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Abstract

The deltas serve as the primary interactive zone where terrestrial and marine environments converge, playing a
pivotal role in the coastal deposition. In the Holocene, climate changes and sea level fluctuation are the principal
driving factors in the evolution of deltas. However, human activities such as the construction of dams and
reservoirs in the Anthropocene have significantly altered sediment transport in rivers, leading to depositional
pattern variation during deltaic evolution. In this study, we have conducted a comparative analysis of the
morphological variations (1986-2021) in the barrier system of the Hanjiang River Delta (HRD) using satellite
remote sensing (SRS) method. Additionally, we have examined the lithological changes and facies alterations
observed in eight boreholes on the present barrier spit. Our findings indicate that the intensification of
anthropogenic activities led to a significant reduction in the sediment flux of the Hanjiang River (HR), resulting in
depocenter landward migration at the estuary. SRS analysis reveals their periodical morphological characteristics
and spatial variations of estuarine sandbars (1986-1992), barrier islands-lagoons (1993-2009), and barrier spits
(2010-2021) during 1986 to 2021. The stratigraphy of boreholes demonstrates a south-to-north facies transition
from lagoon to lagoon-barrier spit and barrier spit in vertical lithology. Therefore, the depositional evolution of
the HRD barrier system is categorized into three phases: estuarine sandbar-barrier island phase (1986-1998);
barrier island-lagoon phase (1999-2009); and barrier spit phase (2010-2021). During the estuarine sandbar-
barrier island phase, fluvial processes played a predominate role in the deposition. Consequently, with a
significant decrease in river sediment load, the dominant factors driving depositional processes shifted towards
wave action and alongshore current. Based on the conceptual model in the Holocene, we propose a modified
depositional model of wave-dominated deltas during Anthropocene that encompasses three evolutionary phases:
estuarine sandbars and delta front platforms, barrier island-lagoon formation and landward migration of barrier
spits. This pattern highlights that human-induced reduction in river sediment flux has led to a seaward deltaic
progradation driven by barrier landward migration.
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1 Introduction waves, and tides, which were mostly formed in the early Holo-
Modern river deltas are sedimentary bodies resulting from  cene (Renaud et al., 2013). Their development and evolution are
terrigenous sediments under the combined actions of rivers,  closely linked to variations in both fluvial and marine processes,
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recording the interplay of terrestrial sediment delivery and re-
working, destructive marine process and even neo-tectonic sub-
sidence (Ericson et al., 2006; Syvitski, 2008; Bi et al., 2014). Due to
unique geographical locations, the deltas also serve as major
population center. Over the past century, more than 500 million
people have inhabited in deltaic areas worldwide (Ericson et al.,
2006; Woodroffe et al., 2006). The intensification of human activ-
ities, such as rapid industrialization and urbanization, have led to
a transition from constructive stage to destructive stage in deltas
(Day et al., 1995; McManus, 2002; Ericson et al., 2006; Szabo
et al,, 2016). Therefore, modern delta sediments not only recor-
ded natural sedimentary processes, but also captured their re-
sponse to human activities (Bianchi and Allison, 2009). Investig-
ating the sedimentary evolution of modern deltas is crucial for
promoting sustainable social development.

The classification of deltas is generally based on the domin-
ant forces exerted by rivers and oceans, resulting in fluvial-dom-
inated deltas, tide-dominated deltas, and wave-dominated deltas
(Galloway, 1975). Wave-dominated deltas exhibit distinct coastal
features such as estuarine sandbars, lagoons, barrier spits, and
barrier islands due to the influence of wave action (Bhattacharya
and Giosan, 2003; Anthony, 2015). Under the influence of wave
action, estuarine sandbars evolve into barrier islands. Sub-
sequently, the lagoon becomes filled with river sediment and
connects to the barrier island, leading to a periodic seaward pro-
gradation of the delta (van Maren and Hoekstra, 2003; Anthony,
2015; Dominguez and Guimaraes, 2021). Hence, the continual
regeneration of barrier islands or spits plays a pivotal role in
maintaining the cyclic evolution of the wave-dominated delta
(Preoteasa et al., 2016), such as the Danube Delta (Vespremeanu-
Stroe and Preoteasa, 2015), the Ba Lat Delta (van Maren and
Hoekstra, 2003), and the Mekong Delta (Ta et al., 2002a, b). These
wave-dominated deltas all exhibit multi-stage barrier spits at del-
taic fronts, which result in periodic progradation towards the sea.

