribution of Taiwan,
Kyushu, and reworking of sediments on the ECS shelf during the Holo-
cene (Li et al., 2019; Shi et al., 2024).

Since the middle Holocene, as the sea-level approached its present
position, river sediment accumulation led to progradation of modern
deltas and coastal plains along the eastern China coast, such as the
Yangtze River (Hori et al., 2001; Zhao et al., 2018a), the Qiantangjiang
River (Zhang et al., 2014), and the Mulanxi River (Li et al., 2025). The
coastal plain of the Oujiang Delta at present was formed since ~6 ka
when the transgression drowned the Oujiang River channel (Zhejiang
Water Resources Department, 2020; Wu et al., 2019). A paleosol layer
was found in the strata beneath ~30 m at the Wenzhou coastal plain
(Fan et al., 2019; Shang et al., 2018). The paleosol was widely distrib-
uted in the strata of the Yangtze Delta and northern Zhejiang Plain when
the lowlands of the southeastern China were exposed and suffered
weathering and oxidation during the Holocene-Pleistocene boundary
(Wang et al., 2006; Zhang, 1991). The sedimentary succession in the
core QTZ3 above the paleosol layer was composed of shallow shelf and
deltaic deposits (Fig. 3), reflecting the submerging of the Oujiang River
estuary from ~12 ka and the buildup of the Oujiang Delta in ~4-5 ka,
which is comparable with other cores drilled in the adjacent area (Fan
et al., 2019; Shang et al., 2018; Yang et al., 2022; Yuan et al., 2023).
The succession below the paleosol layer was interpreted as terrestrial
deposits, including diluvial, fluvial and lacustrine sediments. Two
lacustrine layers with different characteristics in lithology appear in
39.0-56.7 m and 61.5-80.5 m, indicating that the two paleo-lakes had
diverse attributes in the Oujiang River basin during their depositional
processes (Fig. 3). Given that no visible unconformity were found in the
sediment core, we infer the upper and lower segment of lacustrine de-
posits correspond to the LGM and MIS 3, respectively, which is consis-
tent with the paleoenvironmental characteristics in previous studies
(Fan et al., 2019; Wu, 2019; Wu et al., 2019).
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6.2. Provenance of the fine-grained sediments in the eastern China margin
since the last glaciation

6.2.1. Clay-mineral-based provenance interpretations for the Oujiang Delta

We recognize that the river drainage and weathering conditions
varied with climate change (Hu et al., 2014; Wang et al., 2011; Wei
et al., 2025; Zhao et al., 2017). The variability of sediment composi-
tion is higher in small mountainous rivers compared to large rivers (Jian
et al., 2020b; Zhang et al., 2011; Zhang et al., 2022b). Therefore, it is
essential to identify how the clay minerals in the sediment have evolved
within the river basin.

Weathering and erosion of rocks in the river basin contribute to most
sediments in the Oujiang Delta. Clay mineral compositions of the present
riverbed sediments exhibit differences between the fluvial reach and the
tidal reach of the Oujiang River (Fig. 12). Kaolinite content is much
higher in the fluvial reach (24%-31%) than that in the tidal reach (9%-—
12%). Smectite has increased from 3%-5% in the upper reach to 10%-
11% in the tidal reach (Fig. 12a). Illite and chlorite have also increased
by 5.7% and 3.6% on average, respectively. It is noteworthy that tidal
reach samples reported by Yang (1995) are suspended sediment, while
other samples of the Oujiang River are riverbed deposits (Fig. 12a)
(Guang et al., 2025; Liu et al., 2016b; Xue et al., 2018a). Other moun-
tainous rivers in the Zhejiang-Fujian area show similar clay mineral
composition and spatial distribution to the Oujiang River (Liu et al.,
2016b; Mei et al., 2021; Wang et al., 2024). Kaolinite is common in
sediment with intense chemical weathering from acid-intermediate
igneous rocks. Conversely, smectite is known as a product of weath-
ering from mafic rocks (Chamley, 1989; Fagel, 2024; Liu et al., 2009).
The widely distributed volcanic sedimentary rocks and granitic rocks in
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the Zhejiang-Fujian area are suitable for kaolinite production (Wang
et al., 2024). The Mesozoic and Paleoproterozoic sedimentary strata
can also provide recycled grains to river sediments (Zhu et al., 2025; Li
et al., 2018b; Deng et al., 2018). Clay minerals in the Cretaceous strata
contain a high percentage of illite (~80%) with low CI (0.2-0.3) and
moderate KI (0.5-0.6) values (Liu et al., 2012c), which possibly pro-
duced inherited illite within the river basin (Fig. 2).

Marine sediments transported by tidal currents are another impor-
tant material source of the delta sediment, which originates primarily
from large rivers in the ECMS case (Cai et al., 2020; Liu et al., 2006,
2018c). Clay mineral compositions of river sediments vary along the
river from the upper to lower stream, mixing up under the tidal influence
at the terminal estuary (Guyot et al., 2007; He et al., 2013). Generally,
sediments in the estuarine environments of most rivers in eastern China
exhibit higher smectite and lower kaolinite contents than those in the
mainstream (Wang et al., 2024; Zhao et al., 2018c). A study on the
surface ECS mud sediment has shown that clay mineral composition has
no significant change after leaving the Yangtze Estuary (Gao et al.,
2004), which is also supported by our data collection results (Figs. 6
& 7, Table S2). Combined with the modern distribution of sediment clay
minerals across the Oujiang River, we suggest that the increased smec-
tite content (~5%-10%) in estuary samples is possibly related to the
influx of muddy sediments from the ECS.

