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Abstract

River-dominated ocean margins (RiOMar) are major terrestrial organic carbon (OCterr) repositories that play an impor-
tant role in the global carbon cycle. However, riverine inputs of sediment and associated OCterr have decreased substantially
due to intensifying human activity. Thus, studying OCterr processing during transport to and within RiOMar is crucial. The
East China Sea (ECS) receives reduced sediment loads from the Changjiang River (CJR), which is compounded further by the
impoundment of the Three Gorges Reservoir. Here, we examined the CJR-ECS source-to-sink system to understand the fate
of OCterr in a typical RiOMar. We analyzed the sedimentary properties (grain size and the specific surface area), bulk organic
carbon properties (C/N ratio and d13C), and molecular biomarkers (n-alkanes and GDGTs) of riverine suspended particulate
matter (SPM) and surficial marine sediment collected in 2006 and 2018. The C/N ratio, d13C value, and short-chain n-alkanes
abundances in the riverine SPM indicate that phytoplankton productivity could be an important source of OCterr in the basin
due to the reduced sediment loads. Seabed erosion occurred in the estuarine–inner shelf areas of the ECS as a result of reduced
riverine inputs, which resulted in a change in the distribution of sedimentary OCterr. The reduced total organic carbon content
and n-alkanes abundance are indicative of the low sedimentary OCterr content. Variations in GDGT-based indices are further
manifestation of reduced sediment load, as they show increased in situ production of GDGTs. Spearman correlations indicate
that the biomarker abundances were positively correlated with silt, which is in accordance with silt being easily shaped by
hydrodynamic sorting. Biomarker abundances along four estuarine–inner shelf transects also exhibited pronounced along-
shore or cross-shelf OCterr transport. Furthermore, the relationship between the biomarkers and sedimentary properties indi-
cates that mineral protection plays an important role in regulating the fate of OCterr on continental margins. Therefore,
variations in riverine inputs and the sedimentary environment caused by anthropogenic perturbations have affected the
abundance, distribution, composition, and transport of sedimentary OCterr in the study area. These findings can be applicable
to other RiOMar, as humans continue to shape riverine inputs globally.
� 2022 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Organic carbon (OC) burial in marine sediment has been
the main long-term sink for atmospheric CO2 across geo-
logical timescales, due to its role in storing CO2 in the geo-
sphere (Berner, 1990; Hedges et al., 1997; Blair et al., 2004).
Ocean margins are hotspots for OC burial (Bianchi et al.,
2018), accounting for up to 80% of OC burial in modern
oceans (Burdige, 2005). In particular, river-dominated
ocean margins (RiOMar), such as river deltas, play a criti-
cal role in OC burial (Burdige, 2005). This is due to their
high terrestrial OC (OCterr) inputs, biological productivity,
and sedimentation rates (McKee et al., 2004; Bianchi and
Allison, 2009). >200 Tg C yr�1 of OCterr is transported to
RiOMar via rivers, but approximately 55–80% of this OC
is remineralized (Blair and Aller, 2012). The fate of OCterr

in the ocean has intrigued scientists for decades, earning
the apt classification of ‘geochemical conundrum’ (Hedges
et al., 1997). Understanding the delivery, dispersal, and
cycling of OCterr in the RiOMar is important and highly rel-
evant in the context of the global marine carbon cycle
(Berner, 2004; Bianchi, 2011; Blair and Aller, 2012; Wei
et al., 2020).

Despite substantial progress over recent decades and
numerous explanatory hypotheses, mechanisms underlying
this ‘geochemical conundrum’ have not been fully illumi-
nated. It is traditionally hypothesized that intrinsic chemi-
cal composition (Sinninghe Damsté et al., 2002a), oxygen
exposure time (Hartnett et al., 1998; Keil et al., 2004), min-
eral protection (Mayer, 1994; Blattmann et al., 2019;
Hemingway et al., 2019), and organo-metal complex forma-
tion (Lalonde et al., 2012; Shields et al., 2016; Zhao et al.,
2018) are the main factors influencing OCterr in the RiO-
Mar. However, uncertainties persist regarding the fate of
OC upon burial. These uncertainties can be attributed to
the fact that RiOMar form part of the land–ocean contin-
uum. This continuum is characterized by more complex
OC provenance, a dynamic sedimentary environment, and
a less constrained carbon budget (Bianchi, 2011; Blair and
Aller, 2012; Bauer et al., 2013; Najjar et al., 2018). Human
activities and climate change have a pronounced effect on
the influx of OCterr and the marine sedimentary environ-
ment. These activities can influence the movement of OC
deposited in the RiOMar, adding further complexity to
the ‘geochemical conundrum’ (Canuel et al., 2012; Bauer
et al., 2013; Regnier et al., 2013; Wang et al., 2020a). There-
fore, further research is required to map processes influenc-
ing fate of OCterr upon its entry into the RiOMar, including
examining the sources of OCterr, and defining the processes
that affect its burial.

The East China Sea (ECS) is an ideal region for studying
OCterr cycling, because it is a typical RiOMar that receives
high volumes of OCterr via river inputs (Wu et al., 2018).
The ECS has a great capacity to trap OCterr because of
its wide and shallow continental shelf (Deng et al., 2006;
Hu et al., 2012). In addition, concentrated human activity
in the river basin has led to a drastic reduction in sediment
loads, which has substantially changed the source, compo-
sition, and flux of OCterr entering the ECS (Bao et al., 2014;
Li et al., 2015; Wu et al., 2018). The reduction in sediment
loads has also affected the geomorphic stability of the ECS
(Gao et al., 2019), triggering seabed erosion in the
estuarine-inner shelf region, and changing OC dispersal
and burial patterns (Wang et al., 2020a). These changes
provide a unique opportunity to study the fate of OCterr

in RiOMar.
Several approaches have been used to examine the

source, composition, distribution, transport, and burial of
OCterr in the estuarine-inner shelf region of the ECS. Bulk
OC properties, including the C/N ratio and d13C, are the
most widely used proxies for examining source and compo-
sition of OC (Kao et al., 2003; Hu et al., 2012). Molecular
biomarkers that are unique to terrestrial environments and
diagenetically persistent provide alternative approach to
track the fate of OCterr from the continent to ocean mar-
gins. These include leaf wax, lignin phenols, and bacterial
lipids (Eglinton and Hamilton, 1967; Hedges and Mann,
1979; Hopmans et al., 2004). Other relevant proxies have
also been used extensively in the ECS to examine processes
influencing the fate of OCterr (Xing et al., 2011; Li et al.,
2012; Yao et al., 2015). Contributions of terrestrial and
marine OC into the system have been deduced based on
the end-member mixing model (Yao et al., 2015), which
also takes into account deposition fluxes (Wang et al.,
2020a). Nevertheless, there are still areas for further study
to improve our understanding of the fate of OCterr in
ECS. Several studies have only focused on a single index,
providing results with a limited scope. However, studies
with multi-index parameters, focused on research areas that
were predominantly limited to the estuary, without reveal-
ing findings at the larger scale from the estuarine-inner shelf
region of the ECS. As a typical source-to-sink (S2S) con-
veying system, the continent–river–coastal margin contin-
uum dominates transport and burial of OCterr. Therefore,
attention should be paid to the transport of OCterr in this
context; and this approach requires a focus on the input
river, namely, the Changjiang River (CJR, also known as
the Yangtze River). Increasing human activity will likely
have affected the fate of OCterr in the CJR-ECS S2S convey-
ing system.

The objectives of this study were to: (i) examine the com-
position of OCterr in the ECS; (ii) provide a synoptic view of
OCterr distribution in the surficial sediments of the ECS,
based on lipid biomarkers; (iii) evaluate geographic differ-
ences in the composition and degradation of OCterr between
2006 and 2018; and (iv) explore the effects of human-
induced changes to the catchment on the fate of OCterr in
the ECS by comparing our results with those of previous
studies. This study builds on previous ECS research carried
out at bulk and molecular levels (Hu et al., 2012; Zhu et al.,
2013; Wang et al., 2020a, and references therein). Our main
goal is to develop a more comprehensive conceptual model
for ECS sediment in which the input, transport, and degra-
dation of OCterr can be qualitatively expressed in terms of
diverse sub-categories.

2. BACKGROUND

The ECS is a typical RiOMar, primarily influenced by
the CJR, which is the longest river in Europe and Asia. His-
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torically, this river has discharged sediment loads of 478 Mt
yr�1 (Mt: million ton) (Milliman and Farnsworth, 2011).
However, this situation changed after the 1980s (Gao
et al., 2018). There are > 50,000 reservoirs that have been
constructed in the CJR river basin (Yang et al., 2011),
which intercept sediment at rates of up to 453 Mt yr�1

(Gao et al., 2018). Sediment loads discharged into the
ECS have decreased from 511 Mt yr�1 in 1956–1968, to
450 Mt yr�1 in 1968–1985, 340 Mt yr�1 in 1986–2002,
145 Mt yr�1 in 2003–2012 (following the construction of
the Three Gorges Reservoir, TGR), to 118 Mt yr�1 in
2013–2015 (following construction of the Cascade dams)
(Yang et al., 2018a). The Water and Soil Conservation Pro-
ject, implemented in the 1980 s in the high-sediment-yield
region of the upper CJR basin may also have resulted in
an abrupt reduction in the sediment loads (Dai and Lu,
2014). The drastic reduction of the sediment loads has
caused substantial changes in the sedimentary environment
and the hydrodynamics of the ECS estuarine-inner shelf
regions (Gao et al., 2017; Yang et al., 2018b; Wang et al.,
2018). Reservoir interception of coarse-grained sediment
from the upstream has induced channel erosion in the
mid-downstream, substantially changing the composition
of the sediment component reaching the ECS (Yang
et al., 2014; Gao et al., 2018).