The fluctuation of sea level and the impact of climate change
have been acknowledged as the primary driving forces influen-
cing delta evolution (Milliman et al., 1989; Tsyban et al., 1990).
However, during the Anthropocene, human activities have signi-
ficantly affected the natural process of deltaic deposition (Syvit-
ski et al., 2005; Milliman and Farnsworth, 2011). River engineer-
ing projects such as channel mining and dam construction, along
with urbanization within deltas, now exert a dominant influence
on their evolution (Syvitski et al., 2009; Brondizio et al., 2016;
Nicholls et al., 2020). Reservoir construction is widely recognized
as the foremost determinant in contemporary terrestrial sedi-
mentary processes (Walling and Fang, 2003). Approximately one-
third of terrestrial sediments become trapped due to dam and
reservoir construction (Syvitski et al., 2005; Renaud et al., 2013).
The combination of sediment reduction, isostatic loading factors,
and sediment compaction further exacerbates delta erosion and
subsidence (Ericson et al., 2006). For example, after the comple-
tion of the Aswan High Dam in 1964, the sediment flux of the Nile
River was reduced to 0 t/a and its delta shoreline eroded at a rate
of 143-160 m/a (Fanos, 1995; Frihy et al., 2003). The Hoa Binh
Dam in the Red River induced a significant reduction by approx-
imately 60%-70% in sediment flux (Woodroffe et al., 2006). As a
result of dam constructions and riverbed mining activities, the
coastlines of the Mekong Delta have experienced erosion on 64%
of its length by 2015 (Li et al., 2017). This erosion surpasses the
extent of accretion along the coastline, indicating a reversal of the
previously consistent progradational pattern (Ta et al., 2002b;
Besset et al., 2016; Li et al., 2017). Understanding the impact of
human activities on delta evolution has consequently emerged as
a prominent focal point within contemporary delta research

(Ericson et al., 2006; Syvitski et al., 2009; Besset et al., 2019).

Over the past four decades, satellite remote sensing (SRS)
technology has experienced rapid development and gradually
emerged as one of the primary methodologies for studying the
evolution of delta geomorphology due to its extensive coverage,
convenient data acquisition, and relatively low cost (Zhao et al.,
2008; Carvalho et al., 2020; Munasinghe et al., 2021). Zhu et al.
(2013) employed SRS method to extract diverse categories of
coastlines in the Zhujiang River (Pearl River) Delta during 1998 to
2003, revealing that anthropogenic activities drove coastline al-
terations. Similarly, the SRS analysis illustrated the impact of hu-
man activities on deltaic evolution by identification coastline
changes of the Huanghe River (Yellow River) Delta during
1992-2014 (Wang, 2019). Chen et al. (2020) conducted a compre-
hensive assessment of the Irrawaddy Delta’s evolution using SRS
technology and identified its influencing factors.

The barrier spits in wave-dominated deltas of small-rivers ex-
hibit relatively large rates of morphological changes with short
response time to wave or climate variations, as compared to
large-river deltas (Petersen et al., 2008; Kaergaard and Fredsoe,
2013; Qi et al., 2021). They are more susceptible to variation of
sediment supply, sea level fluctuation and climate changes
(Postma, 1990). The Anthropocene, being a distinct epoch in geo-
logical time, has effectively facilitated the integration between
contemporary processes and geological history, thereby assisting
in the delineation of various stages in the evolutionary trajectory
of modern delta sedimentation (Zalasiewicz et al., 2017; Wang,
2019). Barrier spits are assumed to play a key role in the develop-
ment of wave-dominated deltas (Vespremeanu-Stroe and
Preoteasa, 2015). The investigation of the depositional evolution
of barrier systems under anthropogenic influences is crucial for
understanding the variation in the deltaic evolution model dur-
ing the Anthropocene.

The Hanjiang River Delta (HRD) is a representative wave-
dominated delta of a small river situated in the northern region of
the South China Sea (Li, 1987). At the estuary of the Hanjiang
River (HR), there exists a characteristic barrier spit-lagoon sedi-
mentary system. Due to the implementation of over 50 hydro-
dynamic-engineering projects since 1950, the sediment flux of
the HR has been altered significantly (Zeng and Shao, 2002;
Zhang, 2016). Therefore, HRD is an ideal subject for studying its
sedimentary evolution under human influence in the Anthropo-
cene, serving as a representative case of modern delta in the East
Asian marginal seas. In this study, we employed SRS method to
extract spatio-temporal variation of HRD and analyzed altern-
ated sedimentary facies and strata of piston core sediments. This
allows us to revisit the changes in the depositional model and its
forcing mechanism in a wave-dominated delta under the human
activities. The findings will contribute to enriching and enhan-
cing the theory on depositional evolution of wave-dominated
deltas.

2 Geological setting

The HR is situated in the southeastern region of China, span-
ning a length of 470 km, featuring an elevation drop of 920 m and
encompassing a drainage area of 30 112 km? (Li et al., 1987). The
HRD is a wave-dominated delta, formed by the sedimentation of
four downstream tributaries originating from Chaozhou, namely
Yifengxi River, Nanxi River, Lianyang River, and Waisha River (Li
etal., 1987, 2015). The delta, spanning a total area of 915.08 km?,
extends from Zhuganshan in the south to Xikou-Yanhong in the
north and Guxiang-Ganbishan in west, making it the second
largest delta in Guangdong Province, China (Fig. 1).