For the core QTZ3, smectite contents in sediments are generally
decreasing during the Late Pleistocene, while the KI values of illite
maintained fluctuating at a low level. An obvious reduction of smectite
contents was found at 32 ka (~65 m in core) (Figs. 5 & 12). The smectite
reduction is consistent with the sedimentary facies shifting from a
lacustrine deposit in MIS 3 to a fluvial deposit (Fig. 3). Since the
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15



Y. Chen et al.

sediments within 50-12 ka represents a terrestrial environment under
the Oujiang River control, we infer that the relatively high smectite
content in this segment was not from the ocean at that time. The
smectite content reduction might be related to changes in the upstream
water system of the Oujiang River basin. On the other hand, the damp
and cool climate in the interstadial period (MIS 3) might be suitable for
smectite preservation within the Oujiang River basin (Galan and Ferrell,
2013; Steudel et al., 2009). The smectite proportion and its variation in
clay minerals significantly increased within the Holocene period (0-36
m). At the same period, the KI values also increased by ~0.12 (Table 2,
Fig. 5), indicating the provenance change and strengthened marine in-
fluence (e.g., tidal effect, coastal current intensity, sea level changes).
Clay minerals assemblages of sediment from the deltaic deposits within
4 ka exhibit reduction in smectite and increase in illite, kaolinite, and CI
values than these during the early Holocene period (Fig. 5). The clay
mineral composition of the QTZ3 sediment within 4 ka is similar to that
from the Yangtze River prodelta, ECS mud belt and part of tidal reach
samples of Oujiang River (Figs. 6 & 12). Consequently, we conclude that
the Holocene sediments from the uppermost 36 m of the core are both
contributed by eroded materials within the Oujiang River basin, and
muddy deposits from the southern ECS.

6.2.2. Clay-mineral-based provenance interpretations for the ECMS
In the ECMS region, illite is the most abundant among the four major
clay minerals in river and marine sediments (Fig. 7). The clay mineral
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exhibit uncorrelated changes with climate zones. The distribution
pattern reflects the combined effect of source area bedrock lithology and
climate (Table 3, Fig. 13). For example, clastic rocks have primarily
produced the illite-rich sediments in Taiwan rivers and the Yellow River
basins where chemical weathering is limited, leading to low values and
small variation of CI and kaolinite/illite values (Pang et al., 2018).
Clastic rocks in the Zhejiang-Fujian area also produce considerable illite-
rich sediments with low CI values in mountainous river sediments
(Figs. 6 & 7) (Fu et al., 2025; Wang et al., 2024). The spatial distribution
of smectite in estuary and shelf sediments possibly indicates the effect of
the sea rather than chemical weathering in the river basin, as discussed
above concerning the Oujiang Delta. Moreover, the variation of smectite
also exists among the present surface sediments within the YS (Fig. 6).
Except for the experimental errors across research, this variation may
indicate distinct formations of the central YS and ancient Yellow River
Delta (Hanebuth et al., 2015; Qiao et al., 2017).

Some of the sediment cores from the ECMS have recorded the fluvial
deposits during the low sea-level period in the last glaciation, which are
regarded as river signals (Fig. 11a). Compared to modern river sedi-
ments (Table 3), clay mineral compositions from sediment cores exhibit
higher smectite contents in the paleo-Yellow River (CSDP-1), higher
kaolinite contents in the paleo-Yangtze River (ZX-1), and higher illite
contents in the paleo-Oujiang River (QTZ3), the paleo-Minjiang River
(MZ03), and the paleo-Zhuoshui River (JRD-N) (Fig. 11). The variation
in river clay mineral signals can be related to evolution in the drainage

proxies of modern river sediment are quite varied in each river basin and system, weathering characteristics, and changes in sediment
[}
0.6 —ﬂ 0.6—ﬂ
] @
0.5 ¢ 0.5-
£ &
= 044 0.4
2
£ By >
0.3 0.3 >
g Poke o >
(VAN 4 = A | A H
0.2 gﬁﬁg af ® ﬁm 0.2 & v,
(] ] (]
| 9N By e o7 & me = %y
O
0.19 =4 0.1 P
T T T T T T T T T T T T T T T T T
06 0 2 4 6 8§ 10 12 14 6 02 0.3 0.4 0.5 0.6
. J Illite CI
c Sample Age (ka)
0.5 0 5 10 15 20 25 30 35 40 45 50
’ Clay minerals in core QTZ3
| RN A Late Holocene
— A O Mid-Early Holocene
O = Deslaciati
0.4 T o A v eglaciation
= < < LGM
] < % g @ Interstadial
B 04 O > Middle Pleistocene
0.3 gua * = Clay minerals from modern Oujiang Rlver
By ‘. © Xueetal. (2018)
1 O > i
& * Liuetal. (2016)
> A Yang (1995)
0.2 T T T T I

—— .
o 2 4 6 & 10 12 14

Smectite (%)

© Guang et al. (2025)

16

Fluvial Tidal
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Different colors are used to distinguish the age of the sample, and shapes of point marks the samples from each time period. Sediment samples from the fluvial and
tidal reach are mapped in red and green, respectively. Due to the lack of illite CI data in the previous studies, the reference points are not displayed in (a) and (b).

