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A B S T R A C T

Deltaic river systems including both active channels and abandoned channels, are of significant importance to
understand the deltaic morphology, as well as to the coastal management and ecosystem maintenance. However,
the healing process of the abandoned channel has not yet been well understood. Based on the sedimentary record
and hydrographic surveys, the deposit architecture and sediment dynamics of a tide-dominated abandoned
channel, the abandoned Qingshuigou channel of the Yellow River, are investigated. The abandoned Qingshuigou
channel has been fully disconnected from the main river channel since an artificial diversion completed in 1996.
Twenty years after the abandonment, sedimentation with an average thickness of> 20 cm was identified in the
abandoned channel, illustrating a prominent seaward thickening trend from middle to lower channel. At the
present river mouth of the abandoned channel, sedimentation layer with a thickness of 38 cm well matched the
sedimentation rates derived from both chronological framework (1.85 cm/yr derived from 210Pb) and sedi-
mentary facies (1.90 cm/yr). These deposits are composed by fine-grained sediment and enriched with organic
matters, differing largely from the river-dominated deposits before abandonment. Tidal delivery of the sediment
resuspended in the shallow water nearby Qingshuigou river mouth dominated the refilling process of the
abandoned channel. Meanwhile, severe erosion near the abandoned river mouth shortened the channel (23.5 km
in 1996 versus 14.5 km in 2018) and induced a lateral migration of the tidal inlet. Due to seasonally varying
hydrodynamics, the tide-dominated abandoned Qingshuigou channel converts from a sediment sink in summer
seasons to both a source and a sink in winter seasons.

1. Introduction

A river is natural conduit for water as it drains a catchment and
delivers sediment to a receiving basin, such as ocean, sea, lake or
possibly another river (Wetzel, 2001). With a total global surface area
of ~773,000 km2, rivers are largely transboundary and connect a
considerable proportion of continental surface (Bakker, 2009; Allen and
Pavelsky, 2018). From watershed scale to global scale, and over days to
millions of years, rivers continually shape the Earth's landscape through
deposition, erosion and redistribution of terrestrial sediment (Best,
2019). Large amount of terrestrial sediment was transported into the
ocean by rivers and accumulated near their initial sites of entry into the
sea, forming various deltas. Deltas are presently important to sustain

global society and economy, but they are highly threatened by sea-level
fluctuation, land subsidence, and sediment supply (Syvitski et al., 2009;
Syvitski and Saito, 2007). Continuous drowning of deltas in recent
decades makes it more urgent than ever to better understand delta
evolution at varying scales. As an essential component of delta and
indispensable vehicle for transporting sediment, deltaic river systems
and their evolution have thus been considered as an important issue for
insightful understanding of delta evolution (Gugliotta and Saito, 2019).

Deltaic river systems are generally comprised of three types of river
channels: (1) active channel; (2) abandoned channel which partially
connect with main channel; and (3) abandoned channel which is fully
disconnected from the main channel. The first two types have been
studied extensively in recent years (e.g. Dai et al., 2016; Gray et al.,
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2016; Gugliotta et al., 2017; Ogston et al., 2017; Gugliotta and Saito,
2019). The hydrological condition and geomorphic evolution of these
channels are controlled by the battle of fluvial process and tide-domi-
nated regime of the open coast (Ogston et al., 2017). Near the receiving
basin, where tidal forcing is dominant, distributary channels typically
increase in width and decrease in depth with proximity to the sea.
Distributary channel beds in this region display tide-influenced sand-
mud alternations (Gugliotta and Saito, 2019). Meanwhile, due to strong
tidal currents and insufficient sediment supply, more erosional features
potentially occurred near river mouth areas in recent years (e.g. Dai
et al., 2016; Gugliotta et al., 2017). However, very few studies have
focused on the third type (i.e. deltaic channels which fully disconnect
from the main channel), except for an ideal model hypothesized by
Gugliotta and Saito (2019). In their so-called ‘purely tide-dominated
channel’, sediment eroded near the tidal inlet would be transported
landward, resulting in the gradual infilling of the channel. To the best of
our knowledge, however, this assumption has not been verified or fal-
sified by any practical cases. As a consequence, the sedimentary ar-
chitecture in these abandoned channels also remains unclear. As deltas
play a major role in sustaining society (e.g., providing fertile soil,
abundant natural resources, and settlement to half a billion people
worldwide; Syvitski and Saito, 2007; Iglesias-Campos et al., 2015),
better understanding these purely tide-dominated abandoned channels
as a component to the general geomorphic evolution of deltas is of
critical importance (Gray et al., 2018).