The Changjiang River Estuary (CRE) is located in the
north of 30�N; a region characterized by surficial sediments
that are mostly clayey silt. The sedimentation rate in the
CRE gradually decreases from the near estuary to the front
edge of the subaqueous delta (DeMaster et al., 1985). Dur-
ing winter, a portion of the Changjiang-derived sediments
deposited in the CRE are carried southward by the Zhe-
jiang–Fujian coastal current (ZFCC), forming the Zhe-
jiang–Fujian coastal mud belt (ZFCMB) (Liu et al.,
2007). The ZFCMB is in the Zhejiang–Fujian coastal area,
south of the CRE, with a water depth of <60 m. This mud
belt consists of silty mud, muddy silt, and other mixed
deposits. The ZFCMB extends over 800 km southwards
from the CRE, with a maximum thickness of 40 m seen
at the 20–30 m isobath. The mud belt gradually thins
toward both sides (Liu et al., 2010).

The estuarine-inner shelf areas of the ECS have three
primary circulation systems, namely, the Changjiang
diluted water (CDW), the ZFCC, and the Taiwan warm
current (TWC) (Fig. 1a). The CDW is formed by freshwater
from the CJR mixing with offshore water. It is character-
ized by low salinity and low density, forming a buoyant sur-
face layer. During summer, this runoff first moves southeast
and then expands northeastward toward Jeju Island (Chang
et al., 2014). The ZFCC is in the Zhejiang–Fujian coastal
area south of the CRE, is characterized by low salinity
and a substantial variation in annual temperatures (Hu
et al., 2001). In winter, strong northerly winds form a
strong southward current. In contrast, in summer, the cur-
rent is driven northward adjacent to the coast by southerly
winds (Yuan and Hsueh, 2010). The TWC stems from the
Taiwan Strait and is subsumed into the Kuroshio Current
from northeastern Taiwan, which steadily advances north-
wards. The position of this current remains relatively
steady, with little interannual variability.
3. MATERIALS AND METHODS

3.1. Sample collection

Spanning a stretch of approximately 4,000 km, 22 sites
along the CJR mainstem and eight tributaries were sampled
between Panzhihua (in Sichuan Province) and the CRE in
the wet season in July–August 2018 (Fig. 1). One surface-
water sample was collected at each of the eight largest tribu-
taries (Yalong, Dadu, Min, Jialing, Wu, Han, Dongting,
and Poyang) close to the confluence with the CJR, as well
as at the CJR mainstem 10 km downstream from each
major tributary confluence. There were 13 sites in the main-
stem; with seven sites further upstream, three sites in the
middle reaches of the river, and three sites further down-
stream, along with nine sites in the river tributaries. Water
samples (100 L) were collected from each sampling site
0.5 m below the air–water surface using a metal bucket.
The samples were filtered immediately after collection
through pre-combusted (450 �C, 5 h) Whatman GF/F fil-
ters (nominal pore size: 0.7 lm) to obtain at least 15 g of
suspended particulate matter (SPM) from each site. All
the SPM samples were then stored at �20 �C until analysis.

All the surficial sediments were collected during three
oceanographic cruises in March 2018 on the R/V Kexue

3; in March 2018 on the R/V Xiangyanghong 18; and in
May 2018 on the R/V Suruyu 08,327 (Fig. 1b). For the first
cruise, the sampling areas comprised the CRE. The second
cruise targeted sampling sites on the inner and outer shelf of
the ECS, along the shore of the Zhejiang and Fujian pro-
vinces. During the third cruise, several surficial sediment
samples were collected from the ZFCMB, along the sedi-
ment dispersal system (approximately 30–60 m). A total
of 126 surficial sediments (0–2 cm) were collected from
the estuarine-inner shelf region of the ECS using a
box corer. All the sediment samples were stored frozen
(�20 �C) until analysis.

3.2. Sedimentological parameters

The grain size was analyzed as described by Wang et al.
(2018). All the samples were treated with an H2O2 solution
(10%) to remove organic matter, prior to the samples being
immersed in sodium metaphosphate for 24 h. The grain size
was measured using a laser diffraction particle size analyzer
(Mastersizer 2000, Malven Instruments Ltd., UK). For
each five samples, the test was repeated for one sample
three times, with a measurement error of <3%.

The specific surface area (SSA) of the sediments was
determined using nitrogen adsorption following the method
described by Waterson and Canuel (2008). An aliquot of
sediment (approximately 1 g) was freeze-dried and then
heated at 350 �C for 12 h to remove the OC. The sample
was then degassed for 0.5 h on an automatic nitrogen
adsorption surface area analyzer (BSD-PS4, Beishide
Instrument-ST Co., Ltd., China) at 200 �C to remove the
water content, before being measured using the five-point
Brunauer–Emmett–Teller method. The analytical precision
of this measurement is better than ±1%, according to the
triplicate measurement of one sample in each five sample.



Fig. 1. Overview of the Changjiang-East China Sea system; (a) major oceanic currents including the Changjiang-diluted water (CDW), the
Zhejiang-Fujian coastal current (ZFCC), the Taiwan warm current (TWC), the Yellow Sea coastal current (YSCC), the Yellow Sea warm
current (YSWC), and the Kuroshio current. (b) Sampling sites in the estuarine-inner shelf areas of the ECS, with the red dotted line
delineating the study area and gray areas representing mud deposits; and (c) the Changjiang River basin, are the sampling stations, r is the
Three Gorges Reservoir (TGR). CRE: the Changjiang River Estuary, ZFCMB: the Zhejiang-Fujian coastal mud belt. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

C. Wang et al. /Geochimica et Cosmochimica Acta 333 (2022) 242–262 245
3.3. Bulk measurements

All the SPM and the surficial sediment samples were
analyzed for total organic carbon (TOC) and stable iso-
topes, following the methods described by Xing et al.
(2011) and Hu et al. (2012). The freeze-dried and homoge-
nized samples were decalcified by being reacted with 4 N
HCl for 24 h, and then rinsed several times with deionized
water to neutralize them. A Thermo Flash 2000 elemental
analyzer interfaced with a MAT-253 isotope ratio mass
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spectrometer was used to determine the TOC content and
stable isotopes. The precision of the TOC determination
for the sediment samples was better than ± 0.02 wt%
(n = 15). The value of d13C was reported in units per mil-
lion (‰) as follows:

d13C ¼ Rsample=Rstandard � 1
� �� 1000 ð1Þ

where Rsample and Rstandard are the ratios of
13C/12C for the

sample and standard, respectively. The d13C values were
reported using standard notation relative to the V-PDB
(Vienna Pee Dee Belemnite) standard. The analytical preci-
sion was better than ± 0.1‰ based on replicate measure-
ments (n = 15).

3.4. Lipid extraction and analysis

A total of 22 SPM samples and 145 surficial sediment
samples were freeze-dried and homogenized for biomarker
analysis. The biomarkers were analyzed as described by
Guo et al. (2019a). Approximately 2 g from the SPM sample
and 5 g for the surficial sediment sample were placed in a
50 ml Teflon tube, and the internal standards of nC36 alkane
and C46 glycerol trialkyl glycerol tetraethers were added to
each sample. The samples were then sequentially ultrasoni-
cally extracted thrice with methanol, thrice with a 1:1 v/v
mixture of dichloromethane and methanol, and then thrice
only with dichloromethane. Each extract was then saponi-
fied by adding 6% KOH in methanol to obtain a neutral
lipid fraction. The neutral fraction was then passed through
a silica gel chromatography column and eluted with hexane
and methanol to separate the n-alkanes and the GDGTs.

The n-alkanes were identified and quantified using a HP
6890 gas chromatograph with a flame ionization detector
and a DB-5 capillary column (50 m � 0.32 mm � 0.25 lm
film thickness). Helium was used as the carrier gas. The
peak area of each alkane was integrated and compared with
the appropriate peak area for the relevant internal standard
to quantify the content.

The GDGT analysis was performed using a high-
performance liquid chromatography-mass spectrometry
instrument (HPLC-MS; Agilent 1200 6410 triple quadru-
pole). The procedures described by Hopmans et al. (2004)
and Schouten et al. (2007) were applied. Separation was
achieved with a Prevail Cyano column (2.1 � 150 mm,
3 lm diameter; Grace, USA) and the temperature was
maintained at 30 �C. The GDGTs were eluted isocratically
with 99% hexane and 1% propanol for 5 min, followed by a
linear gradient to 1.8% propanol for 45 min. The flow rate
was 0.2 ml min�1. Detection was achieved using APCI via
selected ion monitoring (SIM) of [M + H]+ ions (in
MS1). GDGT indices with Arabic or Roman numerals cor-
responding to the structures shown in Fig. S1.

