
ABSTRACT 

WANG, YAOJIE. Recent Sediment Accretion and Human Impact on the Pearl River 

Delta, Southern China. (Under the direction of committee chair Dr. Paul Liu). 

 

This thesis is concerned with delta development and its response to human activities 

in one of the most economically developed areas in China, the Pearl River Delta (PRD) 

region. The paper will discuss the subaqueous delta and the coastline changes over the 

last 40 years in the Pearl River estuary. The seismic data and 210Pb accumulation rate data 

reveal that the PRD is still in the initial stage of accumulation, and sediment deposition 

occurs mainly within the Pearl River Estuary. Increased human activities, like dam 

building, channel dredging and land reclamation, have largely altered the natural process 

of delta accumulation. A positive correlation is found between areal increase of the PRD 

and the sediment input from the river. Coastline analysis shows that the coastline has 

been rapidly prograding into the bay, with a total gain of 305 km2 of new land formed 

during the last four decades.  With severely reduced sediment input and continued 

dredging activity, it is expected that human activities will diminish delta accretion, 

despite the rapid coastline expansion in the Lingding Bay. The PRD will likely enter an 

era of slow sediment accumulation, with erosion unlikely. 
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1. Introduction 

Rivers in the world not only deliver large amount of sediment and fresh water to 

the ocean, but also preserve and reveal important records of the Earth’s past. Amongst all 

rivers in the world, Asian rivers alone contribute the largest amount (approx. 70%) of 

sediment supplied to the world’s ocean each year (Milliman and Farnsworth 2012, 

Milliman and Meade 1983)  

Human activities have become one of the major influences on the riverine supply 

of sediment to the world oceans and river deltaic systems (Syvitski et al. 2009). While 

deforestation causes an increase of erosion in some parts of the world, especially in many 

developing countries, a majority of the world rivers are delivering less and less sediment 

to the ocean due to increased human activities, with a particular emphasis on damming. 

With the construction of many large dams during the recent decades, major rivers such as 

the Nile River (Stanley 1996), the Mississippi River (Meade and Moody 2010, Kesel 

1988, Kesel 2003), the Yellow River (Yang et al. 1998, Wang et al. 2007) and Yangtze 

River (Yang et al. 2005b, Li et al. 2012, Liu et al. 2006), and the Ebro River (Guillen and 

Palanques 1992) are suffering from substantial reduction in sediment discharge, and are 

therefore, experiencing deltaic degradation. For instance, the Nile River used to have 

sediment discharge exceeding 120 Mt/y. Now it has a net sediment discharge of nearly 

zero. The Yellow River is now discharging only 100 million tons of sediment per year, 

only 1/10 of its historical sediment discharge of 1 billion ton per year. As a result, the 

Yellow River is already suffering apparent delta erosion (Yang et al. 2005a).  
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The Pearl River in Southern China is no exception in terms of heavy human 

interference. Situated at one of the most economically advanced regions in China, the 

Pearl River basin contains a total of 9,000 dams. Near the Pearl River Estuary (PRE), 

reclaimed land, river embankments and other manmade construction have become 

distinctive features that are apparent from satellite images. With cities like Shenzhen, 

Dongguan, Guangzhou etc. being the busiest ports in China, frequent channel dredging in 

the Lingding Bay has become unavoidable to maintain the navigational capability of the 

channels and to accommodate modern large shipping vessels. The Pearl River, as shown 

in Figure 1, differs from its neighboring Yangtze and Yellow River because it has a 

poorly developed delta and largely unfilled estuary.  

Research on the Pearl River Delta (PRD) has received increased attention in 

recent years, and many studies have been published on the topic of delta development in 

the Pearl River Estuary. According to Liu et al., 2014, the barely filled Pearl River 

Estuary is a result of its much deeper receiving basin compared to estuaries of most other 

Asian rivers. The morphological feature of the estuary, along with the fluvial and marine 

processes and the increasing amount of human activities in the PRE region, make delta 

sedimentation a very complex process to study. A recent study concludes that the Pearl 

River coastline has been advancing at a fast rate, as a result of urbanization and land 

expansion. In addition, this study predicts further narrowing of the Lingding Bay and 

continuing expansion of the delta (Wu et al. 2014). In contrast, the Pearl River Delta, 

especially the subaqueous delta, may enter a phase of general recession, due to the 

current sediment input falling nearly below the calculated threshold (22 Mt/y) necessary 

for delta growth (Wu et al. 2015). Both the coastline change and offshore bathymetry can 
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be used as an indication of delta progradation/recession. However, with most studies 

focusing solely on one or the other, a more comprehensive consideration should be taken 

to determine the current stage of Pearl River Delta development. The goal of this thesis, 

with a main focus on the Lingding Bay area, is to combine both the recent status of 

offshore sediment accumulation, and the coastline evolution in the last half century, to 

identify a relationship between the sediment discharge and changes in the nature of the 

Pearl River Estuary (PRE), and to provide insights on the future trend of delta 

development.  
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2. Background 

2.1. Location and basic information 

The Pearl River (97°39′ E to 117°18′ E, 3°41′ N to29°15′ N; Figure 1) is the third 

largest river in China by length, and the second largest river in China in terms of mean 

annual water discharge. It extends approximately 2400 km from the upper reaches to its 

river mouth, where it enters the South China Sea with a mean annual water discharge of 

18,000 million m3 (Hu et al. 2013b, Zhang et al. 2012a) and an average annual sediment 

load of 87 million tons  (Tong et al, 2010). 

 

Figure 1 Location map of the Study Area. On the left map, the area colored in green 

is the Pearl River Basin. On the right map, locations marked in purple are big cities 

surrounding the estuary.
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2.2. Physical and geological setting 

The Pearl River basin consists of three major rivers: West River, North River and 

East River (Figure 1). The West River is the largest branch of the three, with a length of 

2214 km and a drainage area of 353,120 km2. It originates in the Maxiong Mountains of 

Yunnan Province and accounts for 78% of the total drainage area of the Basin. The North 

River is the second largest tributary, with a length of 468 km and drainage area of 46,710 

km2. The East River, originating in Jiangxin Province and running mostly through 

Guangdong Province, is about 520 km long with a drainage area of 27,000 km2, and 

accounts for 6.6% of the total area of the Pearl River basin (Zhao et al. 2014). Over time, 

the Pearl River mouth has advanced at least 90 km southeast-ward into the Lingding Bay 

based on paleo-shoreline estimated by Zong et al (2009).  

The formation of the Pearl River is a result of the uplift of the Tibetan Plateau 

during the late Tertiary and Quaternary (Zong et al. 2009a). The Pearl River basin drains 

409,000 km2 of Southern China, a hilly but not very tectonically active region. The Pearl 

River Basin contains a wide variety of rock types (Hu et al. 2013b). Underlying the basin, 

the basement rocks in the eastern and southern parts are mainly Mesozoic granite, 

Cretaceous-Tertiary sandstones and some volcanic rocks. Late Paleozoic carbonates, 

Triassic dolomites and siliciclastic continental red-beds can be widely found in the NW 

portion of the basin (Hu et al. 2013a). 

The Pearl River delta has three underlying faults trending NW-SE, SW-NE and 

NW-SE, as shown in Figure 2. According to Zhang et al., the Pearl River delta basin 

formed due to resettling of the fault-bounded blocks. These geologic formations under 

the delta, as shown in Table 1, from oldest to youngest, are the Shipai Group, Xinan 
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Group, Sanjiao Group, Henglan Group, Wanqingsha Group and Denglongsha Group 

(Yao et al. 2013). The seven formations represent age ranges from 12.8 to 1 ky, all of 

which occur in the late Quaternary. Previous studies suggest that there are two terrestrial 

sequences overlain by marine sequences. The two marine sequences are dated 

respectively at 32.5-30.3 ky BP and 18.7-18.1 ky BP(Zong et al. 2009a). 