Modern sediment data are from Xue et al. (2018a) and Liu et al. (2016b).
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provenance. The contrast between illite-rich Taiwan strata and
kaolinite-rich continental sediment has led to the clay mineral mixing
and fluctuation at the river mouth (e.g., JRD-N) and in the Taiwan Strait
(e.g., F15 and MZ03) during the Holocene (Fig. 14) (Shan et al., 2023;
Zhang et al., 2022b). The sand ridges on the outer shelf of the ECS are

thought to be recycled sediment at the paleo-Yangtze Delta (Li et al.,
2014a; Yang et al., 2014). Sediment in the core R24 during the last
deglaciation at the ECS tidal ridge shows similarity to the modern
Yangtze Delta sediment in the core ZX-1 (Berné et al., 2002; Liu et al.,
2007) (Fig. 11). The deep-sea Okinawa Trough is also implicated as
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Fig. 15. Downcore changes of sediment provenance indicators: (a) Th/Sc ratio, (b) 878r/808r, and (c) eNd in sediment cores since the last glacial maximum (< 30 ka).
The temporal variations of sediment provenance responses in different regions show varying trends. The data shown in the figure is from core ZK2 (Hu et al., 2012),
CSDP-1 (Huang et al., 2019), U1428 (Anderson et al., 2018), U1429 (Zhao et al., 2018b; Zhao et al., 2017), CM97 (Bi et al., 2017), CJK-11 (Xu et al., 2024), MD06-

3040 (Bi et al., 2017), MLX-S (Li et al., 2025).

sediment signals from the inner shelf changed (Figs. 9 & 10) (Shi et al.,
2024; Zhao et al., 2017). The cores CSHC-15 and U1429 in the Okinawa
Trough remain marine settings as the sea level fluctuations. The clay
mineral compositions of these two cores showed decreases in smectite
and kaolinite, as well as an increase in illite and chlorite after the LGM
(Figs. 9 & 11), which indicates a remote response of sea-level-induced
provenance change on the continental shelves. The core MD18-3569
at northern SCS shows small changes in clay mineral composition in
the glacial-interglacial cycle (Fig. 11), representing a stable sink of
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sediment from southwest Taiwan Island (Bertaz et al., 2024).

The kaolinite/illite in sediment cores show opposite trends in
different regions during the middle-late Holocene (Fig. 14). Specifically,
cores that are affected by the Yangtze River sediment appear increasing
trends of kaolinite/illite values, including the Yangtze Delta, the ECS
mud belt, and the Oujiang Delta. Inversely, kaolinite/illite values do not
obviously change or even show opposite trends in the Yellow Sea (YSC-
1, YSC-4 and CSDP-1), the ECS sand ridge (R24), the Okinawa Trough
(U1429 and CSHC-15), the northeastern SCS (MD18-3569), the Taiwan
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rivers estuary (JRD-N), or the Taiwan Strait (F15). Given that modern
sediments exhibit higher kaolinite/illite values in Zhejiang-Fujian rivers
than those from the Taiwan rivers or the Yangtze River (Fig. 13b), we
infer that these opposite trends in cores indicate enhanced Zhejiang-
Fujian rivers’ contribution to the ECS during the middle-late Holo-
cene. Previous studies have utilized the smectite as an indicator of the
Yellow River-derived contribution to the ECS (Liu et al., 2024). How-
ever, we realize that the local input from mafic rocks in the Zhejiang-
Fujian area may influence the smectite contents in clay minerals (Liu
et al., 2016b; Qi and Jian, 2026). Furthermore, the smectite-rich sedi-
ment derived from the Yellow River can hardly bypass a majority of core
samples during the ECS mud belt formation and only deposit in specific
locations such as the core ECS1601 (Fig. 14).