3.5. Molecular biomarker proxies

The odd-to-even carbon preference index (CPI) for long-
chain n-alkanes is commonly used as an indicator of the
thermal maturity of OC, which is typically used to indicate
OC sources. The CPI index was calculated according to
Bray and Evans (1961), as follows:
CPI25�33 ¼ 1

2

C25 þ C27 þ C29 þ C31 þ C33

C24 þ C26 þ C28 þ C30 þ C32

þ C25 þ C27 þ C29 þ C31 þ C33

C26 þ C28 þ C30 þ C32 þ C34

� �

ð2Þ
The Branched and Isoprenoid Tetraether (BIT) index

was calculated according to Hopmans et al. (2004) and is
based on the relative abundance of branched glycerol dia-
lkyl glycerol tetraethers (brGDGTs, Sinninghe Damsté
et al., 2000) versus structurally related isoprenoid GDGTs
(isoGDGTs, Sinninghe Damsté et al., 2002b). The BIT
index was calculated as follows:

BIT ¼ Iað Þ þ IIað Þ þ IIIað Þ þ IIa0ð Þ þ ðIIIa0Þ½ �
Iað Þ þ IIað Þ þ IIIað Þ þ IIa0ð Þ þ IIIa0ð Þ þ ðCrenÞ½ �

ð3Þ
The #Ringstetra parameter was used to identify the

source of the brGDGTs, and was defined as follows
(Sinninghe Damsté, 2016):

#Ringstetra ¼
Ibþ 2� Icð Þ
Iaþ Ibþ Icð Þ ð4Þ

The roman numerals in Eq. (3) and (4) refer to the con-
centrations of GDGTs whose structures are shown in the
Appendix: Ia, Ib, and Ic are basic tetramethylated
brGDGTs; IIa and IIIa are 5-methyl brGDGTs, IIa0 and
IIIa0 are 6-methyl brGDGTs; and IV is the isoGDGT ‘‘cre-
narchaeol,” which is a specific membrane-spanning lipid
from Thaumarchaeota (Sinninghe Damsté et al., 2002b).

3.6. Data collection

The n-alkanes concentration of sediments (n = 71) from
the study area in 2006 were collected from Hu et al. (2012).
The relative abundances of individual GDGT of sediments
(n = 39) in 2006 were provided by Zhu et al. (2013). The
datasets of bulk OC properties (TOC content, C/N ratio,
and d13C) and sedimentological parameters (grain size,
components) were collected based on Hu et al. (2012) and
Wang et al. (2020a).

3.7. Statistics

SPSS software (version 22.0; SPSS Institute, USA) was
used for statistical analyses. The mean and standard devia-
tion were first calculated. Statistical differences of sediment
grain sizes/components, bulk OC properties, and biomar-
ker properties for 2006 and 2018 were examined with Mann
- Whitney U test, because these parameters were not normal
distribution. Finally, a Pearson correlation matrix was cre-
ated using the OC characteristics and sediment grain sizes
from each station.
4. RESULTS

4.1. Bulk OC properties

4.1.1. Suspended particulate matter (SPM) in the

Changjiang River (CJR)

The TOC content of river SPM ranged from 0.85% to
3.62% in the mainstem and the tributaries, with the lowest
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value occurring at Jialing River (an upstream tributary).
The highest value was recorded at the final sampling site
near the estuary (Table 1). The C/N ratio of SPM in the
CJR basin varied from 6.18 to 17.25, with the lowest and
highest values being recorded at the Jialing and Jinsha Riv-
ers, respectively (Table 1). The d13C values of the SPM in
the mainstem ranged from �27.54‰ to �24.95‰, which
was in the range of �32.39‰ to �24.50‰ in the tributaries
(Table 1).

4.1.2. Surficial sediments in the East China Sea (ECS)

The TOC content in the surficial sediments in 2006 and
2018 varied from 0.20% to 0.72% and 0.10% to 0.52%
respectively (Fig. 2a, d), with mean values of
0.45 ± 0.21% and 0.35 ± 0.18% (mean ± standard devia-
tion). The C/N ratio of the surficial sediments ranged from
1.1 to 10.9 in 2018, with a mean value of 6.8 ± 1.3. In 2006,
the values were in the range of 6.0 – 11.1 (Fig. 2b, e), with a
mean value of 8.4 ± 1.7. The d13C values in 2018 for the
surficial sediments ranged from �23.80‰ to �20.45‰
(Fig. 2c), with a mean value of �22.30 ± 0.63‰. In 2006,
the d13C value varied from �23.40‰ to �21.40‰
(Fig. 2f), with a mean value of �22.20 ± 0.40‰.

4.2. Biomarkers

4.2.1. SPM in the CJR

The distribution of n-alkanes in most of the river SPM
samples ranged from nC14 to nC36, with a dominance of
long-chain n-alkanes (nC25-33 alkanes; Table S1). The con-
centration of nC14–36 alkanes was in the range of 95.57–73
8.62 lg g TOC�1, with the highest value recorded at
TGR (Table 1). The concentration of the nC14–36 alkanes
in the tributaries ranged from 208.54 to 1211.28 lg g
TOC�1, with the highest values occurring in the two largest
freshwater lakes (Table 1). The concentration of nC25–33

alkanes in the mainstem had a similar variation trend with
nC14–36 alkanes ranging from 62.35 to 212.61 lg g TOC�1

(Table 1). The concentration of the nC25–33 alkanes in the
tributaries ranged from 120.71 to 964.30 lg g TOC�1, with
the highest value occurring at Dongting Lake. The CPI25–33
values in the mainstem ranged from 1.35 to 6.61, and the
values in the tributaries ranged from 1.65 to 7.09, with
the highest value also being recorded at Dongting Lake
(Table 1).

The concentrations of the brGDGTs in the river SPM
varied between 7.50 and 24.37 lg g TOC�1 in the mainstem,
with the brGDGT concentrations in the tributaries ranging
from 5.31 to 20.37 lg g TOC�1 (Table 1). The most abun-
dant brGDGT in the river SPM was brGDGT Ⅰa (20–67%),
followed by brGDGT ⅠⅠa (11–20%), and brGDGT ⅠⅠa0 (10–
22%). The concentrations of isoGDGTs in the river SPM
ranged from 3.21 to 33.40 lg g TOC�1 in the mainstem,
which showed a consistent trend with the brGDGTs
(Table 1). The isoGDGT concentrations in the river SPM
in the tributaries ranged from 2.30 to 111.54 lg g TOC�1,
and the concentrations in the two largest freshwater lakes
were relatively low (Table 1). The distribution of the
isoGDGTs was dominated by GDGT-0 (34–92%) and cre-
narchaeol, representing 5–55% of all isoGDGTs. The
GDGT-0 to crenarchaeol ratio in the river SPM varied
from 0.63 to 18.09, with a mean value of 3.93 ± 3.52.
The BIT values of the river SPM in the mainstem varied
from 0.74 to 0.94 (excluding extreme value in the Jialing
River), with an average of 0.86 ± 0.05. The mainstem
BIT values exhibited an upstream to midstream decreasing
trend, but an increasing trend from midstream to down-
stream (Table 1). The BIT values of the river SPM in the
tributaries ranged from 0.25 to 0.94. The #Ringstetra index
of the river SPM ranged from 0.09 to 0.48, with a mean
value of 0.33 ± 0.11. The GDGTs data are listed in
Table S2.

4.2.2. Surficial sediments in the East China Sea (ECS)

The concentration of nC14–36 alkanes in 2018 in the sur-
ficial sediments ranged from 32.9 to 1,660.6 ng g�1

(Fig. 3a), with a mean value of 467.5 ± 266.2 ng g�1

(TOC normalized nC14–36 alkanes ranged from 3.62 to
709.01 lg g TOC�1, with a mean value of 111.14 ± 85.71
lg g TOC�1). In 2006, the concentration of nC14–36 alkanes
ranged from 440 to 4310 ng g�1 (Fig. 3d), with a mean
value of 2314 ± 512 ng g�1 (ranging from 147 to
757 lg g TOC�1 with a mean value of 430 ± 115 lg g
TOC�1). Additionally, the 2006 results exhibited a clear
dividing line near 29� 300 N, separating the study area into
two north and south regions (Fig. 3). In 2006, the concen-
tration of nC25-33 alkanes ranged from 135 to 2786 ng g�1;
with a mean value of 1503 ± 613 ng g�1 (TOC normalized
nC25-33 alkanes abundance ranged from 74.8 to 410.6 lg g
TOC�1, with a mean value of 261.0 ± 84.3 lg g TOC�1).
In 2018 the nC25-33 alkanes concentration ranged from 11
to 747 ng g�1, with a mean value of 282 ± 167 ng g�1

(TOC normalized nC25-33 alkanes abundance ranged from
8.8 to 170.0 lg g TOC�1, with a mean value of 61.2 ± 29.
8 lg g TOC�1). All the n-alkanes data is listed in the
Table S3.