 

Table 1 Quaternary Pearl River Delta Stratigraphy (Yao et al. 2013) 

Liu & Liu (2000) 

Zhou et al. (2000) 

Huang et al. (1982) 

Chen et al. (2002b) 

Series Age (Ma) The PRD (Group) 

Quaternary Holocene 0.011 Denglongsha 

Wanqingsha 

Henglan 

Pleistocene Late 0.128 Sanjioa 

Xinan 

Shipai 

Middle 0.78  

Early 2.6 
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Figure 2 Three underlying fault systems in the Pearl River delta area (Zong et al., 

2009) 

 

 

2.3. Climate and oceanographic regime 

The Pearl River Basin is located in the tropical and sub-tropical monsoon climate 

region. The inner basin has an annual temperature variation of 14 to 28 ℃ (Zhang et al. 

2012b), while temperatures near the delta average 18 ℃ in the winter and reach up to 

33 ℃ in the summer (Hu et al. 2013b). Due to the influence of the monsoon climate, most 

of the precipitation falls during the summer, with annual precipitation ranging from 1500 

to 2000 mm per year (Hu et al. 2013b). Based on rainfall proxies, most notably the high-

resolution speleothem records from Dongge Dave, at the beginning of the Holocene, the 

summer rainfall intensified at ~11 ka. It remained strong during 5-6 ka and subsequently 

weakened to a minimum level between 2-3 ka as monsoon weakened and freshwater flux 
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decreased, as indicated by presence of freshwater and marine diatoms (Hu et al. 2013b, 

Zong et al. 2009b).  

The Pearl River Estuary is a low-energy microtidal estuary with a mean tidal 

range of 0.86m to 1.69m (Mao et al. 2004, Tang et al. 2010), as a result of the protection 

of offshore rocky islands. Wave heights are usually under 0.2 m in the estuary but can 

reach up to 2.5m during typhoon season (Tang et al. 2010). Each year one or two typhoon 

event strike the area and generate storm surges of 1.4 to 1.8m in the estuary. Due to 

strong seasonal variation in runoff, the Pearl River Estuary becomes well stratified during 

the wet season, and well mixed during the dry season(Dong et al. 2004). During the dry 

season, a strong cyclonic western boundary current is driven by both the monsoonal wind 

and the seaward gradient force. During summer, the current is driven by the prevailing 

summer monsoon in a west-east direction. The monsoon-driven waves and currents have 

very little influence on the direction of fine-grained sediment transport on the shelf. 

Regardless of season, the fine grained sediment discharged by the Pearl River is 

transported to  the west by the coastal current, as illustrated in Figure 3 (Liu et al. 2014b). 

This is because the water column is highly stratified during summer season. Under the 

effect of southwestern monsoon, the subsurface water mass travels west ward and 

upwells. Freshwater, along with sediment plume is then transported downstream due to 

the upwelling current and Ekman effect (Gan et al. 2009). 
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Figure 3 Wind and surface current transport direction in the Northern South China Sea during winter (a) and summer 

(b). Summer monsoon produces southwesterly wind and in winter prevailing northeasterly wind. The current direction 

is west-east in summer and east-west in winter. Coastal current and sediment plume remain in a constant east-west 

direction. (Blue arrow: surface current; red arrow: wind; black arrow: direction for coastal alongshore current and 

sediment plume). (Liu et al. 2014b)
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2.4. Delta evolution and Late Pleistocene and Holocene Sea level Change  

The Pearl River delta experienced two major transgressions since the late 

Pleistocene. During the Last Glacial Maximum, sea level declined to ~ 120m below the 

present day level. The first transgression is marked by slow accumulation of sediments 

before the LGM during 32.0-22.0 ka BP, when sea level was 20-25m lower  than the 

present day level (Xia et al. 2013a). The second transgression is marked by more rapid 

sediment accumulation after the mid-Holocene sea-level high stand, owing to the 

accommodation space created after the Meltwater Pulse-1C and the stabilization of sea-

level after ~5ka. It began around 8 ka BP and lasted until 5.0 ka BP, during which sea 

level rose and reached ~25m below today’s level (Xia et al. 2013b). 

After 8.2ka BP, rapid sea level rise caused rapid marine inundation and 

sedimentation across the mouth region of the Pearl River(Zong et al. 2009a). When sea-

level stabilized around 5.0ka BP, vast accommodation space was created, providing an 

ideal environment for rapid sediment deposition as well as allowing for the gradual 

formation of the Pearl River Delta (Xia et al. 2013a). The total shoreline progradation 

since 6.8ka BP is about 100km (Zong et al. 2009a). The rate of shoreline progradation 

was 10 m/a between 8ky and 5ky BP, 6.4 m/y between 5ky and 2ka BP, and 29 m/a in the 

last 2000 years. The slowdown in shoreline progradation during 4.5ky and 2ky BP was a 

result of weakened summer monsoon (Zong et al. 2009a). Today, the area of the Pearl 

River Delta is as large as 9750 km2  (Chen et al. 2007) .  

Land subsidence is estimated at 2.5mm/y in the Pearl River Delta region (Wang et 

al. 2012).  
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2.5. Recent economic growth and impacts 

Over the past 2500 years, humans have resided in and begun agricultural and 

economic activities in the Pearl River Basin. The Pearl River Delta is now the site for 

densely populated cities, many with populations exceeding 7 million, such as Guangzhou, 

Shenzhen, Foshang, Zhongshan, Zhuhai, Macao, and Hong Kong. 

 Like other major rivers in China, such as the Yangtze River and the Yellow River, 

the Pearl River basin has undergone rapid socioeconomic development and received 

significant anthropogenic impact in the past 50-100 years (Zhang et al. 2012a). 

Cumulatively, more than 9000 dams and reservoirs have been built in the Pearl River 

basin since the 1950s for various uses (Zhang et al. 2012a).  

Recent research (Zhang et al. 2009) shows that there has been no substantial 

change in annual precipitation in the river basin. However, a significant decrease in 

sediment input has been observed. Rapid reduction in sediment flux can increase erosion 

near the river mouth, thereby changing the morphology of the Pearl River delta and 

estuary. Additionally, widespread human settlement and increased agriculture have 

increased the erosion rate within the Pearl River watershed and impacted the ecology of 

the basin (Hu et al. 2013a). Although human activities have demonstrated great potential 

in altering the coastal environment, there are many uncertainties regarding future impact 

of human activities on PRD evolution.  
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3. Methods  

3.1. Data Source 

An oceanographic cruise was conducted in 2007 near the Pearl River Estuary and 

offshore of the Guangdong province.  Data were collected by towing a high resolution 

EdgeTech X-Star 0512i Chirp Sonar Sub-Bottom Profiler with a frequency range of 0.5-

12kHz behind the ship. A total of approximately 620 km high-resolution acoustic data 

were collected (Figure 4).  

In addition, 210Pb sediment accumulation rate data from 20 cores in previously 

published research (Liu et al. 2014b, Zhang et al. 2002, Ip et al. 2004, Yim 1994) were 

integrated into the overall deltaic study (Figure 5).  Mud thickness data were collected 

from 99 sediment core profiles (Yim 2001, Lan et al. 2008, Yim et al. 2006, Zong et al. 

2009b, Owen et al. 1998) to make an isopach map for the thickness of mud accumulation 

(Figure 6). 

Landsat images of the Pearl River estuary area from October 1973 through 

October 2014 were obtained from the USGS website in order to calculate shoreline 

changes over the past 41 years. The selected images exhibit little to no cloud cover. To 

ensure consistency when using vegetation as a criteria for determining shoreline position, 

only Landsat images collected between October and December were used in this study.  

Water and sediment discharge data between 1950 and 2010 were collected by Dr. 