6.2.3. A multi-proxy perspective on the fine-grained sediment provenance of
the ECMS

Other sedimentary proxies such as Sr-Nd isotope (e.g., Cai et al.,
2020; Gao et al.,, 2025; Guo et al., 2021; Rao et al., 2017) and
elemental geochemistry (e.g., Bi et al., 2015, 2017; Su et al., 2017; Wei
et al., 2012) have been utilized as indicators of fine-grained sediment
provenance in the ECMS. Previous investigations on shelf sediments
from the YS (Hu et al., 2018; Koo and Cho, 2020; Um et al., 2015) and
ECS (Dou et al., 2016; Wu et al., 2023; Xu et al., 2023a) reveal that the
two large rivers-the Yellow River and the Yangtze River—collectively
dominate the sediment budget, whereas small rivers (e.g., the Mulanxi
River) only affect the nearshore area at their estuaries (Fig. 15). How-
ever, the geochemical characteristics of the Yangtze Delta, Yellow River
Delta and the muddy depocenters exhibits similarities, while sediments
from mountainous rivers show greater differences (Gao et al., 2025; Li
et al., 2025; Xu et al., 2019). The dispersion of reference values causes
ambiguous quantification on the relative contributions of the two large
rivers. By using modern river sediments as the end-member, some
studies implied that the Yellow River has contributed 20%-60% of the
sediment in the Yangtze Delta during the Holocene (Xu et al., 2024;
Zhang et al., 2023). For the sedimentary sink in the Okinawa Trough, it
is suggested that sediment contribution from Taiwan and Kyushu have
increased during the transgression (Fig. 15), while the sediment outputs
by the Yangtze River and the Yellow River were trapped in the ECS and
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YS (Li et al., 2019; Shi et al., 2024).

Quantifying the sediment contribution from recycled sedimentary
strata remains difficult, as most conventional geochemical provenance
indicators (e.g., eNd, Th/Sc) are primarily based on the characteristics of
the magmatic rocks or the original magmatic parent-rocks of the sedi-
mentary strata in the source area. Due to the extensive distribution of
Mesozoic granitic rocks within the basin, fluvial sediments from the
small-scale Zhejiang-Fujian rivers (e.g., Mulanxi River, Jiulongjiang
River) show more positive eéNd values and broader ranges of 87Sr/%%sr
values than sediments from the Yangtze River and the Yellow River (Gao
etal., 2025; Li et al., 2025). The core MD06-3040 from the ECS mud belt
(Fig. 1) shows increasing Th/Sc, eNd values and 8”Sr/2%Sr ratios during
the middle-late Holocene (Fig. 15). A previous study suggested that
MDO06-3040 sediment originated from the Yangtze River, and changes in
geochemical proxies were interpreted the contribution from the upper
and lower catchment of the Yangtze River (Bi et al., 2017). However,
when compared with the CM97 from the Yangtze Delta and the core
MLX-S from the Mulanxi Delta (Figs. 1 & 15), we believe that variation
of these geochemical indicators of the ECS mud sediment supports an
increasing contribution from the Zhejiang-Fujian rivers, which is
consistent with the clay-mineral-based interpretations. We realize that
differentiated hydrodynamic sorting during transport and deposition
processes may introduce additional deviations in both geochemical and
clay mineral data (Schieber et al., 2023; Schieber and Yawar, 2025;
Warr et al., 2024). The grain-size effect of the investigated sediments
disturbs the geochemical compositions by concentrating different min-
erals (Dou et al., 2022; Frings, 2019; Fu et al., 2025; Gao et al., 2025;
Wang et al., 2015b). While clay minerals can indicate the erosion of
sedimentary rocks, their limitation to a narrow grain size range causes a
poor indicative effect in sandy sediments (Garzanti, 2017; Warr, 2022).
A regional compilation of various proxies can enhance the robustness of
provenance interpretation. For example, the smectite in clay minerals
may originate from mafic rocks weathering, which can be combined
with the Th/Sc ratio or other heavy metal element (e.g., Cr and Ni)
proxies (Bayon et al., 2023; Murray and Jagoutz, 2024) to comprehen-
sively indicate the contribution of felsic and mafic components to the
ECMS sediments.
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6.3. Decoupled clay-mineral-based weathering intensity and local climate
in land-sea transition zones

Clay mineralogical proxies are widely utilized for evaluating
weathering intensity in sediment source-to-sink systems (Chen et al.,
2014; Nayak et al., 2022; Wang et al., 2024; Warr et al., 2024; Zhang
et al., 2019). A low KI value indicates good crystallization, which may
be either resulting from the illitization during diagenesis or weak
alteration during chemical weathering. The low and high CI values are
used to indicate Fe-Mg-rich and Al-rich illite, respectively, which further
imply the lower and higher intensity of chemical weathering (Steinke
et al., 2008; Wang et al., 2024; Yu et al., 2020). Ratios of clay min-
erals (kaolinite/illite, smectite/illite, (kaolinite+smectite)/(illite+-
chlorite), etc.) are also important proxies reflecting the enrichment of
specific minerals. For instance, kaolinite and smectite are considered
weathering products of a deeper stage than illite, thus a high kaolinite/
illite (or smectite/illite) ratio indicates strong chemical weathering de-
grees (Fagel, 2024; Kumari and Mohan, 2021; Mei et al., 2021; Wang
et al., 2024). However, the weathering intensity evaluation based on
clay mineral data was disturbed as sediment sources, transport and de-
posit conditions change with climate.