The HRD is a block-type delta situated in the southeastern re-
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Fig. 1. Schematic map of the Hanjiang River Delta (HRD, a and b) and the borehole locations (LY1-LY8) on the barrier spit (c). The
purple and yellow lines present the artificial coastlines in 1986 and 2021, and the blue and green lines present the natural coastlines in
1986 and 2021, respectively. HR: Hanjiang River; LYR: Lianyang River; WSR: Waisha River; YFXR: Yifengxi River.

gion of the Cathaysia block, controlled by the northeast (NE)
faults (Shantou-Raoping Fault and Puning-Chao’an Fault) as
well as the northwest (NW) faults (Hanjiang Fault, Chenghai-
Gugang Fault, and Rongjiang Fault) (Zhang, 1983; Li et al., 1987).
The Quaternary sediments extensively distributed within the
delta plain, with a thickness ranging from 30 m to 120 m and
an average thickness of about 75.4 m (Li et al., 1987). Since
the late Holocene, the western and eastern edges of the delta
have experienced continuous neo-tectonic uplift while the cent-
ral region has undergone subsidence, facilitating the accumula-
tion of delta sediments and landform development (Zeng and
Shao, 2002).

The prevailing winds in the vicinity of the HRD predomin-
antly originate from the NE and south-southeast (SSE), with an
average wind speed of 3.7 m/s and a maximum wind speed of
13.8 m/s (Lin et al., 2010). The primary wave direction is north-
east-east (NEE), which veers towards south-east (SE) near the
coast, exhibiting an average wave height of 1.1 m and a maxim-
um height of 6.5 m (Li, 1986a, b). Within the region, the tides pat-
terns are characterized by irregular semi-diurnal tides, with an
average high water level of 0.53 m and an average tidal range of
ca. 1.0 m (Wang, 2017). The length of the natural coastline in the
HRD has decreased from 22.98 km in 1986 to 6.95 km in 2021,
while the artificial coastline has increased from 10.11 km in 1986
to 25.93 km in 2021 (Fig. 1b). The runoff and sediment load of HR
varied between 47.93 x 109 m3/a (1983) and 11.20 x 109 m3/a
(1963) and 17.54 x 10 t/a (1983) and 0.22 x 108 t/a (2009) during
1958-2019, respectively (Fig. 2).

The study area is the barrier spit of the HRD, located in the
north part of the Lianyang River Estuary (Fig. 1¢), spanning ap-
proximately 3.6 km in length with a width ranging from 200 m to
400 m.

3 Material and methods

3.1 Source and analysis methods of SRS data

The SRS data was obtained from the Google Earth Engine
cloud platform (Google Earth Engine: https://code.earthengine.
google.com). All Landsat and Sentinel images captured between
1986 and 2021 within the study area were collected, while main-
taining a maximum cloud cover threshold of 80%. After manual
exclusion of non-visible imagery by half, a total of 396 valid im-
ages were ultimately obtained. The spatial resolutions of Landsat
and Sentinel images are set at 30 m and 10 m, respectively. In this
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Fig. 2. The variations of the runoff and sediment load of Hanji-
ang River (HR) and their regression curves during 1958 to 2019
(data from Zhao (2019)). The red lines and black lines present re-
gression curves of the runoff and sediment load of HR, respect-
ively. P1: Phase 1 (1986-1998), P2: Phase 2 (1999-2009), and
P3: Phase 3 (2010-2021). The short blue dashed lines with nu-
merical values represent the average sediment load of the three
phases.

study, a bicubic interpolation method was employed to enhance
the resolution of Landsat images to match that of Sentinel im-
ages at a spatial resolution of 10 m (Zhang et al., 2018a, b, 2022).
The satellite imagery combines near-infrared, red, and green
spectral bands to depict vegetation as a reddish hue, while wet
beaches are represented by a brown coloration. Water bodies are
indicated by a blue shade, whereas dry beaches, waves, and
clouds exhibit gray-white tones. The geomorphic types were
identified based on SRS images (Fig. 3).

The accuracy of coastline extraction was improved by the ap-
plication of coordinate normalization on remote sensing images
obtained from various satellites using ArcGIS 10.7 software. The
geographic coordinate system is CGCS2000 (China Geodetic Co-
ordinate System 2000), and the projected coordinate system is
CGCS2000 3 Degree GK CM 117 E. Geometric correction was per-
formed on the images using road intersections as control points
to obtain high-quality remote sensing images for visual interpret-
ation of changes in coastline (Fig. 1b). The perimeter and area of
the barrier spit were determined based on the imagery captured
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Fig. 3. The geomorphic types identified by analysis of SRS images in HRD during 1986 to 2021 (for location see Fig. 1b). a. Estuarine

sandbars; b. barrier island-lagoon system; c. barrier spits.

during high tide periods (Fig. 4). To ensure accurate coastline ex-
traction, coordinate normalization was performed on remote
sensing images obtained from different satellites. Shoreline
change analysis was conducted using the selected remote sens-
ing images during 1999 to 2019 at five-year intervals (Fig. 5).

The satellite imagery primarily captures the instantaneous
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Fig. 4. Variations of the perimeter and area of the HRD barrier
system during 1986 to 2021. P1: Phase 1 (1986-1998), P2: Phase 2
(1999-2009), and P3: Phase 3 (2010-2021). The numbers in red
and black font colors are their averages of the three phases, re-
spectively.

waterline at the time of imaging (Chong, 2004). To determine the
mean high tide level, tidal correction is required. Nevertheless,
considering the limited tidal range in the study area (<1 m), the
influence of tidal variation can be disregarded (Zhu and Zhang,
2023).

