
ABSTRACT 

XUE, ZUO. A Source-to-Sink Study of the Mekong River Delta: Hydrology, Delta Evolution, 
and Sediment Transport Modeling. (Under the direction of Jingpu Liu and Dave DeMaster). 
 

The Mekong River is the third largest river in the Western Pacific. As the population 

and economy of the area booms, more and more dams are built in the Mekong basin. 

Concerns about negative impacts on downstream and the delta plain from upstream damming 

have been raised ever since the completion of the Manwan Dam, the first of the 13 major 

dams designed on the Upper Mekong, in 1993. The runoff of the Lower Mekong has a closer 

connection with the regional precipitation and El Niño Southern Oscillation during the post-

dam period (1994-2005) than the pre-dam period (1950-1993). With ~ 200 new dams to be 

added to the basin in the next couples of decades, changes are expected in both hydrological 

regime and delta dynamics. 

The Mekong River delivers ~160 million tons of sediment per year to the South 

China Sea (SCS). The Mekong River Delta (MRD) has the third largest delta plain in the 

world. High-resolution seismic profiling and coring during 2006 and 2007 cruises reveals a 

low gradient, subaqueous delta system, up to 20 m thick, surrounding the modern MRD in 

the west of the SCS. A late Holocene sediment budget for the MRD has been determined, 

based on the area and thickness of deltaic sediment. Approximately 80% of Mekong 

delivered sediment has been trapped within the delta area, which, together with a falling sea-

level, resulted in a rapidly prograding MRD over the past 3000 yr. 

The late Holocene evolution of the MRD has shown a morphological asymmetry 

indicated by a large down-drift area and a rapid progradation around Cape Camau, ~200 km 



downstream from the river mouth. The coupled hydrodynamic-sediment transport modeling 

using the Regional Ocean Modeling System (ROMS) and Community Sediment Transport 

Model System (CSTMS) showed that wind is a most important factor influencing the along-

shelf sediment transport. This associates MRD’s asymmetric evolution with an increased 

wave influence during the Neoglaciation. Coastal currents formed by the geostrophically 

balanced Mekong plume are strengthened by intensified winter monsoons. Wave and tidal 

mixing re-suspends previously deposited Mekong sediments, which are then transported 

southwestward to the Gulf of Thailand. These results link sediment dynamics and delta 

evolution with variations in monsoonal activities during the late Holocene. 
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CHAPTER 1: INTRODUCTION 

As the main source of terrestrial sediments to the world oceans, rivers deliver 

approximately 12.6 billion tons of sediments to estuarine and coastal areas annually (Syvitski 

et al., 2005). The world’s 25 largest rivers account for approximately 40% of all river derived 

sediments and 50% of the freshwater discharged into the ocean (McKee et al., 2004). A large 

part of these sediments are trapped in rivers’ low reaches and contribute to extensive flood 

plain and delta plain development. Nowadays, approximate half a billion people are living on 

or near deltas (Syvitski et al., 2009). The population and economic growth, especially during 

the twentieth-century, have had a profound impact on deltas. The global surveys conducted 

by Syvitski et al. (2005 and 2009) indicate that soil erosion is accelerating (e.g., deforestation, 

agriculture, and mining), while at the same time, sediment flux to the coastal zone is 

decelerating (e.g. channel bank hardening, water diversion, and reservoir storage). 85% of 

the 33 major deltas all over the world have experienced severe flooding in the past decade, 

making the importance of understanding the delivery of fluvial sediment to the coastal ocean 

beyond question. 

After being transported into the estuarine and coastal area, fluvial sediments 

experience a series of complicated dynamic processes controlled by physical (waves, currents, 

etc.), morphological, and biogeochemical conditions (flocculation, diagenesis, bioturbation, 

etc.). In low energy environments, the majority of fluvial sediments are deposited around the 

river mouth, whereas in high energy environments, which are typical for most large river 

estuaries, a large fraction of the sediments are transported out of the estuary by either across-

margin advection/diffusion or along-shore advection/diffusion (Driscoll and Karner, 1999). 
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The purpose of the recent Source-to-Sink study in marine geology is to examine 

linked, terrestrial and marine sediment dispersal systems over the range of time scales for 

which sedimentary processes operate. In the past two decades, studies have been conducted 

on both large river systems such as the Amazon (Nittrouer et al., 1986; Nittrouer and 

DeMaster, 1996), Yellow (Alexander et al., 1991; Liu et al., 2004), Yangtze (Chen et al., 

2000; Liu et al., 2007), Ganges-Brahmaputra (Michels et al., 1998; Goodbred and Kuehl, 

1999), Fly (Harris et al., 2003), Po (Frignani and Langone, 1991; Cattaneo et al., 2003); and 

small mountainous river systems, such as Waipaoa (Forster and Carter, 1997; Gomez et al., 

1998), Eel (Nittrouer, 1999; Leithold and Blair, 2001), Taiwanese Rivers (Milliman and Kao, 

2005; Liu et al., 2008), and others. Fluvial sediment budgets have been updated compared to 

past estimates based on gauge stations that are usually several hundreds of kilometers inland 

of the coast.  

Based on high-resolution seismic profiling, a series of subaqueous deltas or clinoform 

structures were examined in fluvial systems around world such as the Amazon, Yellow, 

Yangtze, Ganges-Brahmaputra, and others. Although historically the term “clinoform” 

referred to the foreset part of a delta system, now it actually includes the topset-foreset-

bottomset morphology of delta systems (Walsh et al., 2004). These prograding depositional 

features are controlled by the interaction among sediment supply, coastal hydrodynamics, 

and local sea-level (Walsh et al., 2004). A common across-shelf clinoform structure was 

found in most offshore deltaic environments. The term “compound-clinoform” has been 

proposed to describe a subaerial/subaqueous delta couplet (Nittrouer et al., 1996; Swenson et 

al., 2005). At the same time, previous studies also showed strong along-shelf transport of 
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sediments off large river mouths, which connects sedimentary processes in deltas, 

subaqueous deltas and mid-shelf deposits (Yang and Liu, 2007; Liu et al., 2009). For 

example, distal delta lobes have been observed in coastal areas several hundreds of 

kilometers away from the river mouth of both the Yellow and Yangtze Rivers (Liu et al., 2004; 

Liu et al., 2007). 