The concentrations of brGDGTs and isoGDGTs in sur-
ficial sediments collected in 2018 are shown in Table S4 and
Fig. S2; and their relative abundances are presented in
Fig. S3. The brGDGT concentration of surficial sediments
varied between 1.20 lg g TOC�1 and 246.56 lg g TOC�1,
with a mean value of 28.77 ± 24.24 lg g TOC�1

(Fig. S2); these trends show a high variability. The
brGDGTs in surficial sediments was dominated by tetram-
ethylated brGDGTs, ranging from 37% to 61%, with an
average of 49 ± 5%. The proportion of 5-methyl and 6-
methyl brGDGTs is the same, at 18–30% and 18–40%,
respectively, with mean values of 24 ± 2% and 27 ± 4%.
The #Ringstetra index of the surficial sediments during
2018 varied from 0.40 to 1.07, with a mean of 0.70 ± 0.16
(Fig. 4a). The BIT values in 2018 ranged from 0.01 to
0.42, with a mean of 0.06 ± 0.05; the highest values were
in the coastal and estuarine sediments (Fig. 4c). The
isoGDGT concentrations of surficial sediments is in the
range of 22.13–2687.77 lg g TOC�1, with a mean value
of 604.99 ± 428.79 lg g TOC�1 (Fig. S2). The high
isoGDGT concentrations mainly occurred far from coast,
opposing the trend seen in brGDGTs (Fig. S2). Cernar-
chaeol is more abundant in surficial sediments, forming
5–67% of the isoGDGT concentration. The GDGT-0 also



Table 1
Sedimentological characteristics, bulk OC properties, and abundance of the nC14–36 alkanes, nC25–33 alkanes, and brGDGT and isoGDGT compounds in the SPM. The calculated CPI25–33 [Eq.
(2)] and BIT index [Eq. (3)] are also reported.

Stations Lon
(�)

Lat
(�)

d13C
(‰)

TOC
(%)

C/N nC14–36

alkanes
(lg g
TOC�1)

nC25–33

alkanes
(lg g TOC �1)

CPI25–
33

brGDGT-Ⅰa

(lg g TOC �1)
brGDGT-IIb

(lg g TOC �1)
brGDGT-IIIc

(lg g TOC �1)
RbrGDGTs
(lg g TOC �1)

RisoGDGTs
(lg g TOC �1)

BIT

Mainstem

Jinsha River 101.80 26.60 25.25 1.61 17.25 262.98 167.00 6.61 3.23 3.21 1.06 7.50 3.21 0.88
Panzhihua 101.82 26.61 24.95 1.57 14.82 259.95 175.88 6.32 3.91 3.20 0.90 8.00 4.06 0.85

Upstream Yibin 104.67 28.77 25.32 1.12 9.72 323.15 156.86 4.40 3.50 5.00 1.54 10.04 6.14 0.87
Chongqing 106.60 29.62 26.23 1.72 9.99 305.68 178.95 5.33 5.12 6.49 2.03 13.65 7.46 0.86
Fuling 107.42 29.75 26.10 1.91 10.22 95.57 62.35 5.32 4.15 5.49 1.73 11.37 6.20 0.88
TGR 110.99 30.84 25.47 1.47 10.43 738.62 212.61 1.35 5.68 7.07 2.10 14.85 13.92 0.81
Yichang 111.29 30.73 25.40 1.13 8.63 387.71 180.81 2.97 8.95 11.81 3.55 24.31 21.30 0.84
Yueyang 113.19 29.48 26.85 1.53 8.52 396.11 157.51 2.97 4.68 6.10 1.63 12.41 8.66 0.81

Midstream Wuhan 114.55 30.65 25.87 1.57 8.58 365.55 140.11 3.54 6.09 8.10 2.12 16.31 12.91 0.79
Jiujiang 116.30 29.80 25.10 1.18 6.97 471.47 197.73 2.30 6.70 8.18 1.78 16.66 12.65 0.80
Datong 117.64 30.77 25.75 2.09 10.45 219.02 80.66 2.69 5.93 8.01 1.73 15.67 10.08 0.83

Downstream Nanjing 118.66 31.97 25.35 1.10 9.00 349.76 112.32 1.96 6.73 8.48 1.74 16.95 10.18 0.85
Xuliujing 120.99 31.76 27.54 3.62 6.61 3675.49 1536.62 1.30 7.72 9.23 1.71 18.66 33.42 0.91
Tributary

Yalong River 101.81 26.61 24.50 1.34 11.24 338.33 204.81 6.02 3.34 3.02 1.06 7.42 3.55 0.86
Min River 103.76 29.63 25.06 1.86 8.67 434.47 149.11 1.65 8.51 9.37 2.48 20.36 26.99 0.84

Upstream Dadu River 103.73 29.56 25.30 1.24 8.53 315.74 156.22 3.90 8.40 8.88 2.50 19.79 11.71 0.88
Min River ⅠⅠ 104.61 28.79 25.45 1.55 10.00 170.62 85.21 4.61 3.63 5.48 2.10 11.22 6.16 0.91
Jialing River 106.55 29.57 25.83 0.85 6.18 303.43 120.71 3.05 7.77 9.78 2.46 20.01 111.54 0.25
Wu River 107.42 29.71 25.44 0.97 6.39 208.54 127.67 4.97 6.40 9.68 2.89 18.97 16.64 0.74
Han River 114.21 30.59 25.81 2.10 10.57 281.20 71.37 3.04 5.41 8.72 2.13 16.26 7.13 0.90

Mid-
downstrean

Dongting Lake 113.08 29.29 28.25 1.72 7.78 1211.28 964.30 7.09 3.25 1.82 0.24 5.31 2.30 0.94

Poyang Lake 116.21 29.73 32.39 2.21 7.36 470.26 96.17 2.77 5.37 1.90 0.19 7.47 2.31 0.94

Note:
a GDGT-I = GDGT-Ia + GDGT-Ib + GDGT-Ic.
b GDGT-II = GDGT-IIa + GDGT-IIa0 + GDGT-IIb + GDGT-IIb0 + GDGT-IIc + GDGT-IIc0.
c GDGT-III = GDGT-IIIa + GDGT-IIIa0.
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Fig. 2. Distribution patterns of bulk OC properties in the surficial sediments from the estuarine-inner shelf areas of the ECS in 2006 (upper
row) and 2018 (lower row): (a, d) TOC content, (b, e) C/N ratio, (c, f) d13C value.
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has high abundance in isoGDGTs, and its relative abun-
dance varied from 18% to 90%, with a mean value of
28 ± 0.8%. The ratio between GDGT-0 and cernarchaeol
varied from 0.34 to 0.62, with a mean value of
0.44 ± 0.05 (Fig. 4b).

4.3. Surficial sediment grain size in the ECS

The grain size distribution in the surficial sediment was
extensively explored in our previous study (Wang et al.,
2020b). In 2018, the sediment grain size ranged from 0 to
7.4 U, with a mean value of 4.4 ± 2.1 U. In 2006, it was
in the range of 2.5–7.3 U, with a mean value of 6.4 ± 1.2
U (Fig. S4a, e). The datasets from 1982 were obtained from
published literature; and they showed that the grain size of
surficial sediments in the CRE ranged from 3.9 to 8.7 U,
with a mean of 7.0 U (Yang et al., 2018b). The grain sizes
in the ZMCMB ranged from 6.4 to 7.2 U, with a mean of
7.0 U (Gao et al., 2019). The datasets from 2014 were also
collected, and they revealed a surficial sediment grain size
ranging from 1.9 to 8.7 U, with a mean value of 5.6 ± 1.2
U (Gao et al., 2019).

The spatial distribution patterns of clay, silt, and sand in
the surficial sediment were also delineated in the current
study. In 2018, the clay in the surficial sediments ranged
from 0 to 13.5%, with a mean value of 3.7 ± 2.8%, which
is substantially lower than that of 2006 (ranging from
17.2 to 30.3% with a mean value of 25.2 ± 2.1%, Mann
- Whitney U test, P < 0.001) (Fig. S4b, f). In contrast, the
sand component increased from 3.5 ± 3.1% in 2006 to
31 ± 25.1% in 2018 (Mann - Whitney U test, P < 0.001),
especially for the CRE, due to erosion (Fig. S4d, h). In
2018, the silt component ranged from 9.8 to 84.5% with a
mean value of 70.2 ± 22.5%, which is consistent with that
of 2006 (ranging from 32.2 to 73.4% with a mean value of
65.3 ± 9.4%) (Fig. S4c, g).