Paul Liu at NC State University. In addition, detailed water and sediment data were 

collected from the published yearly reports from the Ministry of Water Resources of the 

People's Republic of China, between the year of 2000 and 2014. 
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           Additionally, acoustic profiles of the Yangtze River, Yellow River and Red River 

deltas from Dr. Liu’s previous cruises were also used in this study. Due to lack of 

historical bathymetry data, this paper refers to published bathymetry data from other 

authors (Wu et al. 2014, Deng and Bao 2011, Wu et al. 2015).  
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c  

Figure 4 Seismic track lines from 2007 survey 
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Figure 5 Locations where 210Pb cores were collected (Liu et al. 2014b, Zhang et al. 2002, Ip et al. 2004, Yim 1994) 
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 Figure 6 Locations of boreholes on the Pearl River Delta and continental shelf of the South China Sea (Yim 

2001, Lan et al. 2008, Yim et al. 2006, Zong et al. 2009b, Owen et al. 1998) 
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3.2. Laboratory Methods 

3.2.1    Seismic Processing 

The seismic and navigational data were processed at North Carolina State 

University using Discover Sub-bottom software (version 3.36). An acoustic velocity of 

1500 m/s was assumed to calculate water depth and sediment thickness. Based on the 

mud thickness data, an isopach map was drawn to reflect the total accumulation of mud 

near the Pearl River mouth.  

 

3.2.2    Shoreline Changes 

Assessment of shoreline changes was conducted using ArcGIS 10.2 software.  

The bands of Landsat 4, Landsat 5, Landsat 7 and Landsat 8 images were combined using 

the composite band tool in ArcGIS. For Landsat 4, Landsat5 and Landsat 7 images, band 

4, band 3 and band 2 were used to create the new RGB images. Band 5, band 4 and band 

3 were combined to generate the new RGB image for Landsat 8.  In the new RGB 

images, water is blue, sediment/sand is brown, and vegetation is shown in red.  

Shorelines of each image were then drawn and modified manually on ArcGIS. 

Shorelines were determined by the outer edge of vegetation and land reclamation project 

during the time each Satellite image was generated.  

Transects were drawn with the Digital Shoreline Analysis System (DSAS) version 

4.0, an ArcGIS extension, based on a pre-made baseline on the landside near the 

coastline. As shown in Figure 9, transects were cast with individual lateral intervals of 
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1000m, for a total of 210 transects. The shoreline change rate was calculated using the 

DSAS tool.  

 

Table 2 Landsat images used in the study 

Sensor Acquisition Date Center Time RMSE 

Landsat 1 MSS 1973-12-25 02:21:03 32.075 

Landsat 1 MSS 1978-11-2 01:56:21 31.962 

Landsat 5  TM 1987-12-8 02:20:56 4.796 

Landsat 5 TM 1994-10-24 02:07:29 4.478 

Landsat 7 ETM+ 1999-11-15 02:45:24 2.070 

Landsat 5  TM 2004-10-3 02:36:20 3.916 

Landsat 5 TM 2009-10-17 02:42:14 4.691 

Landsat 8 OLI 2014-10-15 02:52:20 9.014 
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Figure 7 Thesis Workflow 
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Figure 8 Satellite images showing changes between 1973 and 2014 for Island a, c, d and the Lingding Bay. 

Island a Island c 

Island d 
Lingding Bay 

Island a 

Island c 
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Figure 9 Transects around Lingding Bay

Lingding Bay 

Pearl River Mouth 
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4. Results 

4.1. Seismic Profiles 

The 2007 cruise surveyed areas with sediment alongshore transport from the river 

mouth travelling westwards along the Guangdong coast, as indicated by sediment plume 

observed in satellite images (Figure 10). 

 

Figure 10 Sediment plume indicating sediment alongshore transport 

 The sub-bottom acoustic profiles show poorly developed clinoform bedding. A 

homogeneous mud layer was found in all acoustic profiles. The mud deposit generally 

ranges between 0m to 12m, and thins offshore. A comparison across all profiles reveals 

that the thickest mud deposit in this area is found in Line_10000 and Line_11000 (Figure 

11), the two profiles closest to the estuary.  Closest to the estuary, the mud deposit 

extends approximately 10-15km from coastline. Topset, foreset and bottomset beds of the 

delta are identified in Line_11000 and Line_9000. 
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 In terms of mud thickness and the presence of clinoforms in the acoustic profiles, 

the Pearl River profiles have few, if any visible clinoform structures, and the thickest part 

of the mud deposition is no thicker than 10m. The Yellow and Yangtze River profiles 

show distinguishable clinoforms and the thick mud layers: nearly 30m in the Yangtze 

profile (Figure 15) and up to 60m in the Yellow River profile (Figure 17). The Red river 

profile also shows apparent clinoform structures and contains fairly thick Holocene mud 

layer (12m as shown in Figure 16).  

Inside the Pearl River estuary, as shown by Figure 18, a seismic profile reveals 

locations of heavy dredging along the navigational channels, the Lingding Channel and 

the Tonggu Channel. Since the location of this acoustic profile is near the southern limit 

of Lingding Bay (see Figure 4), the Holocene mud deposit identified in this profile is 

only ~15 m, slightly thicker than that of Line_11000 and Line_10000.  
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Figure 11: Profiles 11000 and 10000 showing mud deposits from the Pearl River. The mud deposits are 8-10 m in thickness- 

the thickest of all distal profiles surveyed. Line_11000 and Line_10000 are closest to the Pearl River estuary.  
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Figure 12 Seismic profiles for Line_9000 and Line_8000. A ~8m layer of Holocene mud is found in Line_9000 and thins out near 

the middle of the profile. A very thin layer of Holocene mud can be found on the very top of Line_8000. A paleo-channel is 

observed in the profile of Line_9000. 
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Figure 13 Similar to Line_8000, there is no presence of MFS and HST in line_6000 and Line_5000. An extremely thin layer of 

Holocene mud may be found on the very top of each profile.  
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TS 
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Figure 14 Seismic profiles of Line_3000 and Line_2000. The profile of Line_3000 is very similar to Line_5000, with very 

limited features present. A thin layer of recent prograding sigmoid is identified in Line_2000 profile. The mud accumulation is 

~5m at the thickest and pinches out on both sides.  
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Figure 15 Acoustic Profile of Yangtze River. Clear clinoforms are observed and mud thickness reaches near 30m. (Liu 

et al. 2007) 

 

 

Figure 16 Acoustic Profile of Red River (Ross 2011). Profile is showing an active prograding delta.  
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Figure 17 Yellow River Seismic Profile. Clear clinoform patterns are observed in the profiles. Mud thickness reaches 

up to 60m in both profiles. (Liu et al. 2004) 
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Figure 18 Seismic profile showing dredged channels in the southern part of Lingding Bay. Clinoform features are 

hardly visible from the seismic profile. Holocene mud deposit is approx. 6m. (Wu et al. 2014)
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4.2. Mud deposit isopach  

The isopach map of the mud thickness reveals an elongated deposit, with a depo-

center at the river mouth (Figure 19). The elongated shape of the mud deposit indicate the 

direction of alongshore transport. The mud thickness thins westward alongshore and 

diminishes near the Leizhou Peninsula. The mud thickness at the depo-center is ~23m. 

Nearly all of the Lingding Bay has a mud thickness greater than 15m. Although the exact 

location of the 0m isopach line is unclear, it is estimated to be between the 30 m-40 m 

bathymetric isobaths.  

The total extent of the mud deposition on the Pearl River continental shelf is 

approximately 130km from the river mouth and extends nearly 250km alongshore. 