 

1. Delta Stratigraphy and Sediment Dispersal 

A river delta is a landform that is created at the mouth of a river where it flows into 

an ocean. It is formed from the deposition of the riverine sediments carried by the river as the 

flow leaves the river mouth. The majority of the world’s deltaic systems began their 

formation between 7,400 and 9,500 cal yr BP as a result of decelerating sea-level rise 

(Stanley and Warne, 1994). The architecture of a deltaic system is controlled by the 

interaction between boundary conditions and forcing factors, mainly including: (1) sediment 

supplied from rivers; (2) accommodation space; (3) coastal energy; and (4) the dynamics of 

discharge plumes (Syvitski and Saito, 2007). According to the dominant process, components 

of prograding deltas can be identified as: (1) delta plain, the large subaerial zone dominated 

by rivers, (2) delta front, the zone of interaction between fluvial and oceanographic processes, 

and (3) prodelta, the zone of quiet sedimentation from suspension disturbed only by gravity 

sliding and mass flow deposition (Reading, 1996). Conceptual process-based models for 

deltaic deposition emphasize the relative importance of fluvial input and basin reworking. 

This resulted in the tripartite system, in which deltas were classified as river/fluvial-
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dominated, wave-dominated, or tide-dominated (Galloway, 1975).  

The deposits of river-dominated deltas have well-developed delta top facies with 

characteristics the same as those of a fluvial system. The river channels build out to form the 

‘bird’s foot’. Between these channels there are large interdistributary bays, the filling of 

which results in small scale coarsening-upward successions. For wave-dominated delta 

deposits the stratigraphic record displays well-developed mouth bar and beach sediments. 

Delta slope and prodelta deposits may not significantly differ from the river-dominated delta 

deposits. The deposits of tide-influenced deltas can be distinguished from other deltas by the 

presence of sedimentary structures and facies associations, such as oppositely directed 

paleoflow indicators and mud drapes, which indicate that tidal processes were active 

(Nichols, 1999).  

Delta stratigraphy displays regional patterns of facies distribution, which are 

controlled by the relative dominance of eustatic, tectonic, and fluvial processes. On delta 

plains, sequence stratigraphy studies are mainly based on borehole core analyses. The 

depositional facies are determined from the sediment properties, including grain size, the 

sedimentary structure, fauna, and so on. For the subaqueous part, the combination of seismic 

profiling and coring demonstrates the presence of clinoform structures, the source and flux of 

sediment, and sedimentation processes involved in the delta development. From the view of 

sequence stratigraphy and sediment dispersal, here, I briefly review several well-studied 

river-deltaic systems around the world. 
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1.1 The Amazon Delta 

The Amazon River has the largest drainage basin and water discharge in the world 

(Gibbs, 1967). The Amazon shelf is a coastal setting actively accumulating sediment and is 

presently forming a well defined clinoform structure dominated by muddy sediments 

(Nittrouer et al., 1996). Tides are the dominant physical forcing mechanism on the Amazon 

shelf, with a maximum range of ~ 6 m (Kuehl et al., 1996). About 50% of the sediment 

annually discharged from the Amazon accumulates within the inner-shelf mud-deposit 

(Kuehl et al., 1986). Sediment accumulated on the Amazon shelf is in the form of a 

prograding clinoform structure, with characteristic topset, foreset, and bottomset (Nittrouer et 

al., 1986). The overall succession of strata displays the characteristic coarsening upward of 

deltas.  

On seismic profiles, the topset, foreset, and bottomset strata were defined by the dip 

of stratal surfaces (Alexander et al., 1986): the topset strata were those strata lying shoreward 

of foreset strata (gradients < 1:1500), where interbedding of sand and mud characterized the 

shelf strata near the river mouth (Nittrouer et al., 1996); the foreset strata were defined as 

those strata having gradients >1:1500, where the 210Pb accumulation rates reached their 

highest value; the bottomset strata were defined as those lying seaward of the foreset 

(gradients < 1:1500) and downlap onto the transgressive sand layer.  

The enormous Amazon sediment input along the Guianas-Amapa coast is reworked 

by tidal- and wave-induced currents. The shelf sediment dynamics is highly sensitive to the 

strength of the trade winds. Along the northern Amapa inner shelf and coast, modern Amazon 

sediment accumulation is limited to an offshore (> 30 m water depth) depocenter. The 
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mudbanks, which mainly consisted of Amazon-derived sediment, is present over a 1,400 km 

length of the coast, substantiating the along-shelf migration of a series of mudcapes (Allison 

et al., 2000).    

 

1.2 The Mississippi Delta 

The Mississippi Delta is classified as a typical river-dominated delta. Quaternary 

sediments deposited by the Mississippi River accumulated mainly in the deltaic system and 

the submarine fan (Boyd et al., 1989). The depositional sequences of the Mississippi Delta 

plain consist of a regressive and a transgressive component (Penland et al., 1988). Previous 

studies on the Mississippi Delta have verified that the present delta plain and associated 

nearshore barrier islands and submarine shoals are either direct or indirect products of cyclic 

delta-building events that have operated on a variety of temporal and spatial scales (Roberts, 

1997). Major delta-building events occurred at a frequency of 1,000-2,000 yrs with 

sedimentary deposits ranging in thickness from 10 to 100 m (Roberts, 1997). 

Characteristics of sedimentary facies of the Mississippi River delta were determined 

from grain-size analyses, examination of bedding and other structure seen in cores, and 

identification of associated fauna (Fisk et al., 1954). The sedimentary facies included 1) bar 

facies, which were deposits on the surface of the bulges at the mouths of distributaries, 2) 

prodelta facies, which were a belt of fine-grained deposits covering the delta front and the 

surrounding seafloor, 3) channel fill, natural levee, and marsh facies, and 4) interdistributary 

trough facies, which were layered sandy silts and clayey silts sections of the bay bottoms and 
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massive, poorly sorted, silty clays floor deeper parts of the bays (Fisk et al., 1954). 