The Yellow River is well known for its heavy sediment load and fast
deltaic land accretion (Xue, 1993; Saito et al., 2001; Wang et al., 2010).
Given the high sediment load and relatively low water discharge, the
sediment is mostly deposited on the lower riverbed and raises the
channel bed, forming a “suspended river” in the lower reaches of the
Yellow River (Wang et al., 2017). The channel levees and channel bed
are highly elevated, even in delta regions. Therefore, water depth of the
lower reaches is relatively shallow and backwater length is short (e.g.
channel bed elevation at 40–50 km upstream from the river mouth is
~3 m in 1997; Wu et al., 2017). The perched channels are fragile to
flash floods and therefore have forced the lower Yellow River to
meander within its flat delta plain (Fig. 1a). Frequent avulsions provide
a good opportunity to study the evolution of abandoned channel. At

millennial scale, the Yellow River empties into the micro-tidal Bohai
Sea, forming river-dominated deltas along the western coast of the
Bohai Sea due to the frequent channel avulsions in the lower reaches
(Saito et al., 2001). But at the end of the river channel, tidal processes
also could impact channel morphology and tend to widen deltaic
channels (Fig. 1b; Gugliotta and Saito, 2019). Especially, the Yellow
River was artificially diverted northward from the Qingshuigou course
to the Qing 8 course in 1996 (Fig. 1b). Since then, the Qingshuigou
course has been completely cut off and fully disconnected from the
main channel by man-made dyke. Without connection with the main
river channel, the abandoned Qingshuigou channel was converted into
be a purely tidal end-member system as hypothesized by Gugliotta and
Saito (2019).

Herein, based on sediment cores collected on the abandoned
Qingshuigou channel and time-series hydrographic surveys in the
abandoned river mouth, we discussed the morphological evolution of
Qingshuigou channel after abandonment. The objective of this work is
to identify the nature of the sedimentary deposit, and infer the filling
dynamics of an abandoned channel influenced by ocean dynamics. By
comparing to the infilling process of deltaic channels influenced by
both tidal and fluvial processes, the differences in the evolutionary
processes for the two unique settings are addressed in detail. The in-
sights gained in this paper have important implications to the infilling
processes of abandoned channels in river deltas, specifically by clar-
ifying controlling factors. A better understanding of the abandoned
channel development in deltaic morphology system is also critical for
coastal management and ecosystem maintenance, which are ever-more
pressing given the growing risk of coastal erosion induced by the
combined impacts from climate change and human activity (Syvitski
et al., 2009).

2. Study area

Originating from the northern Qinghai-Tibetan Plateau, the Yellow
River flows eastward through the Loess Plateau and the North China
plain with a length of 5464 km, before entering the shallow and semi-
closed Bohai Sea. Historically, over 1.6 × 109 tons of sediment from the
Loess Plateau is delivered to the lower reaches annually (Shi et al.,

118.0°E 118.5°E 119.0°E
37.0°N

37.5°N

38.0°N

Bohai Sea

Laizhou BayLijin

Ninghai

Yuwa

1

1
2

3

4

44

4
4 4

5

5

6

6

6

7
7

1 1855-1889 2 1889-1897
3 1897-1904 4 1904-1929
5 1929-1934 6 1934-1938

1947-1964
7 1964-1976

8 1976-1996
9 1996-present

Yellow River Delta

Bohai Sea

119.1°E 119.2°E 119.3°E

37.64°N

37.74°N

37.84°N(a) (b)

9

8

6 (b)

Qing
 8 

Qingshuigou

Channel shift
 in 1996

AC3
AC2

AC1S1

river channel in 1996

sediment core
time-series station

0 20km 0 2km

Fig. 1. (a) Historical channel shifts of the lower Yellow River since 1855 (modified after Xue, 1993); (b) map of the abandoned Qingshuigou river channel with
sampling stations: core AC1 (37.67°N, 119.26°E, 0.40 m), core AC2 (37.70°N, 119.23°E, 0.68 m), core AC3 (37.71°N, 119.22°E, 0.70 m), and time-series station S1
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respectively. The elevation data is from Shuttle Radar Topography Mission (SRTM) datasets. (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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2002). Due to its high sediment concentration and relatively low water
discharge, coarse-grained sediment deposits on the riverbed, forming a
‘suspended river’ in its lower reaches, whereby the channel bed is
highly elevated above the surrounding floodplain (Wang et al., 2017; Bi
et al., 2019). Such a perched channel and high sediment load renders
the system dynamic insofar that floods and crevasses (levee breaches)
have caused the Yellow River to meander and avulse over much of its
wide and flat alluvial plain for the past several thousand years (Saito
et al., 2001). Since 1855, when the Yellow River avulsed northward
from the North Jiangsu Province to the northern side of the Shandong
Peninsula, the deltaic section of the river channel has itself avulsed
approximately 9 times (Fig. 1a). As a result of relocating the delta de-
positional center, approximately 5400 km2 of subaerial deltaic land-
scape has formed in the past ~150 years (Xue, 1993). Therefore, the
channels of the lowermost Yellow River provide a good opportunity to
investigate the geomorphic evolution of abandoned river deltaic
channels in general.

The modern Yellow River delta today nourishes more than two
million people, supporting their livelihoods, which includes farming,
aquaculture, fishing, and the second largest oil field (i.e. Shengli
Oilfield) in China (Zhou et al., 2015). Besides fast land accretion, fre-
quent avulsions of the deltaic river channels have also caused inunda-
tion disasters and impeded local economic development. In response,
artificially designed avulsions have been applied to the lower Yellow
River reaches since the 1950s (Zheng et al., 2018). Furthermore, in
order to facilitate infrastructure construction of the Shengli Oilfield, the
Yellow River was artificially diverted northward from the Qingshuigou
course to the Qing 8 course in 1996 (Fig. 1b). Since then, the Qing-
shuigou course has been completely cut off and dynamically dis-
connected with the main channel by man-made dyke.