Fig. 3. Distribution patterns of n-alkanes abundances in the surficial sediments from the estuarine-inner shelf areas of the ECS in 2006 (upper
row) and 2018 (lower row): (a, d) nC14–36 alkanes, (b, e) nC25-33 alkanes, (c, f) CPI25–33.
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5. DISCUSSION

5.1. Responses of the sedimentary environment to the

reduction in sediment loads

The surficial sediments in the estuarine-inner shelf area
of the ECS in 1982 were mainly fine-grained particles,
which is consistent with that of 2006. In 2014, the surficial
sediment grain size exhibited a certain extent coarsening,
and in 2018, the mean value of the surficial sediment grain
size was coarser by about 2 U than in 2006, suggesting a
substantial coarsening trend across the study area
(Fig. S4). The mean grain size values in the time series for
this study show a coarsening of the surficial sediments after
2006, which is consistent with reservoir construction.
Therefore, the seabed in the study area having shifted from
accretion to erosion due to reduction of fluvial sediment
loads, and similar situation also occurred in the Yellow
River estuary, Red River estuary, and Mississippi River
subaqueous delta (Maloney et al., 2018; Dac Ve et al.,
2021; Liu et al., 2022).

The clay and sand of surficial sediments in 2018 chan-
ged substantially both in spatial distribution and contents
than that in 2006. The silt content of the sediments was
similar in 2006 and 2018, but the spatial distribution pat-
tern changed substantially. This was relatively homoge-
neous over the whole region in 2006, but then changed
to being high for the ZMCMB and low for the CRE
(Fig. S4). After the TGR impoundment, sediment loads
being discharged from the CJR decreased by approxi-
mately 150 Mt yr�1. Climate change and changes in
land-use have been highlighted as two main causative
agents in reduction of sediment discharged into the ocean
margins (Zhao et al., 2015; Guo et al., 2019b); but previ-
ous studies have suggested that climate change was less
important (Dai and Lu, 2014; Yang et al., 2015).
Zhao et al. (2015) suggested that climate change directly
responsible for <10% of the sediment load reduction in



Fig. 4. Distribution patterns of GDGT-derived indices in the surficial sediments from the estuarine-inner shelf areas of the ECS in 2006
(upper row) and 2018 (lower row): (a, d) #Ringstetra, (b, e) GDGT-0/Crenarchaeol; (c, f) BIT value.
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CJR basin during the 2000 s. Land-use change affected
sediment load mainly before the 2000 s, because of
large-scale reforestation measures in regions with a high
sediment yield (Dai and Lu, 2014). Therefore, reservoir
interception is likely the dominant factor reducing sedi-
ment flux in the 21st Century. The current Changjiang-
derived sediment load is substantially lower than the crit-
ical value of approximately 300 Mt yr�1; this is the thresh-
old value of sediment load needed to maintain the stability
of the sedimentary environment (Gao and Wang, 2008;
Yang et al., 2011). A drop below this threshold causes a
water discharge with low sediment concentration, which
is characterized by high carrying capacities. Therefore, lar-
ger amounts of fine-grained sediments, such as clay and
silt, have been eroded and transported southward, with
clay being transported to the outer shelf of the ECS. These
variations in the sedimentary environment would likely
influence the distribution and burial of sediment-
associated terrestrial materials such as OCterr in the ECS.
5.2. Characterizing the OC properties in the CJR-ECS S2S

conveying system

5.2.1. Trends in OC properties in the CJR basin

Although there was not trend in the TOC content of the
river SPM from upstream to downstream (r2 = 0.01,
P > 0.05), the C/N ratio in the mainstem decreased from
upstream to downstream (r2 = 0.78, P < 0.01). The C/N
ratio in the mainstream is higher than that of the northern
tributaries (Table 1). This suggests that the contributions
from the tributaries may be an important factor in influenc-
ing the C/N ratio of the mainstem. Wu et al. (2007) showed
that the mean values of the C/N ratios of SPM from the up-
midstream and downstream were 15.6 and 9.3, respectively,
which is higher than the results of the current study
(Table 1). Reservoir construction in the upstream tribu-
taries would reduce the concentration of SPM in the main-
stem leading to high transparency and increased
phytoplankton productivity. This may also affect the C/N
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ratio of SPM, which is further illustrated by the lower C/N
ratio in the downstream. Like TOC content, there was no
trend in d13C values from upstream to downstream
(r2 = 0.03, P > 0.05). Lower d13C values for the SPM sam-
ples suggest that primary productivity is an important
source of OC in the CJR. This is because phytoplankton
growing in freshwater are typically deficient in d13C
(d13C = �30‰ to �40‰) (Hedges et al., 1986; Tan and
Edmond, 1993).

Prior to the construction of the TGR, the concentration
of nC14–36 alkanes increased downstream whereas we
observed a decrease in n-alkanes after the TGR (Table 1).
This change in n-alkane concentrations could be due to
retention within the reservoir. The concentration of the
nC14–36 alkanes in the mid-downstream was higher than
further upstream. The concentration of the nC14–36 alkanes
in the upstream tributaries was also lower than in the down-
stream tributaries (Table 1). As the main components of n-
alkanes, the concentration of nC25–33 alkanes in the CJR
had a similar variation trend with the nC14–36 alkanes.
The CPI25–33 values in the mainstem showed a strong
decrease from upstream to downstream (r2 = 0.71,
P < 0.01). The CPI25–33 of the SPM samples that were col-
lected in 2001 was in the range of 0.91–3.39, with a mean
value of 1.69 ± 0.63 (Qi et al., 2006), which is lower than
the results of the current study (3.62 ± 1.74). The relative
abundance of individual n-alkanes in the SPM samples
revealed that the abundances of nC17 and nC18 alkanes were
relatively high in short-chain n-alkanes after the impound-
ment of TGR, but this phenomenon was not observed in
the samples collected in 2001 (Fig. S5). This indicated that
phytoplankton productivity was also an important contrib-
utor of OC in the SPM samples, because the increased
water transparency caused by reservoir interception.

5.2.2. Trends for OC properties in the surficial sediments

from the ECS

The TOC content of the surficial sediments was lower in
2018 compared to 2006 (Fig. 2a, d). The surficial sediments
in 2006 and 2018 displayed depleted-d13C values in the sub-
aqueous delta, and enriched-d13C values east of 122�300
(Fig. 2c, f). The sediments from the CRE and the ZMCMB
had relative depleted-d13C values in 2018 compared with
2006, indicating an increase in the proportion of OCterr.
The C/N ratio of surficial sediments in 2018 decreased sig-
nificantly (Mann - Whitney U test, P < 0.001), but with
increased spatial variability compared to 2006 (Fig. 2b, e),
indicating that the proportion of OCterr in the surficial sed-
iment decreased in the study area, especially for the CRE.
However, the influx of OCterr from the CJR to the ECS
decreased by 70% after the TGR impoundment (Wang
et al., 2020a). The likely provenances of the OC that were
reflected by the d13C values and the C/N ratio are substan-
tially different. Therefore, other indices should also be used
to better determine the provenance of the OC.

The hydrocarbon fractions were dominated by a homol-
ogous series of nC14–36 alkanes. These alkanes were charac-
terized by a predominance of odd-numbered homologues,
with the nC31 alkane being the most abundant (Table S3).
The concentration of the nC14–36 alkanes in the surficial
sediments in 2018 significantly decreased from 2006 (Mann
- Whitney U test, P < 0.001) for the ZMCMB, as well as the
CRE (Fig. 3a, e). The spatial distribution pattern of the
nC14–36 alkanes was consistent with the TOC content and
the sediment grain size, showing similar patterns in variabil-
ity. The n-alkanes in the RiOMar usually show a bimodal
patter; one in which the long-chain n-alkanes mainly stem
from terrestrial higher vegetation and the short-chain n-
alkanes mainly comes from marine phytoplankton
(Eglinton and Hamilton, 1967; Belicka et al., 2002;
Yunker et al., 2005). Data from 2006 showed that n-alkanes
in the CRE had odd-over-even predominance, and the
group with the highest abundance was the C31 n-alkanes
(Table S3), indicating that the n-alkanes were strongly influ-
enced by terrestrial input. With the extension of sampling
stations further from the CRE and even to the southern
part of the Zhejiang-Fujian coast, the proportion of
short-chain n-alkanes gradually increased (Table S3), indi-
cating that marine organic matter gradually increased. In
2018, the surficial sediments showed a preponderance for
long-chain n-alkanes, especially for the CRE (Table S3),
indicative of the increasing contributions of terrestrial
inputs. Along the Zhejiang-Fujian coast, short- and long-
chain n-alkanes had a bimodal distribution, but the propor-
tion of short-chained n-alkanes increasing with distance far
away from the CRE.