Repeated delta switching has been the fundamental process by which the Mississippi 

Delta has been built (Roberts, 1998). An early-stage subaqueous delta was found on the 

shallow (< 25 m water depth) continental shelf seaward of the Atchafalaya River mouths, 

which is also the most recent deltaic lobes of the Mississippi River (Neill and Allison, 2005). 

The muddy subaqueous clinoform extends ~ 21-26 km seaward of the shell reef. The 

clinoform structure consists of a topset surface (gradients between 1:2500 and 1:1600), a 

foreset (gradients < 1: 550), and a limited bottomset bed (< 0.5 km wide) (Neill and Allison, 

2005). 

 

1.3 The Yangtze Delta 

The Yangtze River delta is classified as a typical tide-dominated mud delta with a 

funnel-shaped topography and several wide distributary channels or estuaries (Orton and 

Reading, 1993). The delta has an area of ~ 52,000 km2 (23,000 km2 subaerial and 29,000 km2 

subaqueous) (Li, 1986). The subaqueous delta can be further divided into three parts, which 

are subtidal flats (5 to 10 m water depth), delta front (from 5-10 to 15-30 m water depth), and 

prodelta (water depth greater than 15 to 20m) (Chen et al., 1987). 

The Holocene depositional units consisted of: (1) tidal sand ridge, which consisted 

mainly of several sets of an upward-fining succession composed of poorly sorted very fine to 

medium sand, overlain by thickly interlaminated to thinly interbedded sand and mud; (2) 

prodelta, which was composed of dark-gray silty clay with thin shell beds and coarse-silt 
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layers. Its sediment had the finest grain size of all units with mud contents greater than 95%; 

(3) delta front, which was characterized by an upward-coarsening succession with relatively 

high sand contents; (4) lower intertidal to subtidal flat, which was characterized by thickly 

interlaminated to thinly interbedded dark-gray sand and mud with few shell fragments; (5) 

upper intertidal flat, which was composed of sediment similar to muddy intertidal flat 

deposits, and (6) surface soil, which was characterized by dull reddish brown to brown 

clayey silt with abundant plant rootlets and snail shell contents (Hori et al., 2001). 

Although a large part of Yangtze-derived sediments have been trapped in the estuary 

and deltaic system, an elongated (~ 800 km) distal subaqueous mud wedge was found 

extending from the river mouth southward into the Taiwan Strait, substantiating the 

southward transport of Yangtze-derived sediment by the Zhejiang-Fujian Coastal Currents. 

The calculated volume of the distal mud wedge represented ~ 32% of the total Yangtze-

derived sediment during the middle to late Holocene (Liu et al., 2007). 

. 

1.4 The Po Delta 

The Po Delta was formed after the present sea level highstand was attained, 

representing a major component of the late Holocene high sea-level stand (Correggiari et al., 

2005). The late Holocene high sea-level stand in the Adriatic Sea includes three depo-centers: 

1) the Po delta and prodelta; 2) the central Adriatic prodelta wedge; and 3) the Gargano 

subaqueous delta, 600 km south of the Po delta. The Po delta wedge started to prograde in 

5,500 yr BP and was characterized by alternating phases of rapid advance, switch and 
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abandonment of coastal and deltaic apparatuses (Correggiari et al., 2003).  

The coastal area of the Po River delta was characterized by vertical superposition of: 

(1) a prodelta, which had an average thickness of 15-16 m and displays a transitional 

boundary to the underlying inner-shelf deposits; (2) a delta front, which was an up to 5 m 

thick fine to medium sand layer with a gradational lower boundary covering the fine-grained 

prodelta deposits; and (3) delta plain deposits, which were composed of fine-grained deposits 

and showed a sharp boundary with the underlying delta front deposit (Amorosi et al., 2008).  

Inner shelf and lower prodelta deposits overlying the maximum flooding surface 

display strong condensation, and have similar geochemical features to late transgressive shelf 

deposits. This suggested that between 5,000 and 600 cal yr BP the Po River delta was 

sediment-starved (Amorosi et al., 2008). The modern Po Delta is the result of river-

dominated growth. The increased sediment flux was derived from climatic change and by 

human impact both on the catchment and on the delta (Correggiari et al., 2005). 

 

1.5 The Ganges-Brahmaputra Delta 

The Ganges-Brahmaputra (G-B) Rivers has a sediment flux of ~ 1200 million tons/yr. 

Growth of the G-B Delta in the late Quaternary began 10,000-11,000 cal yr BP, which was ~ 

2,000 to 3,000 yrs earlier than the global average and was demonstrated as the result of 

immense sediment discharge from the G-B Rivers (Goodbred and Kuehl, 2000). Stratigraphy 

of the G-B Delta displayed regional patterns of facies distribution, controlled by the relative 

dominance of eustatic, tectonic, and fluvial controls. In the tectonically active northeast delta, 
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fine-grained floodplain deposits were the dominant facies. In the western delta, sandy alluvial 

deposits were the dominant sedimentary feature. In the southern delta coastal plain, the 

dominance of eustasy and variations in the rate of sea-level rise resulted in a mix of fine- and 

coarse-grained facies (Goodbred et al., 2003). On the Gulf of Bengal seaward of G-B River, 

seismic profiling revealed a typical subaqueous delta system similar to that of the Amazon 

and Yellow. The progradation of the subaerial delta forced suspended sediment onto the shelf, 

forming the muddy subaqueous delta ~ 7,500 cal yr BP (Goodbred and Kuehl, 2000). The 

topset beds dipped gently (gradients 36:1000) and diverged offshore, more steeply dipping 

foreset beds (gradients 190:1000) converged further seaward, and relatively thin, gently 

dipping bottomset (gradients 22:1000) extend across the outer shelf. The erosional surface 

underlying the bottomset bed was presumed to be of late Pleistocene age (Kuehl et al., 1997). 

Sediment budget estimation by Goodbred and Kuehl (2000) indicated that about one 

third of the G-B sediments have been deposited within the flood plain and delta plain. The 

remaining sediments appeared to be apportioned between the subaqueous delta and transport 

to the deep-sea Bengal fan via a nearshore canyon. 