The abandoned Qingshuigou channel is approximately 20 km long
and located in eastern end of the modern Yellow River delta (Fig. 1b).
The tidal regime of the abandoned river mouth is dominated by a mixed
semi-diurnal tide with a range of 0.6–0.8 m. The tidal currents gen-
erally flow parallel to the isobaths: northward/southward during the
flood/ebb tide, respectively, with an average current speed of
0.2–0.6 m/s (Zhang et al., 1990; Bi et al., 2010). The climate in the
study area maintains a distinct seasonal variability associated with East
Asian Monsoon activity. A weak southerly wind prevails in summer,
while a stronger northerly wind with an average speed> 10 m/s
dominates during the winter seasons. The waves in the study area are
mostly driven by the local winds, of which the dominant northerly
waves in winter are much stronger than the southerly waves in summer
(Wang et al., 2014).

3. Materials and methods

3.1. Sampling

A total of three sediment cores with lengths of 100 cm (AC1), 43 cm
(AC2), and 50 cm (AC3) were collected in the abandoned Qingshuigou
channel using a vibracore set. The sites of cores AC1, AC2 and AC3 were
progressively landward in the abandoned channel (Fig. 1b). It is note-
worthy that these three cores were collected in different years. Core
AC1 was firstly collected near the abandoned river mouth in July 2015
and was sampled every 1 cm for grain-size analysis in the laboratory.
Additionally, based on the sedimentary sequence, 10, 14 and 10 sedi-
ment samples at selected depth (every 5 or 10 cm) of core AC1 were
taken for measurements of radionuclides 210Pb concentration, organic
carbon and straight chain alkanes (n-alkanes) data, respectively. These
data are critical to interpret the geomorphic evolution of the abandoned
channel, as they provide constraints on accumulation rates and origin
(marine, terrestrial) of organic material for the sedimentary deposit.

Core AC1 provided a preliminary understanding on the vertical
sedimentary structure. Subsequently, cores AC2 and AC3 were then
collected in July 2018, in order to distinguish the spatial variation of

the channel filling architecture. Cores AC2 and AC3 also presented si-
milar patterns to core AC1, insofar that both cores show two segments
that differ largely from each other. These cores were also sectioned at
1 cm intervals for grain-size analysis.

3.2. Analytical procedures

All sediment samples of three cores were pretreated with 30% H2O2

to decompose organic matter and 1 mol/l HCl to remove carbonate.
After dispersion and homogenization by ultra-sonic vibration, the grain
size of the sediment samples was measured using a laser particle size
analyzer (Mastersizer 2000, Malvern Instruments Ltd., UK) with a
measuring error of< 3%. The particle sizes were categorized into three
fractions: clay (< 4 μm), silt (4–63 μm), and sand (> 63 μm).

The 210Pb dating of core AC1 was conducted at the Third Institute of
Oceanography, Ministry of Natural Resources, based on the method
outlined in Guo et al. (2007). After air-drying and pulverization, the
powdered samples were measured by an Ortec HPGe GWL series well-
type coaxial low background intrinsic germanium detector. 210Pb was
determined by gamma emissions at 46.5 keV, while 226Ra was de-
termined via the gamma emission of its daughter isotope 214Pb at
295 keV and 352 keV, following three weeks of storage in sealed con-
tainers to attain radioactive equilibration. The excess 210Pb (210Pbex)
was calculated by subtracting 226Ra activity from total 210Pb activity.
The sedimentation rate was calculated from the logarithmic regression
profile of 210Pbex versus depth by the constant initial concentration
model (Guo et al., 2007).

Analyses of total organic carbon (TOC) and n-alkanes of selected
sediments of core AC1 were performed at the First Institute of
Oceanography, Ministry of Natural Resources. Portions of the freeze-
dried sediment samples were pretreated with 4 M HCl to remove car-
bonate, and the resulting carbonate-free samples were then analyzed
for TOC in duplicate using a Vario EL-III Elemental Analyzer. To de-
termine n-alkanes, approximately 15 g of freeze-dried sediments were
extracted with dichloromethane in a Soxhlet apparatus for 48 h, with
activated copper added to remove the sulfur in the samples. The ex-
tracts were concentrated by rotary evaporation, hexane-exchange, and
submitted to a 1:2 alumina/silica gel glass column. The subsequent
fraction containing aliphatic hydrocarbons was eluted and reduced in
volume using a gentle N2 stream. Then the extract was added with a
known quantity of hexamethylbenzene as internal standard. After pre-
treating, data of n-alkanes were measured by an Agilent 6890 Series
Gas Chromatography/Series 5975 Mass Spectrometer in the full scan
mode, and chromatographic separation was achieved by DB-5MS ca-
pillary column, following the detailed procedures described in Hu et al.
(2009). The carbon preference index (CPI), terrigenous/aquatic ratios
(TAR) and light/heavy ratios (L/H) are useful indices for distinguishing
terrigenous and marine sediments (Meyers, 1997; Hu et al., 2013; Liu
et al., 2018). The CPI, TAR and L/H values are defined as follows (Bray
and Evans, 1961; Aboul-Kassim and Simoneit, 1996; Meyers, 1997; Liu
et al., 2018).
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3.3. Hydrographic surveys