Boundary A is drawn in order to compare the amount of total Holocene deposition in 

distal vs proximal areas (Figure 19). Based on the isopach map, approximately 70% of 

Pearl River derived Holocene sediment accumulates in the proximal area and 30% in the 

distal region.  
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Figure 19 Isopach map of the Holocene mud deposit on the Pearl River continental shelf. The thickest mud deposit (i.e., 

depocenter) is marked in purple and is very close to the river mouth. Line A is a boundary drawn to divide distal and 

proximal sediment accumulation. 
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4.3. 210Pb accumulation rates 

The “apparent” 210Pb accumulation rates (based on the assumption that 

bioturbation does not affect the distribution of excess 210Pb activity) can be divided into 

two areas: the estuarine area and the continental shelf area. As shown in Figure 20, the 

fastest sediment accumulation rate is found near the river mouth and the sedimentation 

rate becomes significantly slower with distance from the river mouth.  

It should be noted that the apparent 210Pb accumulation rates cited in this section 

represent an upper limit relative to the actual sedimentation rate (as a result of assuming 

negligible bioturbation intensity). In addition, 210Pb accumulation rates characterize 

sediment accumulation over a 100-year time scale.  

 The long term sedimentation rate near the river mouth 2000 years ago was 

~1mm/y and it has sped up to ~2mm/y since then (Huang et al, 1982). 14C ages, collected 

from the delta by Zong et al (2009), yield an average sedimentation rate of 2.6 mm/y 

during the last 2000 years and 1.4 mm/y during the last 8000 years, which is fairly 

consistent with Huang's results. However, with apparent 210Pb sediment accumulation 

rates near the river mouth generally exceeding 1cm and offshore rates above 0.3 mm/yr, 

the long-term 14C rates are significantly slower than the higher 210Pb rates. The higher 

210Pb sedimentation rates, compared to the long-term 14C rates, suggests that the rapid 

infilling of Lingding Bay is a fairly recent process.  
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Figure 20: Apparent 210Pb Sediment Accumulation rate at the Pearl River mouth 

and along the Guangdong Coast 

 

Table 3 Offshore and Nearshore cores 

Nearshore (delta and continental shelf) 

Core Latitude Longitude Accumulation 
rate(mm/yr) 

ZJ-2 113.38 23.11 11.7 

ZJ-2 113.52 23.00 14.8 

ZJ-6 113.67 23.60 13.5 

ZJ-7 113.94 22.47 8.6 

ZJ-8 113.63 22.39 38.5 

ZJ-D 113.63 22.22 15.2 

ZJ-9 113.55 22.18 18.7 

ZJ-10 113.34 22.28 1.7 

IP3 113.36 22.65 6.8 

IP14 113.44 22.46 25.0 

IP25 113.27 22.17 4.8 

                                                                                                            Average                                      14.2 
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Offshore 

C01 111.25 21.24 0.13 

C02 111.24 20.63 0.48 

Z01 20.81 112.26 0.18 

Z02 21.29 112.27 0.48 

Z03 20.8 111.92 0.36 

Z04 21.3 111.93 0.37 

Z05 20.82 111.61 0.14 

Z06 21.33 111.63 0.57 

Average              0.351 

 

4.4. Water and sediment discharge over the last 50 years 

While the water discharge in the Pearl River has not changed significantly, the 

amount of sediment discharged into the South China Sea has been decreasing 

substantially over the past 20 years. Figure 21 shows that the average water discharge 

between 1950 and 2001 is only slightly higher than the water discharge between 2001 

and 2011. Despite stable water discharge, the average sediment discharge has 

experienced a substantial drop since 1994 (construction of Yantan Dam) in comparison to 

discharge recorded between 1950 and 2000. 

In the longer term, as shown in Figure 21, the water discharge has remained 

relatively stable and the annual sediment discharge has decreased from an average of 75 

Mt to approximately 25 Mt over the past two decades. Both water and sediment discharge 

decreased between 1983 and 1989, and then increased between 1989 and 1994. Starting 

in 1994, both water and sediment discharge began to steadily decrease. Both periods of 

decrease in water and sediment load starting in 1983 and in 1994 are direct results of 

completion of large dams and reservoirs. For example, the sharp decline in sediment 
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supply after 1982 occurred simultaneously with the completion of Dahua Dam, which has 

a reservoir storage of 9.64×108m3 (Wu et al. 2005) ; the reduction after 1994 coincided 

with the completion of the Yantan hydropower station, with a significant reservoir 

capacity of 3.38 × 109 m3 (Dai, Yang and Cai 2008). At the same time, estimated 

suspended sediment concentration has also decreased accordingly, as shown in Figure 22.  

If we use 1994, the year before the completion of Yantan Dam, as the dividing 

point, then the average annual water and sediment discharge after 1994 were 97% and 

53% of the pre-1994 water and suspended sediment discharge, respectively. Similar to 

the sediment discharge, the estimated suspended sediment concentration (SSC) also 

experienced a substantial decline, being only 52% of the amount estimated for the 1957-

1994 period. 
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Figure 21: Water and suspended Sediment Discharge from 1958 to 2011 

 

Figure 22 Estimated suspended sediment concentration 1973-2011 
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4.5. Shoreline Analysis 

End Point Rates (EPR) were calculated for the Lingding Bay coastline over the last 40 

years. The End Point Rates were calculated by dividing the distance of shoreline movement by 

the time elapsed between the start and end date of the shoreline analysis. Figure 23 shows the 

EPR change in 7 time intervals from 1973 to 2014. The intervals include: 1973-1978, 1978-1987, 

1987-1994, 1994-1999, 1999-2004, 2004-2009 and 2009-2014. Figure 24 shows the cumulative 

coastline change EPR between 1973 and 2014.  

Figure 23 and Figure 24 also suggest that the majority of the Lingding Bay coastline 

during the last 40 years has been accreting, or migrating seaward. In particular, the coastline 

between transect 20-40, 50-60, 85-140, 155-160 and 190-200 show much faster growth outward 

into the bay than the surrounding area. Overall, almost 65% of the total coastline in Lingding Bay 

has been accreting in the last 40 years, and the other 35% of coastline has remained relatively 

stable (Figure 25). There are a few points where the coastline seems to be retreating, such as 

transect 51 and transect 201, but they are negligible. In some areas, the shoreline has prograded as 

much as 190m seaward, while the greatest measured amount of shoreline retreat was less than 

20m.  

 The area of Lingding Bay, minus the area of large islands, was also calculated, as shown 

in Table 3. Figure 24 shows the change over time between the bay area and the total 

coastline length around the Lingding Bay. The graph shows a general decreasing trend 

for the size of the Lingding Bay and an increasing trend for the total length of coastline.  
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Figure 23 Coastline change for transect #1-205 in 5-8 year Intervals. Each color represents coastline changes in meters 

during one interval.  

 

Figure 24 Coastline EPR(end point rate) 1973-2014 in meters per year. Based on this graph, the northern part of 

Lingding Bay(~50-160) received faster growth than the southern part of the bay.  
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Figure 25 Digital coastline extracted from Landsat images for Island a, b and c. As shown above, human influence is 

most prominent on Island a, and least prominent on Island d. Compared to human impact, natural processes play a 

relatively small role in the growth of Pearl River Delta and in the advancement of coastline.  
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Figure 26 Map showing cumulative shoreline change during 1973-2014, where red means stable shoreline and green 

means accretion.  The satellite image used in this image is from 1999.   
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Table 4 

Coastline length, Lingding Bay area and sediment discharge during 7 continuous time intervals since 1973  

Year Length of 
coastline(km) 

Area of Lingding 
Bay(km2) 

Land area 
change (km2) 

Average Land area 
change(km2/year) 

Sediment 
discharge(Mt) 

Average 
sediment 

discharge(Mt) 

1973 686.1 2817.72     

1978 706.12 2818.83 -1.10 -0.22 401.80 80.36 

1987 738.26 2762.92 55.91 6.21 857.40 95.27 

1994 813.27 2629.60 133.32 19.05 515.70 73.67 

1999 813.89 2583.78 45.82 9.16 424.60 84.92 

2004 806.96 2549.79 33.99 6.80 217.70 43.54 

2009 811.13 2526.01 23.78 4.76 168.20 33.64 

2014 834.37 2513.06 12.96 2.59 101.96 20.39 
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Figure 27 Relationship between bay area and length of coastline. A decreasing trend for bay size and increasing trend 

for the coastline length are shown.  
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5. Discussion 

5.1. Stage of Pearl River delta development 

Based on the isopach map of the Pearl River (Fig 19) and the 210Pb apparent 

accumulation rates (Fig 20), sediment accumulates the most and rapidly near the river 

mouth. This indicates that the depocenter of the Pearl River is still at the river mouth. In 

addition, suspended sediment concentration is much higher in the estuarine waters than 

out on the continental shelf (Xia et al. 2004). Consequently, the sediment deposition is 

mostly confined to the river mouth and the majority of the suspended sediment does not 

escape the estuary and reach the distal region.  