 

2. The Western Pacific and South China Sea 

The Himalayas are among the youngest and most active mountain ranges on the 

planet, with high relief, steep gradients, frequent tectonic activity, intensive monsoon rainfall, 

and highly erodible rocks (Clift et al., 2008). The Himalayas and the Tibetan Plateau give rise 

to seven of the world’s largest river systems, which are the Yellow (Huanghe), Yangtze 
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(Changjiang), Pearl (Zhujiang), Red (Songhong), Mekong (Lancang), Irrawaddy and 

Salween, and the G-B Rivers (Fig. 1). Five of these river systems drain into the Western 

Pacific. If sediments delivered by Taiwanese mountainous rivers are included, the sediment 

flux to the Western Pacific is approximate 2.2 billion tons/yr. These sediments account for 

approximate 17% of the terrestrial sediment flux to the global coastal ocean (12.6 billion 

tons/yr, Syvitski et al., 2005).  

More than 75% of the marginal basins in the modern global ocean are concentrated in 

the Western Pacific continental margin (Tamaki and Honza, 1991). Among the marginal seas 

in the Western Pacific, the South China Sea (SCS) has the largest basin volume (4,242×105 

km3, Wang 1999). The SCS has an area of 3,500,000 km2 and its average depth is 1,212 m 

(Su, 2004). About 52% of the SCS is less than 200 m in depth and is covered mostly by 

sandy sediments, except for the mud zones on the inner shelf near large river mouths (Wang 

et al., 1992) (Fig. 2).  

The SCS is under the influence of the East Asian Monsoon and is characterized by 

seasonal switches in wind direction, precipitation and runoff (Webster, 1987). The 

northeasterly winds prevail over the whole region with an average magnitude of 9 m/s in 

winter. In contrast, weak southwesterly winds of 6 m/s dominate over most parts of the SCS 

in summer (Hu et al., 2000). Surface currents of the SCS undergo a seasonal reversal of 

direction in the absence of major oceanic inflow.  

The Mekong River is the largest river draining into the SCS in terms of freshwater 

and sediment load (160 million tons/yr, Milliman and Syvitski, 1992), followed by the Red 

River (Song Hong) (130 million tons/yr) and Pearl River (Zhu Jiang) (69 million tons/yr). 
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Another major source of sediment inputs are from the small mountainous rivers in Taiwan, 

which deliver ~ 300 million tons of sediments into the coastal sea annually (Liu et al., 2008).  

Until the end of last century, the majority of sedimentation studies of the SCS were 

confined within the northern region. Result from the southwest SCS, especially the Vietnam 

Shelf, where the Mekong River Delta is located, was very limited. These previous studies 

showed the sedimentation rate on the continental slope ranges from 0.7 to 15 cm/kyr for the 

Holocene and 1.3-31 cm/kyr for the last glaciations (Wang et al., 1992). Maximum 

sedimentation rates were reported seaward of the Pearl River mouth and in areas around the 

paleo-rivers on the Sunda Shelf (Wang et al., 1992). A recent study on the Sunda Shelf 

showed the averaged sedimentation rates for the Holocene sediments ranges from 5 to 135 

cm/kyr (Schimanski and Stattegger, 2005). 

 

3. The Mekong River and Delta 

3.1 Geological and Physical Setting  

Originating from the Tibetan Plateau, the Mekong River runs through China (Yunnan 

province), Myanmar, Thailand, Lao PDR, and Cambodia and finally enters the SCS in 

southern Vietnam (Fig. 3). The total length of the Mekong River is about 4,750 km and 

approximately half of it is in China’s Yunnan province (named locally the Lancang River). 

The Lower Mekong area (Cambodia, Lao PDR, Thailand and Vietnam) has a population of 

60 million, the majority of which depends on the aquatic resources provided by the Mekong 

basin. 
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 The climate of the Lower Mekong is humid and tropical. Mean annual rainfall ranges 

from 1,000 mm in Thailand to 3,200 mm in the mountainous region of Laos (Kite, 2001). 

The Lower Mekong is dominated by two distinct monsoon seasons: the rainy SW monsoon 

season and the dry NE monsoon season. The rainy season, which accounts for more than 

80% of the annual rainfall, occurs between mid-May and early October. However, Gupta and 

Liew (2007) suggest that the summer snowmelt from the Tibetan plateau is the reason for the 

small water discharge rise in May. 

The Mekong River flows over rocks for about 80% of its length and then across 

alluvium in Cambodia and Vietnam. Bedrock within China and Lao PDR is mainly 

sedimentary and metamorphic rocks. When the Mekong River reaches northern Cambodia, 

alluvial channel deposits with exposures of Triassic sedimentary rocks and Neogene basalts 

become the primary riverbed material. The river ultimately runs into the Mekong River Delta 

(MRD), which is composed of Holocene alluvial sediments, initially formed around 8,000 yr 

BP (Tamura et al., 2009). 

 

3.2 Oceanographic Conditions and Sea Level Change   

The coastal area in Southeast Asia is strongly influenced by the NE monsoon 

(December to February) and the SW monsoon (June to August). The coasts are exposed to 

seasonal high waves during these monsoon regimes. The northeast monsoon influences the 

eastern margin of the Philippines, Vietnam, and the east coast of the Malaysia Peninsula. The 

NE monsoons influence the coast of Myanmar, the east coast of southern Thailand, and 
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Indonesia (Wang, 2005). In general, the coastal currents in Southeast Asia are driven by 

prevailing monsoon winds. For the coast of the MRD, wave and currents (generated by 

strong NE monsoons) dominate the net alongshore sediment transport (Gagliano and 

McIntire, 1968). 

Coasts in Southeast Asia experience low to moderate tidal ranges and a variety of 

tidal types influenced by conditions in the Pacific and Indian Oceans. Characteristic semi-

diurnal tides of the Indian Ocean prevail in the west. Mixed tides of the Pacific occur in the 

eastern Indonesian archipelago and the Philippine waters. Almost pure diurnal tides 

predominate in the Gulf of Thailand and the Java Sea (Wang, 2005). The southern Vietnam 

shelf is controlled by two tidal sources: one the regular 3.5 m semidiurnal tides from the 

South China Sea in the east of MRD, and the other an irregular 0.8-1.0 m diurnal tide from 

the Gulf of Thailand in the west (Le et al., 2007). 