Time-series hydrographic surveys in the abandoned river mouth
(station S1, Fig. 1b) were conducted on August 06, 2017 and March
15–16, 2018, respectively, to distinguish the sediment transport in
summer and winter seasons. The water depth was extremely shallow
with variations of 1–3 m during the flood/ebb tide. As a result, the
surveys were only conducted by using a small fishing-boat due to the
limitation of draught. Thus the time-series data of current velocity and
turbidity were only obtained at 1 m below the surface using electro-
magnetic current meter and RBR turbidity sensor. Water samples of
500 ml were collected at the corresponding position with a time in-
terval of 1 h. Water samples were then filtered through pre-weighed
paired filters 47 mm in diameter with a pore diameter of 0.45 μm. The
filters with sediments were washed three times with distilled water to
remove the remaining salt. The dried filters were weighed again using a
high-resolution electronic balance with an accuracy of 0.01 mg. The
suspended sediment concentration (SSC), calculated from the ratio of
the mass of final filtered sediment to filtered water volume, was used to
validate the turbidity data. The horizontal suspended sediment flux
(SSF) at station S1 was calculated based on flow vector and turbidity-
derived SSC.

= × − = =SSC TU n0.95 3.71 (R 0.91, 38).2 (4)

= × ×SSF SSC U V H( ) .U V( ) (5)

= +SSF SSF SSF| | .U V
2 2 (6)

U and V represent the eastward and northward components of
current velocity measured at 1 m below the surface, respectively. H is
the water depth (i.e. the mean water depth of 2 m used in here).

3.4. Satellite images

Multi-temporal remote sensing data of Landsat Thematic Mapper
(TM) and Landsat Enhanced Thematic Mapper (ETM+) satellite images
from 1996 to 2013 were acquired from the Earth Resources Observation
and Science (EROS) Center (http://glovis.usgs.gov/). Each full TM or
ETM+ scene can fully cover the study area with the spatial resolution
of 30 m. The central endpoints of the abandoned Qingshuigou river
mouth in different years were extracted based on the middle of estuary
derived from acquired Landsat imageries.

4. Results

4.1. Spatial evolution of the abandoned Qingshuigou channel

As indicated by time-series satellite images, the abandoned
Qingshuigou course has shrunk significantly since the artificial diver-
sion in 1996 (Fig. 2). The abandoned river mouth retreated landward
successively (Figs. 2 and 3). For instance, the site of core AC1, which
was collected on land in 2015, has been already submerged in 2018
(Fig. 2f). Correspondingly, the channel length was shortened from
23.5 km in 1996 (Fig. 2a) to 14.5 km (Fig. 2f) in 2018, with an average
shortening rate of 0.4 km/yr. Besides, the tidal channel that currently
occupies the abandoned channel was much shorter than the antecedent
fluvial channel (Fig. 2), indicating that obvious channel infilling has
actually occurred in the whole abandoned channel, from the man-made
dyke to abandoned river mouth. Only the center of the abandoned
channel remained a subaqueous environment nowadays (Fig. 2).
Meanwhile, severe erosion of the west bank, along with accretion of the
east bank, occurred near the abandoned river mouth, inducing a lateral
migration of the tidal inlet (Fig. 3).

4.2. Sedimentary sequence of the abandoned Qingshuigou channel

4.2.1. Chronological framework of Core AC1
Based on sedimentary features, core AC1 can be distinctly divided

into two segments (0–38, 38–100 cm): sediments in the upper 38 cm
were dominantly composed by yellowish-gray clayey silt. Grayish-
yellow silty sand and sandy silt were found in the lower segment below
38 cm. A few black stripes were found occasionally in the sequence. For
conditions that sediment is muddy and steadily accumulated, 210Pb is
considered as a reliable age-dating proxy. Generally, if 210Pbex de-
creases downward with depth, this indicates that the sediment accu-
mulated at a relatively constant rate in a stable sedimentary environ-
ment. As shown in Fig. 4, a distinct break in the 210Pbex profile of core
AC1 was found, corresponding to a distinct interruption in the sedi-
mentary sequence. The 210Pb data of the lower segment seemed to be
not applicable due to sandy silt deposits. Thus only 210Pb data of the
upper segment was used. The 210Pbex profile of the upper 38 cm of core
AC1 showed a stable downward decreasing trend in the activity of
210Pbex, and a best-fit linear regression with a correlation coefficient
R = 0.75, which yielded an estimate of average sedimentation rate of
1.85 cm/yr. Therefore, the upper segment (0–38 cm) corresponded to
the sedimentation within approximately 20 years, which well matches
the time interval between the artificial channel avulsion in 1996 and
core sampling in 2015 that deduced an average sedimentation rate of
1.90 cm/yr.

4.2.2. Grain-size variation
Corresponding to the sediment characteristics, the top-to-bottom

sediment compositions and median grain size of cores AC1, AC2 and
AC3 can be divided into two stages as distinguished by the evident
vertical differences in sedimentary features (Fig. 5a). Stage 1
(100–38 cm) of core AC1 was characterized by high contents of sand
(50.22%) and silt (47.42%), and an extremely low clay content
(2.36%); the median grain size was 63.97 μm. Stage 2 (the upper 38 cm
in depth) of core AC1, representing the sedimentation within 20 years
after the channel abandonment in 1996 (Fig. 5a), processes a sand
content of 10.11%, and a silt and clay content of 79.64% and 10.25%,
respectively. The median grain size was 27.64 μm. At stage 1
(43–27 cm) of core AC2, the sand fraction was dominant, with a mean
content of 56.34%. The average silt and clay contents were 38.56% and
5.10%, respectively (Fig. 5b), and the median grain size was 52.40 μm.
At stage 2 (27–0 cm) the sand content decreased sharply to 21.83%,
while the silt fraction increased to 65.86% with increasing clay content,
resulting in a decrease in the median grain size to 20.97 μm (Fig. 5b).
Similar to AC1 and AC2, sediment compositions of the 50 cm long core
AC3 is also divided into two stages with a boundary at depth of 20 cm
below surface. The average fractions of sand, silt and clay changed from
66.12%, 29.97% and 3.90% at stage 1, to 29.27%, 62.00% and 8.72%
at stage 2, respectively (Fig. 5c). The median grain size decreased
correspondingly from 63.30 μm at stage 1 to 28.67 μm at stage 2
(Fig. 5c).