During the Holocene, most of the riverine sediment has accumulated within Pearl 

River’s delta and estuary. Based on borehole data, the PRD Holocene sediment thickness 

varies from 5m to 25m, with most area above 10 m. By analyzing and comparing results 

from Table 5.1 and Table 5.2, we find that: (1) Both the long term and short term 

calculation support that most of the riverine sediment has accumulated in Pearl River’s 

delta and estuary. At least ~80% of total sediment deposition occurs within the delta plain 

combined and the Lingding Bay, while only a small portion of the sediment escapes the 

estuary and accumulates on the distal continental shelf.  (2) Assuming the rate of 

accumulation has been constant throughout the Holocene (in the past 6000 years), then 

the long-term averaged depositional rate is roughly 0.1-0.4 mm/y. This rate is consistent 

with the long term 14C accumulation rate of 0.26 mm/y, as mentioned previously in the 

thesis. (3) If the apparent accumulation rates approximate the true rate of sediment 

accumulation (i.e. bioturbation = 0), the sedimentation rate over the last ~100 years has 

been much higher with increased human activity compared to the long term Holocene 
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average. This suggests that the infilling of Lingding Bay is still a highly active process, 

despite recent decreases in sediment discharge caused by dam constructions.  

In contrast to that of the Pearl River, the isopach maps of the Yangtze, Red and 

the Yellow River, as shown in Figure 28 (Liu et al. 2007, Ross 2011), all show 

depocenters outside of the river estuary. Their defined clinoforms and thick Holocene 

mud deposits are also good indications that the delta development of the Yangtze, Red 

and Yellow Rivers have reached more mature stages than that of Pearl River. Liu et al. 

(2014) explain that the different stages of delta development in Asian rivers, despite their 

relative proximity, are primarily due to difference in estuarine morphology and sediment 

supply (Liu et al. 2014a).  The Pearl River has a comparable water discharge to those of 

the Yellow River and Yangtze River, however its sediment discharge is significantly 

lower in comparison to the two rivers. In terms of estuarine morphology, the Pearl River 

has the largest embayment within its estuary, making the escape of sediment out of the 

estuary less likely and the infilling of the estuarine embayment the predominant mode of 

sedimentation.  
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Table 5.1 

Sediment accumulation on the Delta Plain, in Lingding Bay and on the continental shelf based on Holocene mud thickness 

 

 

 

Area(km2) 
Mud 

thickness(m) 

Total 

volume(m3) 

Weight(billion 

tons) 

Annual 

sedimentation 

(Mt/y)* 

Annual 

sedimentation 

rate(mm/y) 

Percentage  

Delta Plain 9000 10-25 9-23*1010 117-293 20-49 1.7-4.2 80% 

Lingding Bay 1800 10-15 1.8-2.7*1010 23-35 4-6 1.7-2.5 10-16% 

Continental 

shelf 
30000 ~0.2-1 0.6-3*1010 6-39 1-7 0-0.2 5-11% 

total    146-364 25-62   

Dry bulk density: 1.3 g/cm3 

*Sedimentation is based on a 6,000-year timescale  
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Table 5.2 

Sediment accumulation in Lingding Bay and distal shelf based on recent accumulation rates* 

 Area(km2) 

Recent 

sedimentation 

rate(mm/y)* 

Annual  deposition 

(m3/y) 

Annual 

sedimentation 

(Mt/y) 

Percentage 

Lingding Bay 1800 <8-35 <1.4-6×107 <18-82 68-82% 

Continental Shelf 30000 <0.1-1 <0.3-3×107 <4-39 18-32% 

total   <1.7-9×107 <22-121  

Dry bulk density: 1.3 g/cm3 

*Based on 210Pb data; on a 100-year timescale  

*Apparent sedimentation rates (i.e., bioturbation = 0) 
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(a)                                                                     (b)                                                                      (c) 

 

 

 

 

 

 

 

 

(a)                                                                  (b)                                                                       (c) 

 

 

  

 

Figure 28 Isopach map for the Yangtze(a), Yellow(b) and Red River(c), . All three isopach maps are showing extensive 

deposition and distal depo-centers (Liu et al, 2004; Liu et al 2007; Ross, 2011).  
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5.2. Historical bathymetry 

 

Figure 29 Historical coastline and bathymetry of the Lingding Bay from 1906(a), 

1955(b), 1988(c), 2008(d). (Wu et al, 2014) 

 

Northern Part 

Middle Part 

Southern Part 
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Historical bathymetry shows that in the last century, the majority of Lingding Bay 

subaqueous delta has been under a regime of general sediment accumulation, with likely 

exceptions in the main riverine channels. Among changes in PRE bathymetry, most 

notably is the loss of area with 2-10m bathymetry, and the increase in areas shallower 

than 2m and deeper than 10m, caused by land reclamation and channel maintenance, 

respectively. Many tidal flats have been lost and converted into new land, causing the 

area of Lingding Bay to shrink considerably. Over the years, over 50km2 of intertidal area 

has been lost and the bay area shrunk by at least 12%. Such changes are most noticeable 

in the northern and middle part of Lingding Bay.  

According to the bathymetry calculated using water volume by Deng et al., the 

total sedimentation between 1974 and 2006 in the southern part of Lingding Bay has been 

negative, while the sedimentation in the middle and northern part of the bay has been 

positive(Deng and Bao 2011). The amount of sediment that was dredged from the 

channels was significant, although heavy dredging activities were mostly limited to large 

channels.  
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5.3. Relationship between recent delta accumulation and sediment discharge 

Urbanization and economic growth in the Pearl River Delta region since the mid-

20th century has significantly altered the pattern of delta accumulation, and a positive 

correlation occurs between the rate of delta accretion and sediment discharge. The 

relationship between recent delta development and sediment input will be discussed in 

two parts: the recent change in area covered by Lingding Bay as compared to sediment 

discharge, and the recent change in subaqueous bathymetry as compared to sediment 

discharge.  

 

5.3.1    Relationship between land area change and sediment discharge 

 

The change in Lingding Bay areal coverage was compared with the Pearl River 

sediment discharge in 6-8 year time intervals between 1973 and 2014. Figure 30 shows 

both the changes in land area and the changes in sediment discharge. The highly similar 

patterns between both plots indicate a close relationship between land area change and 

sediment discharge. From Figure 30, we also notice a lag effect between bay areal change 

and sediment discharge. The lag time seems to coincide with a time interval on the order 

of 6-8 years. 

Figure 31 depicts the relationship between the cumulative bay areal coverage change and 

the cumulative sediment input into the sea. The relationships turn out to be mostly linear 

and statically significant with a P-value of 6E-5. This linear relationship, along with the 

close correlation found in Figure 30, indicate that there are likely to be few other 

significant factors contributing to the coastal expansion besides riverine sediment input. 
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The rate of coastline progradation is largely controlled by the amount of sediment carried 

to the estuary by the Pearl River. 
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Figure 30 Land area change and sediment discharge in each time interval. The graph show good correlation between 

land area gain and amount of sediment discharged by the Pearl River. A lag affect between sediment discharge and 

land area change is also present in this graph. On average change in the rate of land accumulation takes 6-8 years 

following the associated change in sediment discharge.   
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Figure 31 Relationship between cumulative area of increase and cumulative sediment input 1973-2014. 
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5.3.2    Relationship between subaqueous delta accumulation and sediment 

discharge 

Wu et al. have proposed a linear relationship (Figure 32) between the subaqueous 

delta accumulation and sediment discharge for the Pearl River dispersal system(Wu et al. 