3.2 Lithological description and grain size analysis of boreholes

A total of eight piston boreholes were obtained on the barrier
spit in August 2022. These boreholes were subsequently split, de-
scribed, photographed and subsampled in the lab. The litholo-
gical description consists of color, texture, lithology, bioturbation
intensity and sedimentary structure.

The subsamples were collected with intervals at 10 cm for
grain size measurement, which were conducted at the Guang-
dong Provincial Key Laboratory of Marine Disaster Prediction
and Prevention at Shantou University. The samples were treated
with 10 ml of 30% H,0, and 10 ml of 10% HCI to remove organic
matter and carbonates respectively, and finally analyzed utilizing
the Mastersizer 3 000 of Malvern, UK. This instrument possesses
a measurement range from 0.01 pm to 3 500 pm, exhibiting a re-
peatability error of less than 2% based on multiple measure-
ments.

3.3 Analysis of runoff and sediment load in the HR

The regression analysis was respectively conducted based on
the data of runoff and sediment load of HR since 1958 from Chao’an
Hydrometric Station (Zhao, 2019) (Fig. 2).
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Fig. 5. Shoreline change revisit and their migration rates of the HRD barrier spit (1999 to 2019) (for location see Fig. 1c). a. Shoreline
changes at 5-year intervals; b. the migration trajectories and average migration rates of different regions. A, B, and C represent the mi-
gration tracks of the northern, middle, and southern areas of the barrier spit.

4 Results

4.1 Morphological characteristics of barrier system

Based on the analysis of SRS images during 1986 to 2021,
three primary morphological types were identified in the barrier
system of the HRD, including estuarine sandbar, barrier island
with lagoon, and barrier spit (Fig. 3).

The estuarine sandbars were predominantly observed within
the Lianyang River estuary between 1986 and 1992 (Fig. 3a),
exhibiting spindle-shaped and conical forms (a3 in Fig. 3). Some
of these sandbars experienced emergence or submergence due to
tidal fluctuations.

Barrier islands developed out the river mouth during 1993-
2009 (Fig. 3b). In 1999, the southern section of the barrier island
became connected to the land (b2 in Fig. 3). Subsequently, sever-
al tidal inlets formed on the barrier island in 2006, which led to
water exchange between lagoon and the ocean (b3 in Fig. 3).
However, gradual obstruction occurred within those tidal inlets
after 2008.

Barrier spits occurred between 2010 and 2021, manifesting as
elongated slender landform extending in a northeast to the
southwest direction (Fig. 3c). The southern part of the spit is con-
nected to the land with no tidal inlets. Currently, the spit is un-
dergoing a phase of stable development.

4.2 Morphological changes of the barrier system

The comparison of perimeter and area variations in the HRD
barrier system indicates a significant fluctuating growth trend
during 1986 to 2021 (Fig. 4). The perimeter gradually increased
from 3.43 km in 1986 to 8.15 km in 2021, demonstrating an aver-
age annual growth rate of 0.13 km/a. Similarly, the area progress-
ively expanded progressively from 0.13 km? in 1986 to 0.57 km? in
2021, with an average growth rate of 0.01 km?/a. This process can
be categorized into three distinct periods of rapid growth: Phase
1 (P1, 1986-1998), Phase 2 (P2, 1999-2009), and Phase 3 (P3,
2010-2021) (Fig. 4).

The average perimeters of the barrier system in these three
stages are 4.00 km, 5.62 km, and 7.46 km respectively, with cor-
responding average areas of 0.19 km?, 0.27 km?, and 0.52 km?
(Fig. 4). Significant growth changes are observed in Phase 1 and
Phase 2, with an increase from 0.13 km? to 0.33 km? and from
0.17 km? to 0.31 km? respectively, while it exhibits a relatively
smaller change with an increase of 0.48 km? to 0.57 km? in

Phase 3.

Notably, there was a sudden reduction in the area of the bar-
rier system from 0.33 km?2 in 1998 to 0.17 km? in 1999 (Fig. 4),
which can be attributed to the connection of the southern part of
the barrier island to the mainland in 1999 (b2 in Fig. 3), sub-
sequently diminishing sediment supply for the barrier develop-
ment. Furthermore, an impressive expansion of the occurred, in-
creasing from 0.31 km? to 0.48 km?, due to the sudden surge in
sediment flux during the period during 2009 to 2010, increasing
from 0.22 x 106 t/a to 1.62 x 10° t/a (Figs 2 and 4). Subsequently,
the development of the barrier system gradually reached a relat-
ively stable stage (Fig. 4).

The shoreline changes of the barrier spit in a 5-year period re-
veals a consistent pattern of landward migration and northeast-
ward extension during 1999 to 2021 (Fig. 5). The average land-
ward migration rate is approximately 34.3 m/a, while the average
growth rate in northward elongated direction exceeds 70 m/a
(Fig. 5a). Different rates were observed in the northern, middle,
and southern regions of the barrier system, with values of 50.4 m/a,
39.1 m/a, and 30.3 m/a respectively (Fig. 5b).

4.3 Sedimentary characteristics of boreholes

LY1 (0-104 cm): The sediments in this borehole are mainly
composed of grayish-black clayey silts with a mean grain size (M,
value, @) ranging from 6 to 8. Bioturbation sporadically appears
at the depths of 20-46 cm. At depths of 47-58 cm, distinct peaty
layers interspersed with noticeable plant debris can be observed,
suggesting deposition within a lagoon environment (Fig. 6).