The grain-size distribution curves express grain-size populations and
are useful to interpret the sedimentary environments. The averaged
distribution of the different stages of all three cores shows uni-modal
distributions (Fig. 6). For each core, the maximum grain size percentage
decreased sharply from stage 1 to stage 2. For instance, core AC1 shows
the maximum-percentage population changed from 68.15 μm at stage 1
to 34.09 μm at stage 2 (Fig. 6). For the same stage in different cores, the
peaks in the grain size distribution curves show a landward increase
(i.e. from the core AC1 to AC3), particularly for stage 1 deposits, in-
dicating that the sediment fines and is less sorted progressing down-
stream (Fig. 6).

4.2.3. Profiles of TOC and N-alkanes data analysis
TOC over the entire sediment samples of core AC1 showed a slight

upward increasing trend, with a fluctuation of 0.03–0.12% (Fig. 7a). At
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stage 1, TOC content varied between 0.03 and 0.08%, with a mean
content of 0.05%. However, the mean value of TOC at stage 2 of core
AC1 increased to 0.10% (Fig. 7a), together with significant contrast of
grain-size composition (Fig. 7a). The TAR value of n-alkanes of sedi-
ment samples at stage 1 (mean of 94.48) is one order of magnitude
higher than that at stage 2 (Fig. 7b). The L/H values display an opposite
pattern with the TAR values (Fig. 7c). The mean L/H was as low as 0.02
at the bottom, increasing to 0.22 at the upper segment with consider-
able fluctuations (Fig. 7c). Fig. 8 shows n-alkanes distributions for core
AC1 at different depths that were randomly chosen from different
stages. The n-alkanes compositional patterns at depth of 80 cm

exhibited a typical unimodal distribution pattern centered at C24-C30

(Fig. 8) without odd/even predominance (CPI = 1.02). The n-alkanes
distribution of sediment at 15 cm included two apparent populations
(Fig. 8). The long-chain n-alkanes are concentrated in the range from
C29 to C35, with a maximum at C29 and C31 (Fig. 8). The CPI value of
C25–33 homologues was 3.60, showing a significant odd to even carbon
preference. The short-chain n-alkanes had a range from C13 to C20, with
a maximum value occurring at C16 (Fig. 8).
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4.3. Regime of sediment transport

The SSC and tidal currents at station S1 located near the abandoned
river mouth, for both summer and winter observations are shown in
Fig. 9. On August 06, 2017, a southerly wind with velocity < 2.39 m/s
blew over the study area. The tidal currents at the abandoned river
mouth were reciprocating flows: northward during the flood tide but
southward during the ebb tide (Fig. 9a). The flood tide lasted for ~6 h
with a mean velocity of 13.70 cm/s, while the ebb tide lasted for ~4 h
with a mean velocity of 18.56 cm/s (Fig. 9a), which presents an ap-
parent tidal asymmetry. During the summer observation, the SSC
fluctuated between 22.20 mg/L and 59.10 mg/L (Fig. 9b). The mean
SSC during the flood tide was 39.78 mg/L, then decreased to 31.35 mg/
L during the ebb tide. As a result, the SSF (suspended sediment flux)
across the abandoned river mouth could have intruded the abandoned
channel with a net value of 1.94 g/m/s in the NS direction, and 0.18 g/
m/s in the EW direction, respectively. Considering the location of the
time-series station (S1, Fig. 1b), the NS and EW directions indicate the
sediment into channel and to the bank, respectively.

During the winter cruise, the northerly wind prevailed but with
largely varying speed. It exceeded 12.84 m/s on March 15 and then
weakened to 5.32 m/s on March 16, 2018. The tidal current flowed
northwestward during the flood tide and southeastward during the ebb
tide (Fig. 9c). The mean velocity was 50.41 cm/s during the flood tide
and 51.57 cm/s during the ebb tide during the first tidal cycle, while
the current velocity was only 12.44 cm/s with a fluctuation of
0.97–28.41 cm/s during the second cycle. The duration of the flood tide
was ~5.5 h and ~3.3 h in the first and second cycles, respectively,
shorter than those for the ebb tide (Fig. 9c). Comparing to the summer
observation, the SSC in winter was extremely high (Fig. 9d), especially
in the first tidal cycle after the passage of a gale. The mean SSC was
1264.16 mg/L and 503.39 mg/L in the first and second cycle, respec-
tively (Fig. 9d). Besides an intrusion pattern along NS-direction, the SSF
in the winter observation also displayed a considerable eastward
transport. The northern and eastern SSF in the first tidal cycle was
19.28 g/m/s and 258.31 g/m/s, and then decreased to 2.42 g/m/s and
18.72 g/m/s in the second cycle, respectively. Comparing to the
summer observation, the NS and EW directions of SSF was one or two
orders higher in magnitude, respectively.
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Fig. 5. Sediment composition and median grain size of (a) core AC1, (b) core AC2 and (c) core AC3. Dashed black line indicates change from fluvial sedimentation
(below) to tidal sedimentation (above).
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5. Discussion