Clay minerals in the sediment core QTZ3 during the Late Pleistocene
period (including Interstadial, LGM, and Deglaciation) were primarily
from the Oujiang River drainage. In comparison to modern fluvial reach
sediments, sediments from these periods were characterized by higher
illite and lower kaolinite contents (Figs. 5 & 11). The relatively low
kaolinite/illite values in this period may correspond to the cold climate
conditions during the last glaciation. Inversely, the CI and KI values of
illite show opposite variation to the kaolinite/illite values. The CI values
have increased in the LGM period while the KI values remained stable
(Fig. 5, Table 2), which seems inconsistent with the theoretical lower
weathering intensity. Furthermore, clay-mineral-based weathering
reconstruction diverges from previous palynologically inferred paleo-
climate trends of the core QTZ3 (Fig. 3). The previous reconstruction on
coastal plain vegetation succession using pollen from herbs, ferns, and
Quercus species that have limited transmission ability, reflected pre-
dominantly local conditions around the Oujiang Delta (Wu, 2019).
Inversely, clay minerals are smaller in grain size and can record basin-
wide environmental signals across the river drainage (Fagel, 2024; Fu
et al.,, 2023; Wang et al., 2023). The difference in spatial representa-
tivity leads to a decoupling between clay-mineral-based weathering
intensity and local paleoclimate conditions. During the Holocene period
(~12ka), the variability of CI, KI, and kaolinite/illite values increased as
marine sources were involved (Fig. 5). Clay minerals in the core QTZ3
for this period do not reliably reflect the weathering intensity and cli-
matic conditions within the Oujiang River basin.

In the ECMS region, the fine-grained sediment fluxes are predomi-
nantly from large river systems, which integrate weathering signals from
extensive catchment with heterogeneous material source and climate
(He et al., 2013; Zhang et al., 2022b; An et al., 2020). The weathering
signals from numerous rivers may be mixed by the tide and current ef-
fects along the marginal sea. As a result, the spatial distribution of clay
minerals in the ECMS shows inconsistency with regional climate pat-
terns (Figs. 7, 9 & 13). This complexity implies that the interpretation of
clay-mineral-based weathering indicators in marginal sea settings re-
quires a broader spatial perspective, and accounting for non-weathering
factors such as sediment source, transport agents, and depositional
environments.

Based on the clay mineral database of surface and core sediments, we
find that among the commonly used weathering indicators of clay
minerals, the KI value is restrictedly changed by weathering and it is
more sensitive to the lithological composition of parent rocks (Fig. 13a),
whereas the slope of the correlation between CI and kaolinite/illite
values can reflect the weathering effects on different parent rock types
(Fig. 13b) (Fu, 2025). From a regional perspective, the distribution of KI,
CI, and kaolinite/illite values in modern and past sediments indicate
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that clay minerals within the ECMS sediments are mainly derived from
sedimentary rocks. This implies that recycled clay minerals and their
further weathering may mislead or overprint the weathering signals.
Consequently, variations in clay mineral assemblage and single-mineral
indices (CI and KI) are related to both weathering and non-weathering
effects on fine-grained sediments from the entire sediment source-to-
sink system. These findings highlight that the paleoclimate reconstruc-
tion by clay mineral proxies is conditional upon a clear understanding of
provenance lithology and sedimentary recycling history.

6.4. Controls on clay mineral formation and transport dynamics in the
land-sea transition zone: a review

As described in the sections above, the clay mineral assemblages
exhibit great variation in cores from different areas and in time intervals
with diverse climatic conditions. Climate is a crucial factor that affects
clay mineral composition on the Earth’s surface (Fagel, 2024). However,
sediment formation and clay mineral composition therein are of course
not only determined by climate (Li et al., 2014a; Wang et al., 2022b).
There are also other factors that control clay minerals in sediment, such
as the source, transport process, and preservation environment (Bi et al.,
2015; Li et al., 2021; Liu et al., 2012b; Liu et al., 2016b). We realize that
these processes and factors are also highly influenced by climate change.
Thus, the impacts of climate change on sediment composition can be
indirect and indistinct because of the complicated mixing processes,
especially in the land-sea transition zone.

6.4.1. Parent rock types: the clay mineral sources

The source of sediment is the fundamental factor that controls clay
mineral composition (Galan and Ferrell, 2013). Original minerals in
parent rocks supply either inherited clay minerals or materials for sec-
ondary clay mineral formation (Chamley, 1989; Fagel, 2024; Galan,
2006). Various lithologies exhibit different preferences and easiness to
produce clay minerals under different weathering degrees (e.g., Deepthy
and Balakrishnan, 2005; Nesbitt and Young, 1989; Tan et al., 2017). This
lithological controls is evident in large rivers (e.g., the Yangtze, Yellow,
Mississippi, and Amazon Rivers), where tributaries originating from
different lithological areas induce sediments with diverse clay mineral
assemblages to the mainstream, and subsequently to the estuary and the
marginal seas (Zhao et al., 2018c; Pang et al., 2018; Zhang et al., 2019;
Sionneau et al., 2008; Guyot et al., 2007; Huang et al., 2019). Similarly,
this lithological control also plays an important role in distinct clay
mineral compositions between river sediments from small-scale Fujian
rivers (e.g., Tongshanxi, Mulanxi, Jiaoxi Rivers) (Mei et al., 2021; Wang
et al., 2024) and Taiwan rivers (e.g., Zhuoshui, Gaoping, Daan, Lanyang
Rivers) (Liu et al., 2008b; Nayak et al., 2022; Xu et al., 2009) under
similar climatic settings. The Mesozoic volcanic-sedimentary or sedi-
mentary strata and granitic igneous rocks are widely distributed within
Fujian rivers basins, and the Cenozoic clastic and slightly meta-
morphosed sedimentary strata on the Taiwan Island would be consid-
ered as primary control (Nayak et al., 2022; Wang et al., 2024). Our
results suggest that a large proportion of clay minerals in marine sedi-
ment originated from clastic rocks in the ECMS case (Fig. 13), the newly-
formed clay minerals from modern weathering on igneous rocks, such as
granitic rocks in Zhejiang-Fujian province, seem to contribute a small
proportion (Fu et al., 2023; Garzanti et al., 2021; Warr, 2022).