The alkyl lipid biomarker composition, including the
ratio of terrestrial long-chain n-alkanes to the marine
short-chain n-alkanes, offers a complementary interpreta-
tion of the relative contribution of terrestrial and marine
sources (Karlsson et al., 2011). In 2006, the ratio ranged
from 4.4 to 66 with a mean value of 20 ± 10, while in
2018 the ratio declined (ranging from 2 to 85, with a mean
value of 13 ± 12; Mann - Whitney U test, P < 0.001), espe-
cially for the CRE (Fig. S6). The CPI25-33 value was also
calculated (Fig. 3c, f); similarly, it showed a high value
nearshore. The CPI25-33 values of the surficial sediments
in 2006 ranged from 2.66 to 5.73, with a mean of
4.12 ± 0.57; those in 2018 ranged from 1.13 to 5.50, with
a mean of 3.32 ± 0.93. This variation in CPI25-33 values
indicates that the OCterr in the study area had been sub-
jected to degradation prior to or in 2018 (Mann - Whitney
U test, P < 0.001). Additionally, we explored the variation
in CPI25-33 values in each sub-region. The CPI25-33 values in
the CRE decreased from 4.12 ± 0.57 in 2006 to 3.32 ± 0.93
in 2018 (Mann - Whitney U test, P < 0.001); those in the
ZMCMB decreased from 3.87 ± 0.57 in 2006 to
3.35 ± 0.85 in 2018 (Mann - Whitney U test, P < 0.001).
The CPI is a well-used marker for relative degradation state
of n-alkanes (Fahl and Stein, 1997; Yamamoto et al., 2008),
with living plants commonly have CPI values > 5, and dur-
ing degradation this ratio decreases toward 1 (Rieley et al.,
1991). Therefore, the degree of OC degradation in the CRE
was higher than that in the ZMCMB, and this is consistent
with the coarsening trend of sediment grain size.

GDGTs have recently raised substantial interest due to
their potential as proxies to trace OC source, and
brGDGTs were usually used as tracers for terrestrial input.
Unfortunately, due to limitations in their analytical tech-
niques, another group reported the relative abundance of
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GDGTs in the study area (Zhu et al., 2011). Therefore, we
further measured and compared the relative abundance of
GDGTs in the surficial sediments collected in 2006 and
2018. The brGDGT abundances were highest in the estu-
ary, followed by the nearshore, and were lowest offshore
(Fig. S3a, c). This reveals the dispersal pattern of terrestrial
materials after entering the ECS. The relative abundance of
brGDGTs varied strongly among the surficial sediments in
2018, ranging from 1.2 to 37.4%, with a mean of 5.7 ± 5.3%
(Fig. S3c). The brGDGT abundances in 2006 also showed
high variability (Fig. S3a), ranging from 4.3 to 68.1%, with
a mean of 17.7 ± 15.1%. Spatially, the relative abundance
of brGDGTs in the CRE (mean values of 25.9 ± 18.2%
in 2006 and 5.8 ± 5.4% in 2018) was higher than that in
the ZMCMB (mean values of 8.9 ± 5.2% in 2006 and5.6
± 5.4% in 2018) (Fig. S3a, c), indicating that riverine input
can have a notable impact, especially for the CRE. How-
ever, the decreasing trend in brGDGTs over time was
stronger for the CRE than for the ZMCMB. This is consis-
tent with reservoir construction and its effect on riverine
inputs to the estuary.

Previous studies have demonstrated that brGDGT dis-
tributions in marine sediment may be altered by in situ pro-
duction (Peterse et al., 2009; Zell et al., 2014; Cao et al.,
2020), which may affect the ability of using relative abun-
dances to accurately determine the OC provenance. Thus,
we explored whether a reduced riverine input would have
an impact on the in situ production of GDGTs.
Sinninghe Damsté (2016) suggested that the #Ringstetra
index exhibits different responses in soil and marine sedi-
ment, with values < 0.7 in soil and reaching as high as 1
in coastal sediment. The #Ringstetra values of the surficial
sediments in 2006 ranged from 0.31 to 0.96, with a mean
of 0.62 ± 0.20, whereas they ranged from 0.40 to 1.07, with
a mean of 0.70 ± 0.16, in 2018 (Fig. 4a, c). Spatially, the
#Ringstetra values increased offshore, which is consistent
with the findings of Cao et al. (2020). The relatively higher
2018 #Ringstetra values (Mann - Whitney U test, P < 0.001)
indicate that brGDGTs in the surficial sediment could not
be derived entirely from terrestrial inputs, and that in situ
production could be an important source of brGDGTs.
The relatively lower #Ringstetra values (0.33 ± 0.11) of
SPM in the CJR also indicates that in situ production of
brGDGTs occurred in the study area. Therefore, the source
of brGDGTs in the study area could be altered, which may
have an impact on interpretations of the OC source and
sedimentary records using the relevant indices. As noted
by Zell et al. (2004), brGDGT-derived indices should only
be used for sedimentary environments that are under a
strong riverine influence.

IsoGDGTs are membrane-spanning lipids mainly
biosynthesized by Thaumarchaeota, which are abundant
in marine environment. The distribution of isoGDGTs in
the surficial sediment exhibited the opposite trend, with
high abundances farther from the coast (Fig. S3b, d). The
abundances of isoGDGTs in 2018 ranged from 62.6 to
98.8%, with a mean of 94.1 ± 5.2%, which were higher than
those observed in 2006 (32.6–95.7%, mean of 82.5 ± 14.9%;
Mann - Whitney U test, P < 0.001). The two most abundant
isoGDGTs in the study area were GDGT-0 and crenar-
chaeol, while the relative abundances of the other compo-
nents were minor and generally constant among the
various depositional settings. The abundances of GDGT-
0 and crenarchaeol in the surficial sediment in 2006 ranged
from 11.3 to 28.8% (mean of 21.4 ± 3.7%) and from 17.6 to
60.7% (mean of 50.1 ± 9.4%), respectively, both of which
were lower than those observed in 2018. Overall, the
reduced riverine input corresponded to an increase in the
relative abundance of isoGDGT.

To determine whether riverine isoGDGTs influenced
the distribution of isoGDGTs in the marine sediment,
the GDGT-0/crenarchaeol ratios were examined. GDGT-
0 is a common archaeal membrane lipid with multiple
sources, including methanogens and Thaumarchaeota
(Sinninghe Damsté et al., 2002a; Schouten et al., 2013).
In contrast, crenarchaeol appears to be predominantly
produced by Thaumarchaeota (Sinninghe Damsté et al.,
2002). The GDGT-0/crenarchaeol ratio of Thaumar-
chaeota depends on temperature, and typically ranges
from 0.2 to 2 (Schouten et al., 2002). Blaga et al. (2009)
suggested that ratios > 2 indicate a substantial methano-
genic origin for GDGT-0. Therefore, this ratio is generally
used to indicate different environmental conditions (river
or coastal ocean) in the study area. In 2006, the GDGT-
0/crenarchaeol ratio of the riverine SPM samples (1.96 ±
0.37) was higher than that of the surficial sediment in the
ECS (0.34–0.64, mean of 0.43 ± 0.07; Fig. 4b), suggesting
the presence of an additional GDGT-0 source in the basin
and a low GDGT-0 contribution to the coastal ocean
(Zhu et al., 2011; Zell et al., 2014). The ratio of the river-
ine SPM samples was 3.93 ± 3.52 in 2018, while that of
the surficial sediment in the coastal ocean was
0.44 ± 0.05 (Fig. 4e). The relatively high ratio in 2018
may be related to eutrophication in the basin, as indicated
by high methane emissions from the reservoirs (Liu et al.,
2021; Deemer et al., 2016). Although the GDGT-0/
crenarchaeol ratio of the riverine SPM increased consider-
ably, that of the marine sediment remained unchanged
between 2006 and 2018, indicating that decreased riverine
inputs had a less impact on isoGDGT distributions in the
marine sediment.

BIT is expressed as the amount of terrestrial brGDGTs
relative to the amount of crenarchaeol (Eq. (3)) (Hopmans
et al., 2004). BIT is useful for estimating the relative riverine
inputs of terrestrial/soil OC to marine sediment, and
returns a value of approximately 1 in a purely terrestrial set-
ting and 0 in a marine setting (Hopmans et al., 2004;
Weijers et al., 2006; Huguet et al., 2006). However, the
BIT index has been shown to be selective, as BIT can be
produced in situ in freshwater and marine environments
(De Jonge et al., 2015; Sinninghe Damsté, 2016). In this
study, the BIT index of the surficial sediment in 2018 had
a mean of 0.06 ± 0.05, which was markedly lower than that
in 2006 (0.19 ± 0.16). Spatially, the BIT index was homoge-
neous in the study area in 2018 (Fig. 4f), and only a few sta-
tions near the estuary exhibited relatively higher BIT values
(BIT > 0.1). This is consistent with the findings of Cao et al.
(2020). However, the distribution of the BIT index in 2006
exhibited spatial heterogeneity, with high values near the
estuary and low values farther away. The BIT index of
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the stations near the estuary ranged from 0.66 to 0.96, with
a mean value of 0.87 ± 0.11, which was approximately the
same as the BIT index of the river SPM in this study
(0.86 ± 0.05). >50% of the stations in estuaries and near-
shore regions had BIT values > 0.1, indicating that a strong
riverine influence corresponds to high BIT values in the
study area. The drastic decrease in the BIT values in 2018
suggests that, although in situ production can impact
brGDGTs, the impact of reduced riverine inputs cannot
be ignored.