5.1. Evolution of the abandoned Qingshuigou river channel

Since 1976, when the Yellow River was diverted from the Diaokou
course to the Qingshuigou course, the active delta lobe prograded
seaward rapidly due to sufficient supply of riverine sediment (Wu et al.,
2017). During this period, a large amount of coarse sediment containing
a high proportion of sand and silt could have accumulated to form a
fairly uniform bed texture (Stage 1 in Fig. 5). This was confirmed by
geochemical evidences including low TOC, high TAR and low L/H va-
lues of n-alkanes (Fig. 7). The abundance of mid- and long-chain n-
alkanes (i.e. C24-C30) illustrates a mixed source of aliphatic hydro-
carbons, including floating/submerged macrophytes, and terrestrial
and emergent plants, among which the terrestrial plants are the

predominant origin (Fig. 8; Ficken et al., 2000). The low CPI value at
stage 1 suggests an input of petroleum hydrocarbons from the nearby
oilfield, which is similar to the surface sediments of the active Qing 8
river channel (Wang et al., 2018).

Since abandonment in 1996, the Qingshuigou channel has been
receiving a considerable amount of sediment from the nearshore re-
suspension rather than from the river supply, resulting in continuous
channel infilling. However, the in-channel sediment contains little sand
and is much finer than the underlying antecedent channel bed (Fig. 5).
Compared to the pre-existing bed deposits, infilling sedimentation is
characterized by high content of organic matter, low TAR value and
high L/H value (Fig. 7a), all suggesting a dominant contribution of
aquatic plants (Meyers, 1997). In general, contrasting relationships
exist between the concentrations of organic matter and sediment grain
size (Lin et al., 2002). But in estuarine zones, organic matter can also be
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delivered from a marine source (Dinakaran and Krishnayya, 2011). The
molecular distributions of n-alkanes confirmed that before the channel
abandonment the terrestrial vascular plants are the dominant source for
the organic carbons as indicated by the significant odd carbon number
predominance of long-chain n-alkanes (Fig. 8; Aboul-Kassim and
Simoneit, 1996). In contrast, the sources of organic carbon preserved in
the abandoned channel at stage 2 seemed to be a mixture of marine
organic matter and terrestrial aquatic plants since the concentration
peaks of both long-chain and short-chain n-alkanes seemed to be evi-
dent (Fig. 8). Except for the in-channel perseveration of marine organic
matters (short-chain n-alkanes) along with sedimentation (Dinakaran
and Krishnayya, 2011), the growth of Suaeda salsa on the newly de-
posited bank of the abandoned channel (e.g. Zhang et al., 2018) might
be partially responsible for contribution of organic matter from the
terrestrial aquatic plants (Fig. 8). The fining trend of grain size, increase
of organic matter and increased contribution of marine organic material
at stage 2 of core AC1 (Figs. 5 and 7) are in good conformity.

The sedimentological and geochemical datasets indicate that the
accumulation of fine-grained and organic-rich sediment dominates in-
filling process of the abandoned channel (Fig. 5). Meanwhile, a notable
trend of seaward thickening of sediment accumulation from the middle
to lower reach was identified (i.e., 20, 27, 38 cm for cores AC3, AC2,
and AC1, respectively, Fig. 5). Continuous sedimentation, in combina-
tion with the gradual establishment of vegetation (Zhang et al., 2018),
forced the channel to convert from a riverine environment to a tide-
dominated environment (Steiger et al., 2001).

5.2. Influential factors on infilling of the abandoned channel

The downstream flow of the Yellow River into the Qingshuigou
channel was blocked by a man-made dyke in 1996, rendering the
abandoned course completely disconnected from the main (primary)
fluvial channel (Zheng et al., 2018). Therefore, the abandoned river
mouth is the only passage for sediment delivery to the channel (Veen
et al., 2005). The imbalances in flow velocity and SSC arising during the
flood and ebb tides produced a net landward sediment transport, which
plays a critical role in infilling of the abandoned channel (Fig. 9). Such
circumstance was similar to downstream tract of those tide-influenced
active channels where tidal processes tend to produce a landward se-
diment transport, especially during dry season with low/no flow
(Nowacki et al., 2015).

The coastal dynamics in the study area has distinct seasonal varia-
bility due to the impacts from monsoonal activities (Yang et al., 2011).
During the summer and autumn seasons, the marine environment is less
energetic due to weak wind, corresponding to less active sediment re-
suspension along the Yellow River delta (Wang et al., 2014). As a result,
a majority of the river-delivered sediment is preferentially deposited at
the active Yellow River mouth, and therefore only a minor fraction
could be transported into the abandoned river mouth (Wu et al., 2015).
Additionally, both the nearshore sediment concentration and the SSF
into the abandoned channel during the summer and autumn seasons are
quantitatively low (Fig. 9). Alternatively, during the winter and spring
seasons, strong northerly winds prevailing over the Bohai Sea produce
significant wave actions along the Yellow River delta, resulting in active
resuspension of coastal sediment that can enter the abandoned river
mouth (Yang et al., 2011; Wang et al., 2014). Therefore, the SSC near
the Qingshuigou mouth becomes significantly higher in the winter-
spring seasons and particularly pronounced during storm events (Wang
et al., 2006). Highly turbid water, in combination with the enhanced
coastal currents (Liang et al., 2007), produces a landward sediment flux
into the abandoned channel, approximately one or two orders higher in
magnitude than that in summer (Fig. 9). As a result, the winter season is
a critical time window for the filling of the abandoned channel.