2015) . With the linear function, a 22 Mt/y sediment discharge is calculated to be the 

threshold under which erosion of the delta will occur. However, this does not seem 

plausible given the fact that as a rapidly developing delta, the PRD is efficient in trapping 

sediment and that only ~27% of sediment supplied by the river travels out far enough to 

escape the estuary. Channel dredging and sand excavation can slow down the sediment 

transfer to some degree, but the amount of dredged sediment does not exceed the annual 

sediment discharge to the estuary (Luo et al. 2007).  

With the same data points, an exponential fit function between subaqueous delta 

accumulation and sediment discharge (Figure 33) shows an R2 value of 0.99, compared to 

a R2 value of 0.92 for the linear fit. An exponential relationship seems to explain the 

sedimentation characteristic of the subaqueous delta better as it takes into consideration 

of the dynamic response between the sediment discharge and intensity of human 

activities. As the bathymetry data show, the depths most affected by human activities are 

those less than 2m (land reclamation) and depths greater than 10m (channel dredging).  

Sand excavation peaked during the early 1990s and has since slowed down. As the sand 

excavation and channel dredging become more and more regulated, there will be less 

erosion caused by dredging and sand mining.  Historically, land reclamation became 

more active as the sediment discharge increased. Therefore, higher sediment discharge 

will promote more highly effective and extensive land reclamation projects, as depicted 
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by the increase in sedimentation at higher sediment discharge (Figure 33). During periods 

when sediment discharge is low, the delta accumulation slows down as the effect of 

dredging becomes relatively more significant. Since the Pearl River estuary is highly 

effective in trapping sediment, the net sediment input and accumulation will continue to 

be positive, and the PRD will continue to accumulate even with low sediment discharge, 

as suggested by the exponential relationship. Therefore, although neither relationship can 

be confirmed due to lack of data points, the 22 Mt sediment discharge threshold as 

suggested by Wu et al, 2015 is likely to be an inaccurate description of the PRD’s state of 

accretion/erosion.  
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Figure 32 The exponential relationship has a better fit for the relationship 

between subaqueous delta sedimentation and sediment discharge, using data 

from Wu et al., 2015. 

Figure 33 Linear relationship between subaqueous delta accumulation/erosion 

and sediment discharge as suggested by Wu et al., 2015 

y = 0.11 x – 2.23 

R2 = 0.92 

P = 0.038 
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5.4. Cause of coastline progradation in PRD 

Many factors could influence the shoreline evolution of the Pearl River Delta. 

Factors such as nearshore winds, tides and waves, climate change, coastal subsidence as 

well as changes in water and sediment discharge. Despite the subaqueous delta erosion 

supported by bathymetric data, together with the considerable reduction in sediment 

discharge, the coastline of the Lingding Bay has been continuously prograding outwards 

over the past 40 years. The average thickness of Holocene deposits is 15 m inside 

Lingding Bay and the average sedimentation rate is ~1.9 mm/yr if we take 8 ky BP as the 

start of Holocene delta progradation. Recent accumulation rates measured using 210Pb are 

over 1 cm inside the Bay. The short term accumulation rate inside the Lingding Bay is 

significantly higher compared to the longer term accumulation rate during the Holocene. 

This may be a direct result of enhanced human activities such as deforestation in the 

basin and land reclamation.   

In discussing the causes for the Yangtze River coastline progradation. Chu et al. 

(2013) suggest that sediment resuspension and transport could be a factor contributing to 

the delta coastline expansion. The Pearl River being a tidal dominated river, provides an 

environment conducive for sediment resuspension and lateral transport. This may explain 

the lag effect found between the sediment discharge and coastline change. The lag period 

would be the time it takes for re-suspended sediment to be transported by currents 

towards the coast.  

Aside from natural processes, one of the main reasons for coastal progradation 

around the Lingding Bay coast is land reclamation projects, achieved mainly by 

artificially trapping riverine transported sediment. Besides trapping riverine sediment, 
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another source of material utilized by land reclamation is dredged sediment. However, it 

is noted that only a small amount of total dredged material is used for land reclamation. A 

majority of the dredged material has been turned into construction material for other 

purposes (Liu et al. 2014a). The lag effect can also be explained as part of the land 

reclamation process, since it generally takes time for trapped riverine sediment to cause 

land progradation and be visible from the satellite image to be counted as new land.   

The high correlation between the sediment discharge and the coastline change 

favors the land reclamation and sediment trapping more than the sediment resuspension 

and transport. This is because the former process is more directly related to sediment 

input of the river, whereas the latter process relies more directly on the intensity of tides 

and currents. More importantly, manmade structures are clearly visible in areas where the 

coastline progradation has been the fastest. Therefore, land reclamation projects have 

been the predominate cause for rapid coastline progradation over the last 30-40 years.  

 

5.5. Future implications  

Inhabitants of the Pearl River Delta Region have long been altering the natural 

environment. Environmental damage caused by human dates as far back as to 1000 years 

ago, when people from the north expanded agriculture, cut down trees and destroyed 

forests (Parham 2009). Since the 1970s, urbanization and economic growth has increased 

the human activities in the PRD area at an unprecedented fast pace. Increased human 

activities have caused increased environmental problems, such as land subsidence, 

intrusion of seawater, narrowing of channels and increased floods. Among all the human 
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activities, channel dredging, land reclamation and dam constructions are considered 

activities that have the largest impact on the PRD development.  

With rapid urban development, a large amount of sediment has been excavated 

from the river channels in Lingding Bay to satisfy the construction needs and to 

accommodate the ever larger ships. According to Luo et al (2007), on average more than 

7 × 107 m3 of sand and gravel have been excavated every year from channels in the Pearl 

River Delta and upstream rivers over the past two decades. This is almost 9 times the 

annual amount of sediment deposition (8–10 × 106 m3) in the channels (Luo et al. 2007). 

Although dredging activity has clearly deepened of the channels of the PRD, the majority 

of the subaqueous delta has been shoaling during the last century (Wu et al. 2014). In 

addition, land reclamation projects have also utilized a small amount of the dredged 

material from the Lingding Bay Channels, while most of the dredged material has been 

turned into construction material for urban development. (Liu et al. 2014a). 

Since the boom of dam and reservoir constructions during the last century, the 

total reservoir capacity in the Pearl River Basin by the late 1990s had reached 518×108 

m3 (Liu et al. 2014a). The current sediment discharge of the Pearl River has reduced to 

20- 30 Mt/y, less than half of the amount prior to 1980s. Despite the sharp reduction in 

sediment discharge, both the linear relationship between sediment accumulation and 

sediment discharge, and threshold value of 22 Mt/y as suggested by Wu et al. (2015) are 

questionable based on historical bathymetric data. Instead, an exponential relationship 

might be a better fit for the relationship between PRD delta accumulation and sediment 

discharge. With positive net sediment input each year in most area of the PRD, and much 
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less unregulated dredging and sand mining activities, it is unlikely that the Pearl River 

Delta will enter a phase of erosion.  

Global sea level rises 3.2 mm per year and the land subsidence in the PRD region 

is around 2.5 mm/year(Wang et al. 2012). As predicted by CMIP5 simulations, by the 

year 2050, the local relative sea level could rise by 1.9 m in a worst case scenario, with 

high emission and high inter-monthly variability, and 0.79 under low emission(Xia et al. 