LY2 (0-94 cm): The borehole is divided into two distinct parts
by a scouring surface at depth of 35 cm. The upper sediments
(0-35 cm) comprise yellow-brown sandy silts with occasional lay-
ers of gray-black silts and their M, values (@) ranging from 2 to 4,
indicating the deposition of sandy barrier spit facies. In contrast,
the lower section of sediments (35-94 cm) consists of light gray-
black clayey silts with shell fragments observed at the depth of
60 cm, and the M, values (&) range from 6 to 8, suggesting la-
goon deposits (Fig. 6).

LY3 (0-78 cm): The upper sediments (13-44 cm) are yellow-
brown sandy silts with M, values (@) of 2 to 4, indicating a sandy
barrier spit. The middle sediments (44-64 cm) are light gray
clayey silts with an average grain size @ ranging from 6 to 8, sug-
gesting a lagoon deposition. The lower sediments (64-78 cm)
consist of yellow-brown sandy silts with an average grain size @
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ranging from 2 to 4. At the depth of 70-77 cm, there is a distinct
layer of humus containing visible plant debris, interspersed with
light gray sandy silt (Fig. 6).

LY4 (0-82 cm): The sediments are yellow-brown sandy silts,
with the grain size gradually becoming finer upwards. The M,
values (@) range from 2 to 4, indicating a deposition of sandy spit
facies. A layer of shell fragments is observed at a depth of 44-
48 cm (Fig. 6).

LY5 (0-107 cm): The sediments are yellow-brown sandy silts
with an average grain size (@) ranging from 2 to 4, indicating a
deposition of sandy spit facies. Lots of shells fragments are
present at the depths of 20-32 cm. Additionally, there is one 2 cm-
thick layer composed of gray-black clayey silt at depths of 58 cm
and 62 cm respectively (Fig. 6).

LY6 (0-124 cm): The sediments are composed of yellow-
brown sandy silts with an average grain size (@) ranging from 2 to
4, indicating the deposition of sandy spit facies. Shell fragments
are observed at depths of 45-58 cm and 90-124 cm (Fig. 6).

LY7 (0-96 cm): The sediments consist of yellow-brown sandy
silts with an average grain size (@) of 2. They are aeolian depos-
ition due to their significant sorting (Fig. 6).

LY8 (0-98 cm): The sediments are yellow brown to gray-black
sandy silts with an average grain size (®) of 2. These deposits are
the result of aeolian process and demonstrate good sorting char-
acteristics. At depths of 16-20 cm, there exists a distinct layer
consisting of clayey sandy silts with M, value (@) of 7 (Fig. 6).

In summary, lithological characteristics of borehole LY1 re-
veal a deposition of lagoon facies (Fig. 6). The upper sediments in
LY2 and LY3 correspond to barrier spit deposits, while the lower
deposits belong to a lagoon facies (Fig. 6). In the remaining bore-
holes, the sediments exhibit features of barrier spit with thick-
ness gradually increasing from south to north (ranging from
0.3 min LY3 to 0.98 m in LY6). Based on comparison with their
occurrence time in SRS images, it is inferred that the latest time
of the transition from lagoon to barrier spit facies happened in
2009 (LY2), 2007 (LY3), 2010 (LY4), 2009 (LY5), 2017 (LY6-LY8),
respectively (Figs 6 and 7). For instance, prior to 2009, LY2 exhib-
ited deposition in lagoon facies (no barrier observed), followed
by the subsequent spit deposition as evidenced by SRS images
(Fig. 6). The vertical variation of sedimentary facies in different
boreholes indicates a transition from lagoon to barrier spit, with
the facies alteration across various locations suggesting the direc-
tional migration and evolution process of barrier spits from south
to north. Additionally, the LY7 and LY8 sediments on the land-
ward side exhibit a relatively uniform grain size composition [an
average grain size (@) of 2] and well-sorted characteristics, indic-
ating typical aeolian sand dune deposition in a barrier system
(Fig. 6).

5 Discussions

5.1 The sedimentary evolution of the HRD barrier system since the

Anthropocene

Based on temporal-spatial analysis of the HRD barrier system
by SRS method (Figs 3-5) and borehole sedimentary facies (Fig. 6)
in the present barrier spit, the evolution is composed of three
stages: estuarine sandbar-barrier island stage (P1, 1986-1998);
barrier island-lagoon stage (P2, 1999-2009); barrier spit stage (P3,
2010-2021) (Fig. 7).

5.1.1 Estuarine sandbar-barrier island stage (P1, 1986-1998)

The barrier system initially formed through the development
of estuarine sandbars outside the HR estuary (Fig. 7, P1). In 1988,
sandbars extensively developed underwater at the estuary (P1-b

in Fig. 7). The continuous sediments supply from the HR (aver-
age of 5.94 x 106 t/a during 1986-1999) led to persistent accumu-
lation of the estuary sandbar (Fig. 2). By 1994, an estuarine sand-
bar emerged and transformed into a barrier island (P1-c in Fig. 7).