Gale and storm are frequent in winter season, accounting for nearly
16.44% of winter time in the past 10 years (Wu et al., 2019). Based on
the width of the abandoned river mouth (~100 m) and limited time-

series observations at the abandoned river mouth in summer and winter
seasons (Fig. 9), we roughly estimated that ~11.2 × 103 t of sediment
could be transported into the abandoned Qingshuigou channel an-
nually, together with 11.59 t/yr of organic carbon (0.10% of TOC
content in average, Fig. 7a). Given the complex impacts from variable
factors such as tide, waves and channel geometry, more investigations
on sediment cores and sediment dynamics are still needed in order to
better quantify the filling flux into the abandoned channel.

It is noteworthy that the abandoned channel is not merely a ‘sink’
(i.e., solely receiving sediment input) during the winter season. Storm
waves and enhanced near-shore currents induced severe erosion as the
abandoned river mouth retreated landward continuously (Fig. 2; Wu
et al., 2017). Under such situation, the abandoned channel transited to
be a sediment source in marine environment, as the resuspended se-
diment could be transported by coastal currents over a long distance to
the adjacent epicontinental sea (Zhang et al., 1990; Qiao et al., 2017).
The protuberant topography of the abandoned river mouth renders the
western bank of the channel (facing the strong waves and currents) to
be easily eroded (Yang et al., 2011). Then this eroded sediment may be
transported by eastward ebb currents; as a consequence, the combined
effect of erosion on the west bank and depositing on the east bank
eventually induced the lateral migration of the tidal inlet (Fig. 3).

Although the spring/neap tidal variation is not examined in this
study, it should be regarded as another influencing factor on abandoned
channel fill by enhanced current and increasing sediment concentration
as well as depth of inundation by sediment-laden tidal water entering
the abandoned channel (Kvale, 2006; Gray et al., 2016). Moreover, the
seaward fining trend of sediment at Stage 2, as noted based on the three
cores collected from middle and lower reach of the abandoned Qing-
shuigou channel (Fig. 6), might illustrate a contribution of seaward ebb
tidal currents, in terms of physically sorting the channel fill deposits. As
it fills over time, changes in depth, width and slope of the abandoned
Qingshuigou channel are expected to alter the hydro-sedimentological
connection and thereby influence the geomorphic and sedimentary
evolution of this abandoned channel (e.g. upward fining/coarsening in
the tide-derived deposits; Toonen et al., 2012). The character of the
sediment cores discussed in this study, as well as deposits described in
previous publications, could be helpful for illuminating stratigraphic
distinctions of sediments comprising antecedent channel deposits, and
sediment that subsequently fills the abandoned channel. Nevertheless,
the accumulation rate of the abandoned channel should gradually de-
crease with time due to the morphological constraints on the hydro-
sedimentological connectivity to both the main channel and/or marine
system (Fisk, 1947; Constantine et al., 2010). The interactions between
changing morphology of the abandoned channel and hydrodynamics
over time are complicated and therefore more investigations using both
observations and modeling efforts are needed in future.

5.3. Conceptual model for infilling process of tide-dominated abandoned
channel

By influencing the apportionment of sediment and water to the
abandoned channel, the bifurcation zone morphology, downstream
channel slope and antecedent bars play a significant role in the geo-
morphic evolution of abandoned fluvial channels (Constantine et al.,
2010; Dépret et al., 2017). Along with the growth of plug bars at the
entrance of the abandoned channel, the hydro-sedimentological con-
nectivity between abandoned channel and primary channel should be
progressively weakened, due to the gradually elevated bed level re-
sulting from the accumulation of fine-grained sediment (Toonen et al.,
2012). Largely differing from previous fluvial environment, the tidal
delivery of nearshore sediment into an abandoned river mouth has
become critical to the sedimentary and geomorphological processes of
the abandoned deltaic channel. Based on the case study of the aban-
doned Qingshuigou channel, a conceptual model for the infilling pro-
cess of a tide-dominated abandoned channel is summarized (Fig. 10).
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Given that this particular channel never kept a connection to the main
channel, there is no resistance provided by upstream-to-downstream
fluvial discharge, and so the downstream-to-upstream propagating tide
should more easily penetrate the abandoned channel. In other words,
there is no oscillating fluvial and tidal water mixing, and so water and
sediment movement into and out of the channel is purely driven by
tides (Gray et al., 2016). The channel width near the abandoned river
mouth was still wider than the upstream channel (Fig. 1b), somewhat
like the active channel impacted by tidal processes (Gugliotta and Saito,
2019). The downstream entrance of the abandoned channel narrows
gradually, but remains open due to tidal flow scouring (Fig. 10). Thus it
is possible that, as a consequence of bi-directional tidal flow (flood and
ebb tides), abandoned channels evolve could remain connected to a
sediment-laden water source for a long period of time.