Sea level research on the Sunda shelf revealed that the sea level was about -120 m 

around 19,000 cal yr BP (Hanebuth et al, 2009). For the MRD area, a sea level curve for the 

last 15,000 yr was rebuilt based on inland boreholes (Ta et al., 2002a). Both of the two curves 

show a rapid sea level rise since the last glacial episode. After reaching its maximum height 

around 6,000 yr BP, sea level has remained relatively steady until now (Fig. 4).  

 

3.3 Delta Evolution 

The MRD is located down stream of Kompong Cham, Cambodia. Its total area is 

4.95×104 km2 (Le et al., 2007). Detailed sedimentation studies have been conducted on its 
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subaerial deposits. Based on borehole cores collected on the delta plain, previous studies 

shows that the subaerial part of the MRD has continuously prograded more than 250 km 

from Cambodia toward the South China Sea since the Holocene sea-level highstand (Nguyen 

et al., 2000; Fig. 5).  

As described above, sea level at the Last Glacial Maximum (LGM) has been 

estimated as about -120 m in Southeast Asia. In the MRD area, the shoreline was probably 

located far to the east and southeast near the shelf edge. The drop in sea level led to the 

downcutting of river channels and thus formed an incised-valley in the area of modern delta 

plain, passing the position of core BT2. As the sea level rose, the incised valley was 

gradually filled with a transgressive succession of fluvial/estuarine facies, followed by an 

open-bay facies. The sea-level was inferred at -60 m around 13,200 yr BP (Fig. 5a). 

The global sea-level rise slowed down after 8,000 yrs BP, when most of the world’s 

delta systems began their progradation. A coarsening-upward deltaic succession was formed 

on the MRD as a result of combined enormous fluvial sediment supply and accommodation 

created by decelerated sea-level rise (Figs. 5b and 5c). Local sea-level reached its maximum 

around 6,000 yrs BP, after which the MRD began its rapid progradation until now.  

A phase shift from tide-dominated to an intermediated type tide-wave-dominated 

delta around 3,000 yrs BP has been proposed (Ta et al., 2002b). The tide-dominated delta was 

characterized by a well-developed mangrove forest on the subaerial delta plain, cross-shore 

sediment dispersal, and tide-influenced sedimentary facies. In contrast, the tide and wave-

dominated delta exhibited a beach-ridge system in the subaerial delta plain, longshore 

sediment dispersal, and a steep delta-front topography, on which the proximal river-mouth 
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sediments were coarse grained and those more distal were fine grained (Figs. 5e and 5f; Ta et 

al., 2001a, 2001b, 2002a, and 2002b).  

Although previous studies successfully examined the evolution of the subaerial part 

of the MRD in late Quaternary and its relationship with the sediment input from the Mekong 

system, geological evidence for shelf sediment dispersal and depositional processes is rather 

limited. In addition, neither the morphology nor the evolution of its subaqueous part has ever 

been documented.  

 

3.4 Human Activity 

Dams, in general, have major impacts on river hydrology, primarily through changes 

in the timing, magnitude, and frequency of low and high flows, ultimately producing a 

hydrologic regime differing significantly from the pre-impoundment natural flow regime 

(Magilligan and Nislow, 2005). Dams and reservoirs hold not only waters but also, maybe 

more important, a large quantity of sediment because of the reduced carrying capacity. It has 

been estimated that over 70% of the world’s rivers are intercepted by large reservoirs, and 

half of them have a local sediment trapping efficiency of more than 80% (Kummu and Varis, 

2007).  

A strong correlation between water discharge and suspended sediment concentration 

(SSC) in both large/small and gauged/ungauged river systems has been studied extensively 

(Milliman and Syvitski, 1992; Meybeck et al., 2003; Morehead et al., 2003). As for the large 

river systems in Asia, such a relationship has been well documented in the Yangtze (Chen et 
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al., 2001), Yellow (Wang et al., 2006), Brahmaputra (Sarma, 2005), and Ganges rivers (Singh 

et al., 2006).  

As the home of more than 70 million people, the Mekong River basin is experiencing 

a fast economic and population expansion. Needs for hydropower and freshwater bring 

construction of more and more dams and reservoirs along the main stream, which inevitably 

change the water/sediment discharge downstream and in the delta area in two ways: (1) flow 

regulation by dams shifts the original rhythm of water/sediment discharge controlled by 

monsoon forcing; and (2) large amount of sediments will be held behind the dams which will 

dramatically decrease the sediment flux in downstream. At the same time, a large number of 

engineering constructions, mainly dykes and weirs, are being built on the MRD plain to 

control floods and saltwater intrusion (Le et al., 2007). Dramatic changes are expected in 

sediment delivery to the SCS. 

 

4. Dissertation Objectives and Hypotheses 

Compared to other large river delta systems, a unique and intriguing feature of the 

MRD is its asymmetric feature, both temporally and spatially. Controlled by the Southeast 

Asian monsoon, both the hydrological regime and estuarine/nearshore hydrodynamic systems 

of the Mekong River show two contrasting scenarios annually within the watershed. The first 

scenario occurs when the SW monsoon brings more than 80% of the annual precipitation 

during the rainy season, which is usually between May and October (Debenay and Luan, 

2006). Water discharge at Phnom Penh, Cambodia reaches a maximum in October (Gagliano 
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and McIntire, 1968; Milliman and Meade, 1983; Wolanski et al., 1998). The majority of 

suspended sediment in this dispersal system is exported to coastal waters (Wolanski et al., 

1996). 

The second scenario occurs during the dry season when both precipitation and water 

discharge are restricted. The limited fresh water supply, together with tidal asymmetry, 

generates a salt water intrusion that can reach 50 km upstream. In the estuarine area, wave 

and currents, generated by strong NE monsoon during the winter time, are the dominant 

factors controlling the net longshore sediment transport (Gagliano and McIntire, 1968). 