6.4.2. Climatic conditions on the land surface: effects from weathering,
vegetation, and hydrology

The climate change directly impacts the sediment composition
through weathering, including chemical, physical, and biological as-
pects. These processes are highly related to local temperature, precipi-
tation, and extreme weather events. A significant factor is the hydrolysis
process that causes alteration in minerals during chemical weathering,
leading to higher CI and KI values in illite (Chamley, 1989; Wang et al.,
2016). With further weathering, silica concentration decreases, chlorite
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was no obvious influence from human activities until the past 2 ka when 2 é
the agricultural productivity and population developed (Hoffmann 2 Elo °
et al., 2010; Kemp et al., 2020). Agricultural activities have modified 2|8 E S § 5 S
the land cover, resulted in soil erosion that introduces more fine-grained R oo
sediment flux to the river basin (Jenny et al., 2019; Zhang et al., 2022a). E
Over the past 100 years, a series of engineering projects have been E =
established around river systems and coastal areas (e.g., reservoirs, T E
dams, large bridges) (Bianchi et al., 2024; Wang et al., 2011). For g % ;é g
example, recent sediment from the Zhejiang-Fujian coastal area exhibits Z| <5 3 § = 3
a fining trend and decreasing contribution from the Yangtze River after é 5 E v S 8w
the Three Gorges Dam impoundment (Wang et al., 2008; Xu et al., B
2016). Collectively, human-induced changes in sediment contributions <
must be considered when interpreting clay mineral records from modern _f:': g E
and ancient rivers. Bl5E|lg o 8 o

§ z3|& 2 3 B
6.4.4. Sea-level and ocean dynamic impacts on river catchment, estuarine, s
and marginal sea environment: provenance, transport pathway and EJ - o
preservation controls 8 g &

The strong tidal effect modified the neritic seafloor as the sea level % é _-‘: 2T g9,
rose. Since the last deglaciation, tidal-related landforms have formed in g g g $ § 'g 5 g
areas such as the outer ECS shelf, the Yangtze Estuary, southeastern YS, % E § ? E 5 § g 5
and the Shandong Peninsula (Berné et al., 2002; Uehara and Saito, 2003; 2° £ oFEs B EE
Xue et al., 2018b). Thus previously deposited sediments on the exposed é L e
shelf can be reworked and retransported (Fagel, 2024; Rao et al., 2017; 1 § £ % Eﬂ‘s % o f,“:; o
Jia et al., 2012). Furthermore, the tidal effect spreads the impact from % E‘ i oy 25538 S QEJ
sea-level change onto the land through river estuaries and lower &3 = S .
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reaches. Mountainous rivers in southeastern China have tens to over one
hundred kilometers of tidal reaches on their coastal plains (Fujian
Province Local Chronicles Compilation Committee, 2001; Zhejiang
Water Resources Department, 2020; Chen et al., 2024; Tu et al.,
2014). As a result, fluvial sediment samples do not entirely represent
signals of the river itself in the lower reach where tidal effect exists (Liu
et al., 2018a; Wang et al., 2024; Xue et al., 2018a). Furthermore, tidal-
induced changes in fluid dynamics and characteristics (velocity, salinity,
etc.) lead to various sedimentary behaviors for clay minerals such as
flocculation and settling (Khojasteh et al., 2020; Schieber et al., 2023;
Schieber and Yawar, 2025).

The formation of coastal circulation systems around the ECMS since
8 ka has been a combined effects of sea level fluctuation and monsoon
climate (Li et al., 2009; Xu et al., 2023a). The East Asian summer
monsoon reached a maximum intensity in the early Holocene,
enhancing precipitation in subtropical East Asia (Chen et al., 2017c), as
recorded by the stalagmite 5180 values (Fig. 14) (Chen et al., 2015; Liu
et al., 2020). Since then, the hydrodynamic framework in the marginal
seas has interacted with river plumes at estuarine areas and has
impacted the fine-grained sediment transport (Bernardes et al., 2012;
Liu et al., 2021D). Coastal current intensity changes during the high sea-
level period not only altered sediment contributions from rivers, but also
affect the fine-grained sediment depocenters migration (Hanebuth et al.,
2015; Zhang et al., 2020). Evidence from sedimentary rates of the ECS
mud shows that the depocenter moves northward to the Yangtze Estuary
(Liu et al., 2024; Zhang et al., 2022c), while the sediment production in
the Yangtze River basin has intensified in the late Holocene (Dong et al.,
2020). The central YS mud formed under circulation-vortex dynamic
action, where the sediment contribution from the Yangtze River and
Korean rivers plays more influential roles (Hu et al., 2018; Li et al.,
2014b; Qiao et al., 2017; Zhang et al., 2020). Our provenance in-
terpretations (mainly revealed by kaolinite/illite values, Fig. 14) suggest
an increased sediment contribution from the Zhejiang-Fujian rivers
since the middle Holocene, which coincide with decreased sedimenta-
tion rates in the muddy depocenter, supporting a weakening of coastal
current at that time (Liu et al., 2024; Zhang et al., 2022¢) (Fig. 16). The
attenuated coastal current also accords with the well-accepted weak-
ening trend of the East Asian winter monsoon (Lu et al., 2024; Sagawa
et al., 2014; Zhang et al., 2022c).