The abandoned channel fill deposits are mainly clayey-silt, rich in
organic matter, overlying the sandy fluvial deposits (Fig. 10). There is
no upward fining trend noted in the grain size of these discrete deposits
(Stage 2 in Fig. 5). Although riverine sediment cannot enter the aban-
doned channel, sediment from the active river mouth could be trans-
ported to the abandoned river mouth by tidal currents (Wu et al.,
2015). Therefore, to some extent, the infilling sediment of a purely tide-
dominated abandoned channel could contain a signature of active flu-
vial sediment, although this supposition is not supported by the data
and analyses presented herein for the Qingshuigou lobe. Additionally,
the channel fill deposits could also preserve information about varia-
tions in the marine environment, such as marine productivity and/or
marine pollutants. Furthermore, as the outer part of abandoned channel
facing the robust wave and current environment of the sea is eroded,
this material can be a sediment source for the adjacent epicontinental
sea. This is another uniqueness of abandoned deltaic channels com-
pared to their purely fluvial counterparts. Correspondingly, the length
of abandoned channel is shortened as the lobe recedes, with lateral

migration of the tidal inlet, which shallows and narrows the abandoned
channel thereby limiting tidal sediment flux over time (Fig. 10).

5.4. Comparison with other deltaic river channels

Due to artificial cut off by a man-made dyke, the abandoned
Qingshuigou channel, a river channel located on a river-dominated
delta, has converted to be a purely tide-dominated channel as hy-
pothesized by Gugliotta and Saito (2019). Correspondingly, the river
mouth retreated landward significantly with an average rate of 0.4 km/
yr, from fast seaward protruding with a mean rate of 1.3 km/yr before
abandonment (Wu et al., 2017). The retreat of this past river-dominated
deltaic channel is even faster than part of tide-dominated deltaic
channels, e.g. the Ganges-Brahmaputra river system (<0.2 km/yr;
Brammer, 2014) and the Mekong River (0.02–0.05 km/yr; Li et al.,
2017), and part of wave-dominated deltaic channels, for example, the
Nile River (0.01–0.1 km/yr; Frihy and Komar, 1993). Such retreat
clearly shows a ghastly destructive process of a sediment-laden river
induced by artificial closure of sediment supply.

For those tide-dominated deltaic channels which are partially or
fully connected to main channels, sediment export driven by fluvial
processes and sediment import driven by tidal processes dominate the
local stratigraphy. In these channels, the channel fill architectures
therefore record quasi-annual scale fluvial/tidal deposition couplets,
which mainly consist of sandier, fluvial deposits with millimeter-scale
laminations of finer, tidal deposits (Gray et al., 2018; Gugliotta and
Saito, 2019). Such stratigraphic patterns dominated by alternating mud
and sand beds are widely seen, in both the active tide-dominated
channels (e.g. the Mekong River, Gugliotta et al., 2017), the Ganges-
Brahmaputra river system (Wilson and Goodbred, 2015) and the
abandoned tide-dominated channels (e.g. the Salinas River, Gray et al.,
2018). In this case, however, there are no sand-mud alternations in
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abandoned channel fill deposits (Fig. 5). Furthermore, due to a lack of
riverine sediment supply during flood periods, the channel infilling rate
of the abandoned Qingshuigou channel is much lower than those
abandoned channels influenced by both fluvial and tidal forces, such as
the Eel River (5 cm/yr, Gray et al., 2016). Besides, the abandonment of
distributary channels of deltas occurs not only by avulsion, but also by
delta progradation (Tamura et al., 2012). In those abandoned channels
caused by delta progradation, coastal erosion is also much slower than
that in this case (Dai et al., 2016).

6. Conclusions

Based on sedimentary records and hydrographic data, sedimentary
architecture and dynamics of the abandoned Qingshuigou course, a
purely tide-dominated abandoned channel, are documented in this
study. In 1996, when an artificial diversion occurred, the abandoned
Qingshuigou course was instantly disconnected from the main channel.
Since then, it has received over 20 cm of in-channel sedimentation, with
a seaward increasing trend in thickness along the channel axis from
middle to lower reach. The abandoned channel fill deposits are much
finer, possessing more organic matter than the underlying channel bed.
As the abandoned river mouth is the only passage for sediment supplied
to the abandoned channel, the filling process depends on imbalances in
sediment flux (the product of water movement and SSC) during flood
and ebb tides. Thus, the ability of sediment-laden tidal water to pene-
trate the downstream channel mouth has a critical control on the de-
velopment of the abandoned channel. Comparing to those channels
abandoned with a purely fluvial context, the downstream entrance of a
tide-dominated channel could remain open due to scouring by tidal
currents. Therefore, in general, the purely tide-dominated abandoned
channel could be maintained for a relatively longer time period.

Severe erosion of the outer part of the abandoned channel, induced
by dynamic waves and currents, gradually shorten the length of aban-
doned channel and cause the tidal inlet to migrate laterally; this is
unique to tidally dominated channels and would not arise in abandoned
systems experiencing fluvial forcing alone. The portion of eroded se-
diment could be transported from the delta front by marine currents
and contributes as a sediment source to the adjacent epicontinental sea,
while a portion of sediment could be transported by tides into the
abandoned channel, contributing to its filling and development.
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