Previously deposited Mekong River sediments are re-suspended. The fine sediment can be 

transported and deposited several hundred kilometers downstream to the southwest coast of 

the Camau Peninsula (Nguyen et al., 2000).  

Spatially the MRD exhibits an asymmetric evolution trend. The coastal area from the 

river mouth to the Camau Peninsula (east shore) is dominated by a regular 3.5 m semidiurnal 

tide from the SCS. This part of the MRD is experiencing fast erosion with an approximate 

rate of 1.1 km2 / yr since 1885 (Saito, 2000), despite the large fluvial input. As part of the 

Gulf of Thailand, the west shore of the MRD is dominated by an irregular diurnal tide with 

0.8-1.0 m tidal range (Le et al., 2007). The coast here has a nearly straight shoreline oriented 

north-southward. According to Saito (2000), this part of the peninsula experienced a rapid 

progradation at a rate of 1.2 km2/ yr between 1885 and 1985.   

As described above, detailed sedimentation studies have been conducted on the 

subaerial part of MRD. However, studies of the sedimentation processes on the continental 

shelf are still limited. Seismic and sediment core studies only have been conducted either 
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along the continental shelf edge (Schimanski and Stattegger, 2005) or to the south around the 

Sunda Shelf, where the paleo-shoreline was located during the LGM (Hanebuth et al., 2000, 

2002, 2003, 2004, and 2009). To fully understand the asymmetric feature exhibited by the 

MRD, its relationship with the monsoon system and the potential influence brought by 

upstream water/sediment discharge alternation need to be addressed, the primary objectives 

of my Ph.D. dissertation research are: 

1) Perform high resolution seismic surveys on the MRD’s subaqueous deposits and 

correlate its stratigraphic architecture with inland boreholes; combine seismic data with grain 

size and accumulation rate data revealed by radioactive isotope dating techniques (210Pb for 

100-yr-scale and AMS 14C for 5000-yr-scale). As part of this study I will estimate the volume 

of the deltaic deposit during the late Holocene; 

2) Use mineralogy (X-ray Diffraction), stable isotope tracer (δ13C) and C/N ratios to 

study the source of the sediments and bulk organic carbon deposited in the coastal area; 

explore differences in sedimentary processes for different hydrodynamic environments 

around the delta plain; 

3) Perform numerical modeling of the sediment transport and dispersal on the 

Mekong shelf, so as to build a sediment dispersal/delta evolution model based on the 

combination of seismic surveying, cored sediment analyses, and numerical modeling; 

4) Understand the dominant factors contributing to the MRD’s asymmetric 

progradation during the late Holocene, with special focus on the influence from monsoon 

dynamics and climatic changes; 

5) Use statistical methods (linear regression and time series analysis) to evaluate the 



 20

impact of anthropogenic processes (mainly constructions of dams and reservoirs), monsoon, 

and climatic changes, if there is any, on the water discharge and sediment delivery within the 

watershed over the last 50 years.  

 

5. Outline of the Dissertation 

In this dissertation, Chapter Two focuses on the changes in the hydrological regime of 

the Mekong River in the last 50 yrs, as it relates to the monsoon dynamics, climatic changes, 

and human activities (e.g. dams and reservoirs). A Geographic Information System (GIS)-

based hydropower database for the Mekong basin is presented. The Mann-Kendall analysis is 

applied to the precipitation and runoff time series data collected from eight gauge stations 

along the main channel of the Lower Mekong (south of the Chinese Border) to detect a 

possible trend over the last 50 yrs. An emphasis is placed on the correlation among the runoff, 

local precipitation, Monsoon, and the El Niño Southern Oscillation (ENSO) during different 

time periods concerning the completion of major dams in the Upper Mekong. 

Chapter Three presents the seismic profiling collected during two research cruises in 

2006 and 2007 together with radioactive dating results from several gravity cores. This 

chapter aims to correlate the stratigraphic architecture of the subaqueous delta with the 

sedimentary facies revealed by borehole studies on the delta plain. A late Holocene sediment 

budget is established, based on the volume of the subaqueous delta. The subaqueous delta is 

further divided into four zones defined by different sedimentary processes and depositional 

features. The morphology asymmetry of the MRD over the past 3,000 yrs is explained as a 
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result of alongshore sediment transport strengthened by the NE monsoon. 

  Chapter Four extends the sediment dynamics study for the subaqueous delta by 

incorporating a numerical model of the sediment transport and dispersal on the Mekong shelf. 

The Regional Ocean Modeling System (ROMS) and the Community Sediment Transport 

Model System (CSTMS) are adapted to the study area. Together with an examination of 

source materials for the subaqueous delta and the sedimentation processes revealed by 

radioactive isotope tracers, this model simulates the sediment dynamics on the shelf as they 

relate to local hydrodynamics and fluvial sediment inputs. Wind driven currents and 

resuspension of sediments are indicated as key factors affecting local sediment transport and 

delta evolution.  

Chapter Five includes the conclusions and future works. 

This dissertation is the first study to present both a field survey and a numerical 

modeling study of the MRD, which has the third largest delta plain in the world, yet whose 

sediment dynamics have not been examined. It reproduces the late Holocene evolution of the 

MRD with an intriguing morphological asymmetry. The investigation will extend our 

knowledge of a large tropical deltaic system’s sedimentation response to changes in the 

monsoon systems.  
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Figures 

 
 
Fig. 1. River systems originating from the Tibetan Plateau



 34

 

Fig. 2. A bathymetric map of the South China Sea with major fluvial sediment inputs and 

Southeast Asian Monsoon system 
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Fig. 3. The Mekong River and basin 
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Fig. 4. Sea-level curve for the Sunda Shelf and the Mekong River Delta.  
Line A for the Mekong River Delta and Line B for the Sunda Shelfafter Hanebuth et al., 2000 
and Ta et al., 2002a. 
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Fig. 5. Evolution of the Mekong River Delta since 13,000 yr BP. courtesy of Dr. Thi Kim Oanh Ta. 
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Abstract 

The Mekong River is the third largest river in the Western Pacific. As the population 

and economy booms, more and more dams are built in the Mekong basin. Concerns about 

negative impacts on downstream and the delta plain from upstream damming have been 

raised ever since the completion of the Manwan Dam in 1993. Although numbers of study 

were made focused on runoff and sediment flux characters of the Mekong River, little is 

known at present on the relationship among monsoons, El Niño Southern Oscillation (ENSO), 

precipitation, runoff, and impact of dams on the delta dynamics.  