In general, sandbars at the estuary of a delta tend to evolve in-
to offshore barrier islands under the influence of waves and
alongshore currents (Dan et al., 2011; Anthony, 2015; Vespre-
meanu-Stroe and Preoteasa, 2015). A parallel coastal estuarine
barrier island has formed outside the HR estuary as a result of the
combined influence of SE waves and NEE alongshore currents
(Fig. 7). The position of the barrier island relatively shifted land-
ward due to the relative decrease of HR sediment load (from
5.83 x 10° t/a in 1988 to 2.55 x 10° t/a in 1999) (Fig. 2). Simultan-
eously, there was an inclination for partial enclosure of water en-
vironment between the barrier island and coast (Fig. 7). Presently,
the nearshore shallow marine environment is gradually trans-
itioning into a lagoon environment located behind the barrier is-
land.

5.1.2 Barrier island-lagoon stage (P2, 1999-2009)

The previous study has demonstrated that once sediment is
exhausted and the barrier becomes source starvation, then wave
climate starts to predominate with respect to shoreline readjust-
ment (Orford et al., 1996). The sediment load of the HR experi-
enced a rapid decline below 3 x 106 t/a during 1998 and 1999, res-
ulting in a significant reduction in the area of the barrier system
from 0.33 km? to 0.17 km? (Figs 2, 3, and 7). Due to the predomin-
ant role played by wave action, the barrier island continuously
migrated landward. In 1999, this movement led to the formation
of a semi-enclosed lagoon as southern barrier island moved to-
wards the coast (P2-a in Fig. 7). From 2002 to 2004, there was rel-
atively slow development of the barrier system due to the signific-
ant decrease in sediment flux of the HR (Figs 2 and 4).

It appears that extreme climate events are likely to be re-
sponsible for spit breaching and new inlets (Eric et al., 2014). On
May 18, 2006, typhoon Chanchu, characterized by wind speeds
exceeding 35 m/s, caused abrupt destruction to the barrier is-
land resulting in the formation of tidal inlets with inlet delta (P2-c
in Fig. 7), as a barrier island-lagoon system defined by Oertel
(1985).

Compared to the barrier morphological variations identified
by SRS analysis (Fig. 7), the transition from fine-grained lagoon
deposits in gray-black color to coarse-grained sandy barrier is-
land deposits in yellow-brown color in LY3 took place in 2007
(Figs 6, P2-3 in Fig. 7). Similarly, it can be inferred that the shift
from lagoon deposits to sandy spit deposits in borehole LY2 oc-
curred around 2009 (Fig. 6, P2-4 in Fig. 7). Specifically, due to the
rotational landward migration of barrier spit (Qi et al., 2021), the
conversion of sedimentary facies does not strictly adhere to a
specific chronological sequence. For example, it is plausible that
the transition time of sedimentary facies in LY3 borehole pre-
ceded than that in LY2 borehole (Figs 6 and 7).

5.1.3 Barrier spit stage (P3, 2010-2021)

When the reworking by waves exceeds sediment supply by
the river, the barrier islands are transformed into a shore-parallel
wave-dominated barrier-spit system (van Maren and Hoekstra,
2003). Since 2010, there has been a consistent and stable low sed-
iment load in the HR, with a constant rate of 2x10° t/a (Fig. 2),
leading to a weakened fluvial impact on delta deposition and in-
tensified wave erosion. The tidal inlets have been become filled
and obstructed, resulting in a barrier spit formation at the HR es-
tuary (P3-a-P3-d in Figs 7). After 2014, due to wave-induced
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erosion, the original sediments of the southern barrier spit initi-
ated to be transported towards the north by the NEE coastal cur-
rents to form the distal barrier spit (e.g., LY4, LY5, and LY6). The
fine-grained sediments of the bottom lagoon were exposed as a
result of erosion in upper sandy barrier sediments (e.g., LY1)
(Figs 6 and 7). Consequently, the sediments comprising the
growing northern barrier spit consist of not only fluvial sedi-
ments but also eroded sediments from the southern barrier is-
lands. Currently, due to the significantly reduced sediment sup-
ply from HR, this barrier spit is gradually migrating landward
(Figs 5 and 7). Ultimately, it will merge within the delta plain,

completing the progradation of delta and initiating another barri-
er deposition system like the barrier spit of the Changhua River
Delta (Qi et al., 2021).

5.2 The factors influencing the evolution of the barrier system in
the HRD

5.2.1 Natural factors

The evolution of barrier systems is highly dynamic that is
primarily influenced by natural factors, including sediment sup-
ply, waves, tides, sea level fluctuations, and neo-tectonic move-
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ments (Riggs et al., 1995; Bastos et al., 2012). While sea level
changes and neo-tectonic movements have minimal impact on
the century-scale evolution of barrier sedimentation, variations
of sediment load and wave actions primary control the develop-
ment of deltaic barrier systems (Orford et al., 1996).