2015). At such rate, the sedimentation will barely keep up with the rate of relative sea 

level rise and delta progradation will be further slowed. Since a large area of newly 

reclaimed land is less than 2m above water, this could potentially cause much of the low 

lying land to submerge and make the delta more vulnerable to storm surges.  

With the sediment discharge consistently falling below 25 Mt/y in the last 4 years 

and continued frequent dredging in the Lingding Bay, it is safe to assume that both the 

coastline expansion and subaqueous delta sedimentation will enter a phase of slower 

accumulation.  
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6. Conclusion   

      The Pearl River in China has gone through rapid coastline progradation in the last 

40 years. Historical bathymetry data suggest that during this period, the Pearl River 

subaqueous delta has undergone accumulation, except in areas where channel dredging is 

frequent to accommodate increasingly large ships (Wu et al. 2014, Deng and Bao 2011). 

On the other hand, a study done by Wu et al. (2015) suggests that the Pearl River will 

enter a phase of general erosion soon, with a proposed accumulation/erosion threshold 

value of 22 Mt/y. This seemingly paradox can be resolved in four parts: 

a) The Pearl River Delta development is a fairly recent event, in comparison with 

other large Asian rivers, such as the Yangtze and Red river. The PRD is in its 

early stage of development and will continue to develop with riverine sediment 

input.  

b) Comparison between the river mouth and the distal shelf area, based on the 210Pb 

accumulation rate data, suspended sediment concentrations and the local isopach 

map, strongly indicate that the depocenter of PRD remains close to the river 

mouth, inside Lingding Bay. It is estimated that less than 27% of Pearl River 

suspended sediment escapes the estuary. Therefore, besides sediment loss from 

dredging activities, most riverine sediment settles out in the Lingding Bay and 

deposits as part of the delta.  

c) The PRD coastline change largely depends on the sediment discharge from the 

river. However, with significantly reduced sediment input as a result of dam 

completion in recent years, the land expansion has slowed down and will likely 

continue to slow down further.  
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d) The areas of erosion of the Pearl River subaqueous delta are generally limited to 

areas where channel dredging is necessary to ensure shipping needs. Reduction in 

sediment discharge will affect the rate of sedimentation; however a linear 

relationship is not convincing, and the 22 Mt/y threshold value suggested by Wu 

et al.(2015) should be revised. With reduced sediment input from the Pearl River, 

sedimentation in the Lingding Bay will slow down. However, as long as there is 

net positive sediment input across the majority of the PRD, it is unlikely that the 

PRD will soon enter a phase of general erosion. Heavy dredging in the channels 

will cause local deepening, however it will not cause estuary-wide erosion.  

In summary, given the population and economic significance of the PRD, elimination 

of anthropogenic influences is impossible, and the future of the Pearl River delta will 

continue to be influenced by human activities. Recent coastline and bathymetric data 

suggest that the majority of PRD has been under continuous progradation, despite a 

recent slowdown in rate and the ongoing deepening of channels. With effective sediment 

trapping inside the estuary and positive net sediment discharge, most of the PRD will 

continue to accumulate at a slow rate, with erosion/deepening only in areas of frequent 

channel maintenance.  

 

  



64 
 

 
 

Reference 

Chen, Y. D., Q. Zhang, T. Yang, C. Xu, X. Chen & T. Jiang (2007) Behaviors of extreme water 

level in the Pearl River Delta and possible impacts from human activities. Hydrology & 

Earth System Sciences Discussions, 4, 4361-4387. 

Dai, S. B., S. L. Yang & A. M. Cai (2008) Impacts of dams on the sediment flux of the Pearl 

River, southern China. CATENA, 76, 36-43. 

Deng, J. & Y. Bao (2011) Morphologic evolution and hydrodynamic variation during the last 30 

years in the LINGDING Bay, South China Sea. Journal of Coastal Research, 1482-1489. 

Dong, L., J. Su, L. Ah Wong, Z. Cao & J.-C. Chen (2004) Seasonal variation and dynamics of the 

Pearl River plume. Continental Shelf Research, 24, 1761-1777. 

Gan, J., L. Li, D. Wang & X. Guo (2009) Interaction of a river plume with coastal upwelling in 

the northeastern South China Sea. Continental Shelf Research, 29, 728-740. 

Guillen, J. & A. Palanques (1992) Sediment dynamics and hydrodynamics in the lower course of 

a river highly regulated by dams: the Ebro River. Sedimentology, 39, 567-579. 

Hu, D., P. D. Clift, P. Böning, R. Hannigan, S. Hillier, J. Blusztajn, S. Wan & D. Q. Fuller 

(2013a) Holocene evolution in weathering and erosion patterns in the Pearl River delta. 

Geochemistry, Geophysics, Geosystems, 14, 2349-2368. 

Hu, D. K., P. D. Clift, P. Boning, R. Hannigan, S. Hillier, J. Blusztajn, S. M. Wan & D. Q. Fuller 

(2013b) Holocene evolution in weathering and erosion patterns in the Pearl River delta. 

Geochemistry Geophysics Geosystems, 14, 2349-2368. 

Ip, C. C., X. D. Li, G. Zhang, J. G. Farmer, O. W. Wai & Y. S. Li (2004) Over one hundred years 

of trace metal fluxes in the sediments of the Pearl River Estuary, South China. Environ 

Pollut, 132, 157-72. 



65 
 

 
 

Kesel, R. H. (1988) The Decline in the Suspended-Load of the Lower Mississippi River and Its 

Influence on Adjacent Wetlands. Environmental Geology and Water Sciences, 11, 271-

281. 

--- (2003) Human modifications to the sediment regime of the Lower Mississippi River flood 

plain. Geomorphology, 56, 325-334. 

Lan, B., d. Lan, Z. C. Zheng & X. F. Shi (2008) Diatoms and their palaeoenvironments from the 

cores of Xijiang Delta in China. Acta Oceanologica Sinica, 30. 

Li, P., S. L. Yang, J. D. Milliman, K. H. Xu, W. H. Qin, C. S. Wu, Y. P. Chen & B. W. Shi 

(2012) Spatial, Temporal, and Human-Induced Variations in Suspended Sediment 

Concentration in the Surface Waters of the Yangtze Estuary and Adjacent Coastal Areas. 

Estuaries and Coasts, 35, 1316-1327. 

Liu, F., L. R. Yuan, Q. S. Yang, S. Y. Ou, L. L. Xie & X. Cui (2014a) Hydrological responses to 

the combined influence of diverse human activities in the Pearl River delta, China. 

Catena, 113, 41-55. 

Liu, J. P., A. C. Li, K. H. Xu, D. M. Veiozzi, Z. S. Yang, J. D. Milliman & D. DeMaster (2006) 

Sedimentary features of the Yangtze River-derived along-shelf clinoform deposit in the 

East China Sea. Continental Shelf Research, 26, 2141-2156. 

Liu, J. P., J. D. Milliman, S. Gao & P. Cheng (2004) Holocene development of the Yellow River 

subaqueous delta, North Yellow Sea. Marine Geology, 209, 45-67. 

Liu, J. P., K. H. Xu, A. C. Li, J. D. Milliman, D. M. Velozzi, S. B. Xiao & Z. S. Yang (2007) 

Flux and fate of Yangtze River sediment delivered to the East China Sea. 

Geomorphology, 85, 208-224. 

Liu, Y. L., S. Gao, Y. P. Wang, Y. Yang, J. P. Long, Y. Z. Zhang & X. D. Wu (2014b) Distal 

mud deposits associated with the Pearl River over the northwestern continental shelf of 

the South China Sea. Marine Geology, 347, 43-57. 



66 
 

 
 

Luo, X. L., E. Y. Zeng, R. Y. Ji & C. P. Wang (2007) Effects of in-channel sand excavation on 

the hydrology of the Pearl River Delta, China. Journal of Hydrology, 343, 230-239. 