A comprehensive hydropower GIS database covering the entire Mekong basin is 

presented in this study. With another 200 new dams to be added to the basin in the next 

couples of decades, changes are expected in both hydrological regime and delta dynamics. 

On one hand, the runoff of the Lower Mekong River showed a closer connection with the 

regional precipitation and ENSO in the post-dam period (1993-2005) than in the pre-dam 

period (1950-1993). Such relationship is expected to be even closer when more dams are 

completed. On the other hand, both daily maximum and minimum water levels on the delta 

plain showed abrupt drop since the end of 1994. This reduced water-level gradient between 

the river and sea inevitably weakens the sediment discharge to the coast, which might 

intensify the on-going coastal erosion on the east shore of the delta plain.  

 

KEYWORDS: Mekong River; Hydrological Regime; Monsoon; Impact of Dams; delta 

dynamics  
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1. Introduction and Background 

Dams have major impacts on river hydrology, primarily through changes in the 

timing, magnitude, and frequency of low and high flows, ultimately producing a hydrologic 

regime differing significantly from the pre-impoundment natural flow regime (Magilligan 

and Nislow, 2005; Syvitski et al., 2009). Dams and reservoirs hold not only water but also 

large quantities of sediments because of the reduced riverine carrying capacity. It has been 

estimated that over 70% of the world’s rivers are intercepted by large reservoirs, and half of 

them have a local sediment trapping efficiency of more than 80% (Kummu and Varis, 2007).  

A number of studies have indicated a strong correlation between water discharge and 

suspended sediment concentration (SSC) in both large/small and gauged/ungauged river 

systems (eg. Milliman and Syvitski, 1992; Meybeck et al., 2003; Morehead et al., 2003). The 

rating curve, based on the power regression between water discharge and SSC, is generally 

expressed as: 

Cs=aQb (1) 

or a natural logarithm transformed linearized equation : 

lnCs= ln(a) + blnQ (2) 

where Cs stands for the SSC (kg/m3), Q stands for the water discharge (m3/s), and a 

and b are unitless coefficients. Although a and b may have no particular physical meaning, 

the negative correlation between ln(a) and b has been demonstrated to be an index of soil 

erodibility and erosivity (Asselman, 2000). For large river systems in Asia, such a 

relationship has been well documented in the Yangtze (Chen et al., 2001), Yellow (Wang et 

al., 2006), Brahmaputra (Sarma, 2005), and Ganges Rivers (Singh et al., 2007). 
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Yang et al. (2007) analyzed 234 pairs of ln(a) and b coefficients from ten gauge 

stations along the Yangtze River and derived a strong negative parameter correlation 

(r2=0.988). Wang et al. (2008a) further examined the negative correlation from one of these 

stations over different time periods and demonstrated that such correlation indicated an 

increased erosive power and decreased sediment supply. They also concluded that such 

changes were the results of extensive human activities along the Yangtze River, especially 

from upstream damming. 

The Mekong River is Asia’s third largest river in terms of length and sediment load. It 

delivers approximately 160 million tons of sediment and 475 km3 of fresh water per year into 

the South China Sea (Milliman and Meade, 1983). Originating from the Tibetan Plateau, the 

4,750 km long Mekong River runs through China (Yunnan province), Myanmar, Thailand, 

Lao PDR, and Cambodia before it finally enters the South China Sea in southern Vietnam. 

The river has a watershed of 832,000 km2 (river basin generated and calculated by 

HYDROSHEDS, World Wildlife Fund-US, Fig. 1). The climate of the Lower Mekong (from 

China border to the south) is humid and tropical. Mean annual rainfall ranges from 1,000 mm 

in Thailand to 3,200 mm in the mountainous region of Laos PDR (Kite, 2001). The Lower 

Mekong River Basin is dominated by two distinct monsoon seasons: the rainy southwest 

monsoon season and the dry northeast monsoon season. While most researchers agree that 

the rainy season accounts for more than 80% of the annual rainfall between mid-May and 

early October, Gupta and Liew (2007) suggests that the summer snowmelt from the Tibetan 

plateau is the reason for the small rise in water discharge rise during May and that the period 

from June to November accounts for the 80% of the yearly discharge. 
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The Mekong River flows over rocks for about 80% of its length before it enter the 

alluvial plain of Cambodia and Vietnam. Bedrock within China and Lao PDR are mainly 

sedimentary and metamorphic rocks. When the Mekong River reaches northern Cambodia, 

alluvial channel deposits with exposures of Triassic sedimentary rocks and Neogene basalts 

become the primary riverbed material. The river ultimately runs into the Mekong River Delta 

(MRD), which is composed of Holocene alluvial sediments and has experienced a rapid 

progradation since 8,000 yr BP (Tamura et al., 2009; Xue et al., 2010). 

As the home of more than 70 million people, the Mekong River basin is experiencing 

a rapid economic and population growth. Increasing demand for hydropower and freshwater 

leads to the construction of more and more dams and reservoirs along the main stream, which 

will inevitably change the water/sediment discharge downstream in two ways: (1) flow 

regulation from upstream dams will shift the original rhythm of water/sediment discharge 

controlled by monsoon forcing; and (2) large amounts of sediments are held behind the dams, 

which dramatically decreases the sediment flux downstream. Le et al. (2007) points out that 

if the riverine sediment inflow to the sea is decreased by the construction of upstream dams, 

extensive estuarine siltation and increased flooding, together with increased coastal erosion 

and the loss of coastal wetlands, are likely to occur in the MRD. 