In HRD, the barrier system was initially characterized by estu-
arine sandbars and barrier islands, indicating a dominant role of
fluvial sedimentation during the initial phase (1986-1999). Sub-
sequently, wave action and coastal currents took place the role
due to a continuous decline in sediment supply from the HR
(1999-2021). Notably, extreme climate events such as storm
surges and typhoons induced short-term morphological changes
and positional shifts in the barrier system (Vespremeanu-Stroe
and Preoteasa, 2015; Cheng et al., 2020). The typhoon Chanchu
(May 18, 2006) nearly decimated the entire HRD barrier spit, sub-
merging more than 90% of the barrier which reformed two years
later.

5.2.2 Human activities

Intense human activities have significantly impacted the sedi-
mentation of river deltas, primarily evidenced by the reduction in
river sediments that sustain delta development due to extensive
construction of reservoirs and dams (Dunn et al., 2019). This al-
teration directly affects the geomorphic evolution of wave-dom-
inated deltas (Syvitski et al., 2005; Anthony, 2015). In the Nile
River Delta, land reclamation projects have led to a continuous
decline in the area of Manzala lagoon with an average reduction
rate of 0.52 km?/a during 1922-1995 (Frihy et al., 2003). The con-
structions of Panjiakou and Daheiting reservoirs have resulted in
a significant sediment load reduction of Luanhe River (from
20 x 108 t/a in 1929-1969 to 0.9 x 10° t/a in the 1980s), leading to
substantial erosion of the estuary barrier island (retreat rate > 0.5 m/a),
shrinkage of lagoons (1-2 m/a) (Wu et al., 2008).

The annual sediment load of the HR has exhibited consistent
decrease from 17.54 x 106 t/a in 1983 to 0.22 x 10° t/a in 2009
(Fig. 2). This decline can be attributed to two primary factors,
such as water engineering construction and soil erosion control
(Zhang, 2016; Yang et al., 2017). The significant declines of sedi-
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ment load of the HR have directly led to the development of the
barrier system from estuarine sandbars to barrier islands-
lagoons and barrier spits, while also resulting in a landward mi-
gration of the deposition center. Therefore, anthropogenic activ-
ities are primarily responsible for the contemporary sedimentary
evolution of small wave-dominated deltas.

5.3 Depositional evolution of wave-dominated deltas in the
Anthropocene

5.3.1 Conceptual depositional model of a wave-dominated delta

The depositional model of the HRD in the Holocene exhibits
similarities to wave-dominated deltas such as the Mekong Delta
(Stutz and Pilkey, 2002; Tamura et al., 2012), Danube Delta (Ves-
premeanu-Stroe and Preoteasa, 2015; Preoteasa et al., 2016), and
Ba Lat Delta (van Maren and Hoekstra, 2003). In theory, three
phases can be summarized in the classic deposition model
of wave-controlled deltas (Zong, 1987; Li et al., 1988, 2015; van
Maren, 2005; Preoteasa et al., 2016) (Fig. 8a).

(1) Phase 1: delta front platform with sandbars (al in Fig. 8a)

During this stage, the dominant role in delta formation is
played by ample supply of river sediments, resulting in the devel-
opment of a submerged platform morphology. Coarse-grained
sediments accumulated at the estuary, forming underwater sand-
bars, while fine-grained sediments are transported relatively far
seawards, contributing to pro-delta deposition (Preoteasa et al.,
2016).

(2) Phase 2: formation of a barrier-spit system (a2 in Fig. 8a)

The continuous river sediment supply results in the gradual
amalgamation of dispersed sandbars at the estuary through wave
action, leading to the formation of barrier spits and the lagoons
(Anthony, 2015). The newly-formed barrier island acts as a trap
for fluvial and nearshore sourced sediments; it evolves through
continuous downdrift elongation and landward migration
(Preoteasa et al., 2016).

(3) Phase 3: back-barrier infilling (a3 in Fig. 8a)

When the lagoon has been entirely filled, having no accumu-
lation space to trap more river-borne sediments. Those sedi-

D sea
wave

barrier spit alongshore current

E] estuarine sandbar migration trajectory of barrier spits

D delta plain E silty deposits

D basement deposits l:l marine deposits

sandy deposits

lagoon M barrier ridge plain subaqueous deltaic platform

Fig. 8. The conceptual depositional model of wave-dominated deltas (a) (after Vespremeanu-Stroe and Preoteasa, 2015; Preoteasa
etal., 2016) and modified depositional model in the Anthropocene in this study (b). Lines of C-C’and D-D’ present the transverse sec-

tions of two models.
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ments are continuously transported and accumulated at the
leading edge of the delta, resulting in the formation of a new de-
pocenter (Phase 1). This indicates the initiation of a new barrier
system and signifies the beginning of another developmental
cycle in delta evolution (van Maren, 2005).

5.3.2 Modified depositional model of wave-dominated deltas in
the Anthropocene

The deposition evolution of deltas primarily relies on the con-
tinuous and abundant supply of river sediments, as well as wave
and tide action, neo-tectonic subsidence, and sea level fluctu-
ation (Besset et al., 2019). However, human activities in the An-
thropocene have induced alterations in sediment load and de-
positional environments, gradually modifying the evolutionary
process of barrier system and subsequently influencing the de-
positional pattern of wave-dominated deltas (Stutz and Pilkey,
2001).