5.3. Controlling factors influencing changes in the fate of

sediment OC

5.3.1. Alongshore or cross-shelf transport of OCterr

The deposition and transport of terrestrial materials in
the study area are predominantly controlled by the coastal
currents, such as the CDW, ZMCC, and TWC, depicted
in Fig. 1a. This circulation pattern leads to cross-shelf trans-
port in the estuary and longshore transport in the Zhejiang–
Fujian coastal zone. Cross-shelf transport often occurs
between 28� N and 30� N, which is recognized as one of
the principal channels for the transfer of coastal material
to the open sea (Liu et al., 2015). The spatial distribution
pattern of the TOC content in the surficial sediments was
consistent with the circulation pattern, showing a pro-
nounced decreasing trend from the estuary eastward to the
open sea; and an increasing trend from the estuary south-
ward to the Zhejiang–Fujian coast, as depicted in Fig. 2a,
d. High TOC content was recorded near 28�N, which is con-
sistent with the location of the cross-shelf penetrating fronts
delineated by Yuan et al. (2005). As depicted in Fig. 3a, the
concentration of the nC14–36 alkanes (in 2018) in the surficial
sediments from the estuarine-inner shelf region of the ECS
was high nearshore, with lower values further from the
coast. In 2006, the spatial distribution of the nC14–36 alkanes
showed a decreasing trend from the estuary (north of 29� 300
N) eastward to offshore, while the inner shelf had a higher
value (Fig. 3e). The concentration of the nC14–36 alkanes
in the surficial sediments from the estuary was lower than
that from the Zhejiang–Fujian coast (Fig. 3a). The spatial
distribution pattern of the nC25–33 alkanes was similar to
the nC14–36 alkanes, with high values nearshore, and gradu-
ally decreasing towards the sea. The distribution pattern of
the GDGTs in the surficial sediments revealed cross-shelf
transport of OCterr (Fig. 4). The concentration of the
brGDGTs in the surficial sediments was high in the estuary
and gradually lowered southward, which is consistent with
the variation trend from nearshore to offshore (Fig. 4a, d).
Meanwhile, the distribution pattern of isoGDGTs, which
mainly originated from marine planktonic Thaumar-
chaeota, had opposite trends (Fig. 4b, e), i.e., increasing
from nearshore to offshore.

To better understand the longshore or cross-shelf trans-
port of OCterr, the ‘Profile Graph’ tool in ArcGIS 10.2 was
used to estimate continuous biomarker values along four
transects. Transect 1 was in the estuary; transects 2 and 3
were along the Zhejiang and Fujian coasts; and transect 4
was from the estuary to the Taiwan Strait, as depicted in
Fig. 1b. The variation patterns of the nC14–36 alkanes, the
nC25–33 alkanes, the brGDGTs, and the CPI25–33 in tran-
sects 1–3 revealed a uniform decreasing trend from the estu-
ary and coastline to offshore, but the isoGDGTs showed a
pronounced increase across these three transects (Fig. 5).
Combined with the spatial distribution pattern and the
cross-sectional variation trends for the target indices, we
conclude that OCterr is influenced by cross-shelf transport
processes. In addition, in 2018 the distribution pattern for
the target indices showed a notable tongue-shaped zone in
the sediment grain size, the TOC content, nC14–36 alkanes,
and nC25–33 alkanes, located between 28� N and 30� N,
extending eastward to the boundary of the study area
(Fig. S7). The tongue-shaped zones for these indices were
not seen in 2006 (Fig. S7). In 2006, the surficial sediments
south of 29� 300 N were homogeneous fine-grained particles
(>6.5 U) because of the abundant supplement of CJR-
derived sediments. These variations confirmed the existence
of cross-shelf transport processes in the ECS from the per-
spective of geochemistry, and this region can maintain a rel-
atively stable sedimentary environment even with the
reduced sediment supply.

Transect 4 is parallel to the axis of the mud deposits in
the estuarine-inner shelf area of the ECS, and can better
describe the variation trend of target indices in the direction
of longshore transport. In 2006, the variation trends in the
nC14–36 and nC25–33 alkanes showed a uniformly increasing
trend, indicating higher values along the Zhejiang-Fujian
coast (Fig. 5). However, this phenomenon did not occur
in 2018, and there was a fluctuation in the distribution pat-
terns (Fig. 5). Seabed erosion may be the main reason for
these substantial fluctuations, leading to the widespread dis-
persion of fine-grained sediments and the associated OC.
The variation trend in the brGDGTs first decreased and
then increased, but the isoGDGTs had an opposite trend.
The variation trend for the GDGTs in coastal transport
was not consistent with that of n-alkanes, so there may be
an additional input source in the southern region.

5.3.2. Influence of riverine input and hydrodynamics on the

fate of OCterr

Marginal seas are highly dynamic and heterogeneous,
with spatially diverse sediment transport processes as well
as OC inputs influencing the distribution and composition
of sedimentary OC (Bao et al., 2016; Bianchi et al., 2018;
Wang et al., 2020a). With continuous intensification of
human activities in the basin, the output fluxes of the
CJR-derived sediments and the associated OC, declined
sharply (Gao et al., 2018, Wu et al., 2018). Li et al.
(2015) estimated that dam building in the CJR basin has
sequestered �4.9 ± 1.9 Mt yr�1 of particulate OC since
2003, approximately 66% of the TOC burial flux to the
ECS. Our previous study also demonstrated that approxi-
mately 84% of the POC from upstream was trapped in
the TGR, resulting in the deposition flux of OC in the
ECS being reduced by half (Wang et al., 2020a). Substantial
changes in OC input will influence the distribution and
composition of sedimentary OC in the study area.

Sedimentary environment in the study area have been
demonstrated to be altered after 2006 due to reduction of
riverine input (Wang et al., 2020b), which induced wide-



Fig. 5. Variation trends in estimate abundances of target biomarker in four typical transects from the estuarine-inner shelf areas of the ECS in
2006 (blue boxes) and 2018 (red boxes); a, e) nC14–36 alkanes; b, f) nC25–33 alkanes; c, g) brGDGTs; d, h) isoGDGTs. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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spread sediment dispersal, but also affected the extent of
degradation and the compositional characteristics of the
associated OC (Bao et al., 2018; Bröder et al., 2018). To
better understand the influence of sedimentary dynamic
processes on the distribution of sedimentary OC in the
study area, Spearman correlation analysis showed that the
sediment grain size exhibited significant positive correla-
tions with TOC content, nC14-36 alkanes, and nC25–33 alka-
nes both in 2006 and 2018 (Fig. 6). The correlations
between sediment grain size and GDGTs proxies exhibited
significant in 2018 and no significant in 2006 (Fig. 6). The
significant correlations suggested that the fate of sedimen-
tary OC will inevitably change due to wide dispersal of sur-
ficial sediments.

In addition, OC associated with different sedimentary
grain-size fractions may be subject to different processes,
particularly in continental shelf settings characterized by
strong, dynamic, and diverse hydrodynamic gradients
(McCave and Hall, 2006; Bao et al., 2019). To demonstrate
the impact of hydraulic sorting on the sedimentary OC, a
correlation analysis was also conducted between the target
indices and the sediment components (clay, silt, and sand).
The 2006 results showed that the clay and silt components
were positively correlated with the TOC content, the
nC14–36 alkanes, and the nC25–33 alkanes; and that the sig-
nificance of silt was stronger than that of the clay compo-
nent (Fig. 6). In 2018, the correlation results revealed a
significant positive correlation between silt component
and target indices, and a non-significant correlation
between clay component and the target indices (Fig. 6).
The substantial decrease in clay content could be an impor-
tant controlling factor for OC transport, decreasing from
25.2 ± 2.1% in 2006 to 3.7 ± 2.8% in 2018, as depicted in
Fig. 5. Therefore, the dispersal pattern of silt now exerts
the strongest influence on the sedimentary OC in the study
area. Meanwhile, as the main component of silt, the ‘sorta-
ble silt’ requires lower shear stress for erosion and return to
suspension (McCave and Hall, 2006; Bao et al., 2018).
Therefore, OC associated with silt may have a longer-
distance transport process with potentially protracted



Fig. 6. Correlations between sedimentary properties (mean grain size, clay and silt) and TOC content/nC14–36 alkanes/nC25–33 alkanes in 2006
(blue boxes) and 2018 (black boxes); The solid line in the panels represents the curve fit. No line is shown when the fit was not statistically
significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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entrainment in resuspension-deposition loops (Ohkouchi
et al., 2002; Tesi et al., 2016).

5.3.3. Selective preservation and mineral protection

Particles shield OC from respiration regardless of the
intrinsic recalcitrance, potentially owing to occlusion within
the pore spaces that are inaccessible to microorganisms and
their extracellular enzymes (Mayer, 1994; Hedges et al.
2001; Rothman and Forney, 2007). This ‘mineral protec-
tion’ often involves physicochemical interactions with a
mineral matrix (Blattmann et al., 2019; Hemingway et al.,
2019), which can be a main factor in determining the stabil-
ity of marine sediments (Mayer, 1994; Keil et al., 1997;
Blair and Aller, 2012). There has been evidence of mineral
protection in laboratory incubation experiments (Hunter
et al., 2016). Results of these experiments are characterized
by non-selective OC preservation in sinking marine parti-
cles (Hedges et al., 2001), and strong correlations between
OC content and mineral SSA in soils and sediments
(Mayer, 1994; Vogel et al., 2014). In this study, SSA has
a significant positive correlation with grain size
(r2 = 0.53, P < 0.01), showing high values from the estuary
and nearshore area (Fig. 7). Therefore, higher SSA sedi-
ments are expected to have higher OC content compared
with lower SSA sediments. There were significantly positive
correlations with SSA among the target indices, including
nC14–36 alkanes, nC25–33 alkanes, and CPI25–33 (Fig. 7), sug-
gesting that mineral protection regulates OCterr at the con-
tinental margins.