Mao, Q. W., P. Shi, K. D. Yin, J. P. Gan & Y. Q. Qi (2004) Tides and tidal currents in the pearl 

river estuary. Continental Shelf Research, 24, 1797-1808. 

Meade, R. H. & J. A. Moody (2010) Causes for the decline of suspended-sediment discharge in 

the Mississippi River system, 1940–2007. Hydrological Processes, 24, 35-49. 

Milliman, J. D. & K. L. Farnsworth (2012) River Discharge to the Coastal Ocean A Global 

Synthesis. LOICZ INPRINT Newsletter, 28-29. 

Milliman, J. D. & R. H. Meade (1983) World-Wide Delivery of River Sediment to the Oceans. 

Journal of Geology, 91, 1-21. 

Owen, R. B., R. J. Neller, R. Shaw & P. C. T. Cheung (1998) Late Quaternary environmental 

changes in Hong Kong. Palaeogeography, Palaeoclimatology, Palaeoecology, 138, 151-

173. 

Parham, W. E. 2009. Deforestation and erosion captured in historical art of the Pearl River Delta 

region, China. In Soil and Culture, 23-36. Springer. 

Ross, K. (2011) Fate of Red River Sediment in the Gulf of Tonkin, Vietnam. Master Thesis. 

Stanley, D. J. (1996) Nile delta: extreme case of sediment entrapment on a delta plain and 

consequent coastal land loss. Marine Geology, 129, 189-195. 

Syvitski, J. P. M., A. J. Kettner, I. Overeem, E. W. H. Hutton, M. T. Hannon, G. R. Brakenridge, 

J. Day, C. Vorosmarty, Y. Saito, L. Giosan & R. J. Nicholls (2009) Sinking deltas due to 

human activities. Nature Geosci, 2, 681-686. 

Tang, C., D. Zhou, R. Endler, J. Lin & J. Harff (2010) Sedimentary development of the Pearl 

River Estuary based on seismic stratigraphy. Journal of Marine Systems, 82, S3-S16. 

Wang, H., T. J. Wright, Y. P. Yu, H. Lin, L. L. Jiang, C. H. Li & G. X. Qiu (2012) InSAR reveals 

coastal subsidence in the Pearl River Delta, China. Geophysical Journal International, 

191, 1119-1128. 



67 
 

 
 

Wang, H. J., Z. S. Yang, Y. Saito, J. P. Liu, X. X. Sun & Y. Wang (2007) Stepwise decreases of 

the Huanghe (Yellow River) sediment load (1950-2005): Impacts of climate change and 

human activities. Global and Planetary Change, 57, 331-354. 

Wu, C. S., S. Yang, S. Huang & J. Mu (2015) Delta changes in the Pearl River estuary and its 

response to human activities (1954–2008). Quaternary International. 

Wu, M., Y. Zhan, L. Chen & L. Yan (2005) Present situation and prediction analysis of sediment 

depositing in the Dahua Reservoir area. Journal of Wuhan University of Hydraulic and 

Electric Engineering. 

Wu, Z. Y., J. D. Milliman, D. N. Zhao, J. Q. Zhou & C. H. Yao (2014) Recent geomorphic 

change in LingDing Bay, China, in response to economic and urban growth on the Pearl 

River Delta, Southern China. Global and Planetary Change, 123, 1-12. 

Xia, J., Z. Yan, W. Zhou, S. K. Fong, K. C. Leong, I. M. Tang, S. Chang, W. Leong & S. Jin 

(2015) Projection of the Zhujiang (Pearl) River Delta’s potential submerged area due to 

sea level rise during the 21st century based on CMIP5 simulations. Acta Oceanologica 

Sinica, 34, 78-84. 

Xia, X. M., Y. Li, H. Yang, C. Y. Wu, T. H. Sing & H. K. Pong (2004) Observations on the size 

and settling velocity distributions of suspended sediment in the Pearl River Estuary, 

China. Continental Shelf Research, 24, 1809-1826. 

Xia, Z., P. Jia, S. Ma, K. Liang, Y. Shi & J. J. Waniek (2013a) Sedimentation in the 

Lingdingyang Bay, Pearl River Estuary, Southern China. Journal of Coastal Research, 

12-24. 

Xia, Z., P. H. Jia, S. Z. Ma, K. Liang, Y. H. Shi & J. J. Waniek (2013b) Sedimentation in the 

Lingdingyang Bay, Pearl River Estuary, Southern China. Journal of Coastal Research, 

12-24. 



68 
 

 
 

Yang, S., J. Zhang, J. Zhu, J. Smith, S. Dai, A. Gao & P. Li (2005a) Impact of dams on Yangtze 

River sediment supply to the sea and delta intertidal wetland response. Journal of 

Geophysical Research: Earth Surface (2003–2012), 110. 

Yang, S. L., J. Zhang, J. Zhu, J. P. Smith, S. B. Dai, A. Gao & P. Li (2005b) Impact of dams on 

Yangtze River sediment supply to the sea and delta intertidal wetland response. Journal 

of Geophysical Research-Earth Surface, 110. 

Yang, Z. S., J. D. Milliman, J. Galler, J. P. Liu & X. G. Sun (1998) Yellow River's water and 

sediment discharge decreasing steadily. Eos, Transactions American Geophysical Union, 

79, 589-592. 

Yao, Y. T., W. H. Zhan, Z. F. Liu, Z. Q. Zhang, M. Z. Zhan & J. Sun (2013) Neotectonics and its 

Relations to the Evolution of the Pearl River Delta, Guangdong, China. Journal of 

Coastal Research, 1-11. 

Yim, W. W. S. (1994) Offshore Quaternary Sediments and Their Engineering Significance in 

Hong-Kong. Engineering Geology, 37, 31-50. 

--- (2001) Stratigraphy of quaternary offshore sand and gravel deposits in the Hong Kong SAR, 

China. Quaternary International, 82, 101-116. 

Yim, W. W. S., G. Huang, M. R. Fontugne, R. E. Hale, M. Paterne, P. A. Pirazzoli & W. N. R. 

Thomas (2006) Postglacial sea-level changes in the northern South China Sea continental 

shelf: Evidence for a post-8200 calendar yr BP meltwater pulse. Quaternary 

International, 145, 55-67. 

Zhang, G., A. Parker, A. House, B. X. Mai, X. D. Li, Y. H. Kang & Z. S. Wang (2002) 

Sedimentary records of DDT and HCH in the Pearl River Delta, South China. 

Environmental Science & Technology, 36, 3671-3677. 

Zhang, W., X. Wei, Z. Jinhai, Z. Yuliang & Y. Zhang (2012a) Estimating suspended sediment 

loads in the Pearl River Delta region using sediment rating curves. Continental Shelf 

Research, 38, 35-46. 



69 
 

 
 

Zhang, W., X. Y. Wei, J. H. Zheng, Y. L. Zhu & Y. J. Zhang (2012b) Estimating suspended 

sediment loads in the Pearl River Delta region using sediment rating curves. Continental 

Shelf Research, 38, 35-46. 

Zhang, W., Y. X. Yan, J. H. Zheng, L. Li, X. Dong & H. J. Cai (2009) Temporal and spatial 

variability of annual extreme water level in the Pearl River Delta region, China. Global 

and Planetary Change, 69, 35-47. 

Zhao, Y., X. Zou, L. Cao & X. Xu (2014) Changes in precipitation extremes over the Pearl River 

Basin, southern China, during 1960-2012. Quaternary International, 333, 26-39. 

Zong, Y., G. Huang, A. D. Switzer, F. Yu & W. W. S. Yim (2009a) An evolutionary model for 

the Holocene formation of the Pearl River delta, China. Holocene, 19, 129-142. 

Zong, Y., W. W. S. Yim, F. Yu & G. Huang (2009b) Late Quaternary environmental changes in 

the Pearl River mouth region, China. Quaternary International, 206, 35-45. 

 