The landward migration of estuary depocenters under mar-
ine influences (waves, tides, costal currents), is a direct con-
sequence of the continuous reduction in sediment loads from
rivers (Simeoni et al., 2007). In the Po River Delta, the significant
decrease in sediment load from the Po River (from 12.8 x 10° t/a
in 1918-1943 to 4.7 x 10 t/a in 1986-1991) has led to the forma-
tion of new sandbars due to the shift in landward depocenter
(Simeoni et al., 2007). The sediment deprivation (1940-2002) has
decelerated the development of the downdrift depocenter of the
southern barrier spit in the Danube Delta and caused a delay in
the formation of secondary spits (Panin and Jipa, 2002; Preoteasa
et al., 2016). In this study, the dramatic decline of sediment load
of HR induced the landward migration of the delta front (Figs 2
and 7), resulting in variations of depositional process of barrier
spits (Figs 5 and 8b). This founding aligns with the depositional
pattern observed in the foreland barrier spit in the Changhua
River Delta. The formation of the barrier spit occurred between
1985 and 2013, during which there was a significant reduction in
sediment load from 131 x 10° t/a to 36 x 106 t/a. The barrier spit
underwent rotational movement towards the mainland and ex-
perienced periodic cycles of 13 years (Qi et al., 2021).

Therefore, taking into account the influence of the human
activities, we propose a modified depositional model for wave-
dominated deltas in the Anthropocene based on the conceptual
model (Vespremeanu-Stroe and Preoteasa, 2015; Preoteasa et al.,
2016) (Fig. 8b).

(1) Phase 1: delta front platform with sandbars (b1 in Fig. 8b)

The deposition of this phase is primarily driven by fluvial pro-
cesses, which exhibits similarities to the conceptual deposition
pattern of wave-dominated deltas (al in Fig. 8a), including the
presence of a delta front platform and estuarine sandbars (b1 in
Fig. 8b).

(2) Phase 2: formation of a barrier-spit system (b2 in Fig. 8b)

In this phase, marine processes take place the dominate role
of fluvial processes in the conceptual model. As a result of an-
thropogenic activities, the supply of river-borne sediments has
consistently diminished, leading to the amalgamation of estuar-
ine sandbars into barrier islands under wave action. These barri-
er islands subsequently migrate landward and form barrier spits
and semi-enclosed lagoons. Consequently, sediments from rivers
and eroded materials induced by waves from the original barrier
spit are delivered through alongshore currents to replenish the
barrier spit.

(3) Phase 3: landward migration of barrier spit (progradation
of delta) (b3 Fig. 8b)

The barrier spits gradually migrate landward due to the con-

tinuous decrease of river-borne sediments, driven by the influ-
ence of waves and coastal currents, until they eventually merge
with the delta plain, thereby facilitating delta progradation. Sub-
sequently, river sediments accumulate at the river mouth to cre-
ate new underwater sandbars (Phase 1), initiating the develop-
ment of a new barrier system in wave-dominated delta.

Compared with the conceptual depositional model (Vespre-
meanu-Stroe and Preoteasa, 2015; Preoteasa et al., 2016), the
modified model highlights the impact of human activities in the
Anthropocene on sediment load of rivers. In this context, the
marine processes dominate the depositional evolutionary pat-
tern of barrier systems, which leads to the barrier migration to-
wards the shoreline and seaward progradation of deltas. It can be
inferred if sediments accumulation at estuary fail to sustain delta
development, starvation will result in delta erosion. At present,
the HRD has not reached this stage. Therefore, it will not be dis-
cussed further in this study.

6 Conclusions

(1) The SRS analysis of the HRD reveals distinct periodical
morphological characteristics and spatial variations of estuarine
sandbars, barrier islands-lagoons, and barrier spits from 1986 to
2021. Estuarine sandbars predominantly emerged between 1986
and 1992, exhibiting spindle-shape, conical and cake-shape. Bar-
rier islands-lagoons appeared from 1993 to 2009 in a narrow
northeast-southwest elongated configuration. Barrier spits
primarily formed between 2010 and 2021 in a narrow northeast-
southwest elongated shape, gradually stabilizing after 2010.

(2) The stratigraphy of boreholes on the HRD demonstrates a
south-to-north transition from lagoon to lagoon-barrier spit and
barrier spit in vertical lithology, thereby providing the contem-
porary evolutionary trajectory of barrier system within the HRD.

(3) The depositional evolution of the HRD barrier system can
be categorized into three phases: estuarine sandbar-barrier is-
land phase (1986-1998); barrier island-lagoon phase (1999-2009);
and barrier spit phase (2010-2021). During the estuarine sandbar-
barrier island phase, fluvial processes played a predominate role
in the deposition of barriers. Subsequently, due to a sustained
decline in river sediment load (17.84 x 10° t/a to 0.23 x 106 t/a,
1958-2019), wave action and alongshore current control the de-
positional processes.

(4) We propose a modified depositional model of barrier sys-
tem in wave-dominated deltas during Anthropocene, which en-
compasses estuarine sandbars and delta front platforms, barrier
island-lagoon formation and landward migration of barrier spits.
In comparison to the conceptual model in the Holocene, this pat-
tern highlights human-induced reduction in sediment load from
rivers, which lead to a seaward deltaic progradation driven by
barrier landward migration.
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