Organic carbon loading and normalization of OC to
particle SSA may provide a means to examine the net reac-
tion or supply processes in particle populations indepen-
dent of physical sorting (Blair and Aller, 2012). Measured
OC:SSA ratios ranged from 0.06 to 1.21 mg C m�2, with
a mean value of 0.35 ± 0.11 mg C m�2. A relatively low
OC loading was predominantly observed, which reflects
regions that are frequently remobilized and reoxygenated
(Blair and Aller, 2012; Zhao et al., 2018). The sortable silt
component of sediment that is most prone to resuspension
and redistribution had relatively low OC loadings, likely



Fig. 7. a) The distribution pattern of SSA in the estuarine-inner shelf areas of the ECS; b, c, d) correlation between SSA and nC14–36 alkanes/
nC25–33 alkanes/CPI25–33.
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due to enhanced degradation and preferential removal of
labile OC during entrainment in deposition-resuspension
loops (Bao et al., 2016; 2019). The dispersal pattern of
the OC:SSA ratios showed an increasing trend from near-
shore to offshore, reflecting an asymptotic loading value
characteristic of unstable organic-mineral associations with
high reactivity and high availability for further decomposi-
tion. High OC:SSA values (>0.4 mg C m�2) were mainly
observed from water depths>50 m; this is consistent with
an OC loading ranging from 0.4 to 1.0 mg C m�2 being
common at depths close to in shelf sediments, due to high
in situ productivity (Blair and Aller, 2012). Overall, the dis-
tribution pattern of the OC/SSA value reflects the response
of OC to the hydrodynamics of the study area.

Another key factor controlling the fate of sedimentary
OC may be degradation processes. This is especially the
case for the OCterr dispersal pattern, with marked a cross-
shelf decrease of the terrestrial biomarkers such as
brGDGTs, nC25–33 alkanes, and CPI25–33, likely reflecting
degradation processes during transport. If particle sort-
ing/winnowing plays first-order control in the dispersal pat-
tern of OCterr, a similar across-shelf trend may be expected
in the degradation state proxy (Tesi et al., 2014). Further-
more, it was observed that the CPI25–33 had a similar dis-
persal pattern to that of the nC25–33 alkanes, brGDGTs,
and SSA, indicating a decreasing trend with increasing dis-
tance from the coast. The CPI measures the ratio of odd-to-
even numbers for carbon chain lengths of nC25–33 alkanes
and is based on the preference of odd carbon chain lengths
for nC25–33 alkanes in fresh plant material (Eglinton and
Hamilton, 1967). With ongoing degradation, this prefer-
ence would be lost and the CPI25–33 would approach one
(Bray and Evans, 1961). A clear decreasing trend was found
for CPI25–33 in the cross-shelf transects 1 and 2 for 2006 and
2018, with increasing longitude (Fig. 8). The variation trend
for CPI25–33 in the longshore transect 4 showed an increas-
ing trend with longitude (Fig. 8). These results suggest an
increase in the degradation state of OCterr, with increasing
distance from the coast and estuary, exhibiting degradation
of labile OC during transport processes. In addition, similar
dispersal patterns for CPI25–33 and SSA and their signifi-
cant positive correlation indicate that mineral protection
is another factor that controls the degradation of OCterr

in coastal margin sediments, as depicted in Fig. 7.



Fig. 8. Correlation CPI25–33 value and longitude/latitude in 2006 (upper row) and 2018 (lower row); a, d) Transect 1; b, e) Transect 2; c, f)
Transect 3.
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5.4. The global context

These studies have demonstrated that the role of partic-
ulate OCterr in the CJR-ECS S2S conveying systems has
changed substantially due to anthropogenic perturbations.
In this context, the role of river-dominated marginal seas
as an important OC sinks is changing, and more attention
should be paid to this new issue. The CJR-ECS S2S convey-
ing system is not the only large system experiencing inten-
sive human interference and substantial sediment load
reduction. Almost all the world’s river-dominated marginal
seas have been or are experiencing this threat. For example,
the sediment supply to the sea from the Nile River has
nearly vanished because of the sediment trapping effects
of the New Aswan Dam, and sediment deposition in the
deltaic channel networks (Stanley, 1996), which have trig-
gered erosion of estuarine shoals and subaqueous deltas
(Blum and Roberts, 2009). Dams and river engineering
activities have caused sediment load reduction from
approximately 400 Mt yr�1 to 145 Mt yr�1 in the Missis-
sippi River (Meade and Moody, 2010), resulting in delta
erosion and shoreline retreat (Blum and Roberts, 2009;
Maloney et al., 2018). The Yellow River, once the most
sediment-laden river in the world, has experienced a sedi-
ment flux reduction from 1,221 Mt yr�1 in the 1950 s to
143 Mt yr�1 in the 2000 s, because of reforestation and
reservoir construction (Wang et al., 2007; Wu et al.,
2020). This has also resulted in delta erosion and sediment
coarsening (Liu et al., 2022). Similar sediment load reduc-
tions have occurred in the Mekong River due to recent
hydropower dam construction (Kummu et al., 2010;
Schmitt et al., 2017), triggering rapid delta erosion
(Anthony et al., 2015; Li et al., 2017). Other large rivers
such as the Amazon River (Latrubesse et al., 2017), Ebro
River (Tena and Batalla, 2013), and Ganges-Brahmaputra
River system (Rahman et al., 2018) have also shown a sub-
stantial decrease in sediment flux. In addition to large riv-
ers, hydroelectric dams have demonstrably affected the
stability of small and medium river estuaries, resulting in
a rapid coastal recession in what would otherwise have been
accretional coastlines (Ezcurra et al., 2021). Therefore, vari-
ation in sediments in the river-marginal sea system due to
human disturbances has become universal.

These global reductions in sediment loads have reduced
the influx of particulate OC to ocean margins (Syvitski
et al., 2005; Regnier et al., 2013; Maavara et al., 2017). This
has changed the sources, compositions, dispersal, and depo-
sition of OC in these areas. In addition, coastal erosion and
seabed erosion caused by insufficient sediment supply has
resulted in sediment (re)mobilization and the scouring of
OC associated with fine-grained sediments. The effects of
these processes may be more pronounced in the RiOMar,
especially at passive margins with broad continental shelves,
resulting in prolonged oxygen exposure during resuspen-
sion–deposition loops. This may, in turn, promote lateral
redistribution and degradation of OC (Blair & Aller, 2012;
Bao et al., 2018). Therefore, the cumulative impact of
reduced riverine input coupled with seabed erosion and
associated OC degradation should be re-evaluated; if this
is not done, biogeochemical processes affecting OC in the
RiOMar will be further complicated. Further studies should
be conducted to examine the effects of intense anthro-
pogenic perturbations on the fate of sedimentary OC in
river-dominated coastal margins at the global scale.
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6. CONCLUSIONS

In this study, lipid molecular biomarkers, including n-
alkanes and GDGTs, were used as tracers for land-derived
materials to investigate the influences of human-induced
catchment changes on the fate of OCterr along the CJR-
ECS continuum. The distribution of bulk OC properties
and biomarkers indicated that OCterr transport in the study
basin has changed due to hydraulic engineering, which also
affected the provenance of the OCterr discharged into the
ECS. The C/N ratio, d13C value, and n-alkane levels indi-
cated that in situ productivity has become an important con-
tributor to OCterr in the river SPM due to reservoir
interception. Additionally, reduction in sediment loads has
resulted in coarser surficial sediments in the estuarine-inner
shelf areas of the ECS, which affects the delivery, dispersal,
and deposition of OCterr. Moreover, the TOC, n-alkane,
and GDGT concentrations in the surficial sediments have
decreased substantially. The reduction in sediment loads is
one reason for this change, and hydrodynamic sorting
caused by the change in the sedimentary environment is
another. These conclusions are supported by positive corre-
lations between sediment grain size and the target biomark-
ers. Regional circulation patterns control the dispersal and
deposition of sediments and the associated OCterr, resulting
in the alongshore and cross-shelf transport of OCterr, which
undergoes degradation during its transit. Overall, anthro-
pogenic perturbations can affect the fate of OCterr by both
reducing terrestrial inputs and changing the sedimentary
environment. Indeed, the variation in the fate of OCterr

resulting from this suite of processes is likely prevalent glob-
ally. Humans have transformed the mobilization, transport
and sequestration of sediment, resulting in terrestrial inputs
and sedimentary environment of RiOMar having been chan-
ged on a global scale. These changes will inevitably affect the
fate of sedimentary OC in the RiOMar, shaping our under-
standing of global OC cycling. Further global-scale studies
examining the impacts of anthropogenic perturbations on
the fate of sedimentary OC in RiOMar are necessary.
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Vogel C., Mueller C., Höschen C., Buegger F., Heister K., Schulz
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