6.5. Other continental margin fine-grained sedimentary systems
worldwide: comparison with the ECMS

Global eustatic changes during the last glacial period have signifi-
cantly controlled the sedimentation processes on shallow shelves, such
as the Bay of Bengal (Liu et al., 2019b; Sun et al., 2024a), the Gulf of
Mexico (Anaya-Gregorio et al., 2018; Davis, 2017), the Arctic conti-
nental shelf (Eidam et al., 2025), as well as the ECMS case (Gao and
Collins, 2014; Hanebuth et al., 2015). Their dominant transport path-
ways, depositional settings, and the primary controls on sediment
accumulation show obvious differences and similarities (Table 5). For
example, the Bay of Bengal features large river systems (the Ganges-
Brahmaputra River) and small-to-medium-scale river basins on the In-
dian Peninsula but has a relatively narrow shelf (Borromeo et al., 2019;
Goodbred Jr and Kuehl, 2000; Sun et al., 2024a). Terrestrial sediments
from South Asia primarily flow directly into deep seas, thereby devel-
oping into submarine fans (Khan et al., 2019; Prajith et al., 2022; Ye
et al., 2022). On the western Atlantic coast of North America, relict
sediments from the continental shelves were reworked and transported
to the shoreline during the Holocene sea level rise, leading to widely
distributed barrier islands and lagoons (Bernardes et al., 2012; Gao and
Collins, 2014). The Texas Mud Blanket, located in the northern Gulf of
Mexico, represents a typical mud depocenter that formed by distal
current transport of relict sediments (Weight et al., 2011). Arctic con-
tinental shelves exhibit similar transport pathways of fine-grained
sediment by waves and currents as lower-latitude shelves, but are
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uniquely impacted by ice-driven processes such as ice-rafting, sea-ice
keels, and permafrost degradation (Eidam et al., 2025).

The ECMS have witnessed the coupling of intense East Asian
monsoon climate, enormous sediment fluxes from both large rivers and
small mountainous rivers, wide and shallow shelf submarine
morphology, complex oceanic circulation system, and a long history of
human activity (Frings, 2019; Hantoro, 2018; Yang et al.,, 2014;
Yoshimura et al., 2021). It offers an ideal window for deciphering the
combined effect of sea-level change, monsoon variability, and river
dynamics on sedimentary systems in mid-low-latitude marginal seas.
Although the hydrodynamic condition and fine-grained sediment de-
livery pattern vary among regions (Table 5), the global impact of sea-
level rise during the Holocene transgression has left obvious change
on these sedimentary systems (Liu et al., 2019b; Reed and William,
2010; Shi et al., 2021). How the fine-grained sediment depocenters
worldwide have developed and evolved under different tectonic, cli-
matic, and oceanographic settings, and how the interplay between
global sea-level forcing and climate-driven terrestrial sediment outputs
have shaped the continental margin sedimentary systems since the last
glacial period, remain important questions that deserve further
comparative studies.

6.6. Implications

6.6.1. Implications for future study of detrital clay mineralogy

We have realized that the clay mineral analytical methods, proced-
ures, and raw data interpretations for surface and core sediments vary
across previous studies. When comparing clay mineral data from
different sources, it is necessary to ensure consistency in analytical
methods. For example, pre-treatments utilizing 0.5 mol/L (Liu et al.,
2014; Xu et al., 2024) to 1 mol/L HCI (Shan et al., 2023) or 6% (Chen
et al., 2017a) to 25% acetic acid (Shi et al., 2024; Zhang et al., 2019)
are applied to remove carbonates in different studies. Some recent
studies have argued that high acid concentrations (e.g., >1mol/L HCI)
can cause excessive removal of carbonate components and lead to
dissolution of certain kinds of clay minerals (Hu et al., 2022; Lai et al.,
2025). Systematic methodological validations, specifically concerning
optimal concentration, reaction time, and calibration of XRD data from
different treatments, are needed for standardized analysis and compar-
ison in the field of detrital clay mineralogy. The compiled clay mineral
dataset in this study can provide verifiable references from various
research approaches for future studies.

Our findings indicate that clastic rocks provide the majority of clay
minerals to the fine-grained sedimentary systems in the ECMS (Fig. 13).
Thus, the response of clay mineral proxies to climate change not only
includes the newly-formed weathering products, but also the recycled
clay minerals that inherit the weathering effect from the previous
sedimentary cycles. Considering the lithological influence on clay min-
eral production, we suggest that the relationship between multiple clay-
mineral based weathering indicators, rather than absolute values of a
single parameter, can provide a more robust weathering intensity
evaluation accounting for parent rock composition. In studies where the
source bedrock types are not clear, a high proportion of illite with a low
KI value in sediment samples likely indicates recycled illite from sedi-
mentary strata (Fig. 13). The characteristics of inherited clay minerals
from sedimentary strata, and their differences to newly-formed clay
minerals under modern climate and geologic settings deserve more
attention in future works.

6.6.2. Implications for sediment source-to-sink system studies in the mid-
low latitude Asian continental margin

The regional perspective and big data compilation employed in this
contribution are worthy of promotion in sediment source-to-sink system
studies for the mid-low latitude continental margins. In modern situa-
tions, accelerated sea-level rise (Lin et al., 2025), frequent extreme
weather events (Chen et al., 2025; Wei et al., 2025), and increasingly
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prominent anthropogenic impacts (Hoffmann et al., 2010; Li et al.,,
2024b) introduce challenges in this field. Anthropogenic impacts, such
as river channel modification, sluices and dams construction, land
reclamation, and soil erosion, further complicate the quantitative
assessment of sediment flux from modern and historical perspectives
(Bianchi et al., 2024; Greenberg and Ganti, 2024; Hoffmann et al., 2010;
Qiao et al., 2017). Thus, it is essential to identify appropriate analogues
that represent past fluvial inputs for specific time intervals. Integrating
multiple sedimentary proxies in marine sedimentology research requires
a clearer understanding of terrestrial sediment output signals and their
controlling mechanisms. This contribution provides a regional compi-
lation of clay mineral proxies that can be applied in future multi-proxy
investigations. Furthermore, organic matter and pollutants that are
transported to marginal seas by rivers interact with clay minerals par-
ticles (Bianchi et al., 2024; Blattmann et al., 2019; Yuan et al., 2013).
Investigating these interactions under varying environmental
conditions—temperature, salinity, fluid velocity, and sediment
concentration—are suggested to be included in future researches. It
contributes to a deeper understanding of the Earth’s carbon cycle and
related environmental changes in land-sea transition zones, both in the
past and future.

6.6.3. Implications for deep-time sediment source-to-sink system studies
and paleoclimate reconstruction

Our findings on the complex climatic records over the last glaciation
further indicate that deep-time sedimentary studies should be more
cautious of the variability in sedimentary proxies that respond to signals
from the source areas. It remains challenging to utilize clay mineral
proxies in tracing sediment provenance and evaluating paleoclimate in
deep-time studies with source areas poorly constrained. A comprehen-
sive perspective from the sediment source-to-sink system is crucial to
clastic-sediment-based paleoclimate reconstruction that includes
climate, provenance, transport agents, and depositional environments
(Bi et al., 2015; Liu et al., 2023b). We further argue that weathering
intensity evaluation based on clay minerals is often decoupled from local
climate conditions in sedimentary basins (Chen et al., 2014; Fagel, 2024;
Fu et al., 2022; Wang et al., 2023). To avoid ambiguous interpretations
in paleoclimate reconstruction, distinguishing influences of non-
weathering factors on each sedimentary proxy is therefore important.
Multi-proxy analysis across spatially distributed sediment cores is rec-
ommended to better reveal sediment sources and transport pathways
through  time, thereby  strengthening  paleoenvironmental
interpretations.

7. Conclusions and prospects

We have combined our newly obtained clay mineral data from the
sediment core QTZ3 in the Oujiang Delta with previously published data
(458 modern river sediment samples, 2101 marginal sea surface sedi-
ment samples, and 2871 samples from 19 sediment cores). Our results
indicate that the clay minerals in the ECMS sediments are primarily
derived from sedimentary rocks that produce inherited and further
weathered minerals, rather than newly-formed weathered products. The
temporal and spatial distributions of clay mineral proxies (smectite/
illite, kaolinite/illite, chemical index, crystallinity index, etc.) exhibit
various sensitivities to changes in climate, parent rock lithology, and
sedimentary environment. Terrestrial sediment signals are inconstant
during the glacial cycles due to the combined effect of climatic changes.
The sediment core data compilation indicates the attenuated Yangtze
River signals in the ECS mud belt during the middle-late Holocene,
supporting the idea that coastal currents have weakened during the high
sea-level period (Fig. 16).

Our findings emphasize that the clay-mineral-based paleo-weath-
ering and paleoclimatic reconstruction involves climatic conditions
across sediment sources, transport agents, and depositional environ-
ments. This contribution is an important step towards a better
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understanding of sedimentary processes in one of the most unique and
typical marginal seas around the world and is applicable to global
continental margin systems. Further multi-proxy comparative studies on
these fine-grained sedimentary systems are thus valuable to answer how
they have developed and evolved under different backgrounds. Our
findings also have significant implications for understanding detrital
clay mineralogical proxies, modern sediment source-to-sink system in-
vestigations, and deep-time paleoclimate reconstruction.
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