The most controversial hydropower project on the Mekong River so far is the 

Lancang Cascade within China’s Yunnan Province in the upstream area. Since the completion 

of the Manwan Dam (the first of the 14 dams in total) in 1993, arguments have been raised 

about its positive and, especially, negative impact on the Lower Mekong River basin. Nguyen 

(2003) observed increased monthly-averaged water discharge in both the dry (November to 
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April) and wet (May to October) seasons at Chiang Sean station (746 km downstream of the 

dam, position see Fig. 1) after the completion of the dam. An detailed analysis of the runoff 

trend at six gauge stations in the middle-downstream indicated that the frequency and 

magnitude of water level fluctuations increased in the post-dam period (1993-2000) (Lu and 

Siew, 2006). A general consensus is that the operation of the Manwan Dam has considerably 

increased downstream discharges during dry seasons (Nguyen, 2003; Lu and Siew, 2006; 

Kummu and Varis, 2007). A correlation analysis of river runoff and SSC in the middle-

downstream showed that the SSC was positively correlated with water discharge with R2 

values ranging from 0.52 to 0.77 (Kummu and Varis, 2007). Although there was a sharp 

decrease of sediment flux at Chiang Sean shortly after the completion of the dam, other 

stations downstream did not show abrupt changes (Lu and Siew, 2006; Kummu and Varis, 

2007). Because of the sporadic SSC measurements and inconsistent observation standards, 

comprehensive analysis of the dams’ impact on Lower Mekong’s sediment flux is still not 

available. 

The determination of the overall downstream impact of the Lancang Cascade is 

complicated. Changes of river runoff and sediment flux are not solely caused by dam 

construction/operation. Analysis of other environmental factors, such as monsoons, 

precipitation, solar activities, El Niño Southern Oscillation (ENSO), and human activities 

other than damming, are also needed to reasonably evaluate Mekong’s hydrological trend 

including the dam impact. For example, Campbell (2007) showed that the low flows between 

2003 and 2004 were caused by low precipitation in the Lowe Mekong basin. Cogels (2007) 

pointed out that the downstream impact from the Lancang Cascade has been exaggerated. Li 
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and He (2008) demonstrated that large scale climate change could influence the water levels 

of the gauge stations around the Lancang Cascade. A recent examination of SSC variations in 

the Upper Mekong showed that the Manwan Dam’s impact was very limited even at gauge 

stations 401 km downstream (Fu et al., 2008). Another detailed review by Lu et al. (2008) 

confirmed that monthly-averaged water levels and the river runoff averaged for the pre- and 

post-dam periods were similar. 

Although there have been a number of studies on the hydrological response of the 

Mekong River to the impact of the Lancang Cascade, contemporary changes of 

environmental factors, such as precipitation and monsoon systems, however, were not 

considered in such studies. The purpose of this paper are: (1) to present a comprehensive 

hydropower GIS database covering the entire Mekong River basin; (2) to use time series 

techniques to re-analyze Mekong’s hydrological trends, including use of local precipitation 

information; and (3) to examine the correlation between the Mekong River flow and 

monsoons as well as the Mekong’s possible connection with ENSO activities.  

 

2. Data and Methods 

Hydropower development data (dams and reservoirs) were collected through various 

sources, including the World Wildlife Fund (US) and field offices, other non-governmental 

organizations, published reports and literature, and personal communications. The 

hydropower information from all the six countries sharing the Mekong River was clipped by 

the watershed, generated by HydroSHEDS (WWFUS), using GIS software ArcGIS™ 9.2 by 

ESRI®.   
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We re-examined the hydrological data (runoff and SSC, Kummu and Varis, 2007; 

Walling, 2008) together with the precipitation rates from eight gauge stations along the 

mainstream (data source: Mekong River Commission based in Vien Tiane, Lao PDR; 

geographic locations of gauge stations are shown in Fig. 2, data details are listed in Table 1). 

We also collected the daily maximum and minimum water levels at two stations on the delta 

plain, namely, Can Tho and My Thuan (locations see Fig. 1). The Mann-Kendall analysis 

(Mann, 1945; Kendall, 1975) was used to analyze the trends of precipitation and runoff time 

series. Before Fourier spectral analysis, the runoff time series were deseasonalized using the 

normal quantile transform proposed by Montanari (2005). Considering the gap in SSC data, 

spectral analysis of periodicities was carried out only on runoff data following the method 

described in Bloomfield, 1976, Brockwell and Davis, 1991, and Venables and Ripley, 2002, 

using statistical software ‘R’.  

We used the Indian monsoon (IM) index developed by Wang and Fan (1999) and 

Wang et al. (2001) (http://apdrc.soest.hawaii.edu), the East Asian monsoon (EAM) index and 

South China Sea monsoon (SCSM) index developed by Li and Zeng (2005) 

(http://www.lasg.ac.cn/staff/ljp), and the Nino3.4 index developed by Rayner et al. (2003) 

(http://www.cdc.noaa.gov/gcos_wgsp/Timeseries/Nino34/) to study Mekong’s possible 

connection with monsoons and ENSO activities. 
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3. Results 

3.1 Hydropower Development  

The hydropower GIS database contains the information on 297 dams in total, among 

which, 6 are in Myanmar, 34 are in Cambodia, 29 are in China, 71 are in Laos, 16 are in 

Thailand, and 141 are in Vietnam (geographical inequality is partially caused by skewed data 

source). Based on their development status, dams are grouped into three categories, which 

are:  (1) in operation, (2) under construction, and (3) under feasibility study and planned (Fig. 

2a). The majority of the hydropower data collected in this study falls into the ‘Feasibility 

Study and Planned’ category (200 in total, capacity of approximate 25,700 MW, Fig. 2b).  

The largest hydropower project in the Upper Mekong River is no doubt the Lancang 

Cascade, which has a total capacity of 18,000 MW (six on the Upper Lancang and eight on 

the Lower Lancang, Magee, 2006a, Fig. 2c), about 80% of that of the Three Gorges Dam on 

the Yangtze River (22,500 MW). According to Magee (2006a, 2006b), the Lancang River’s 

hydropower potential is over 25,500 MW. The initial plan of the Lancang Cascade was made 

in early 1980s, referred to as a stair-step series, of which 14 dams are to be constructed on the 

Lancang River in Yunnan Province, China. So far, the attention has been mainly focused on 

the eight dams designed on the Lower Lancang River, of which two are already completed 

(Manwan and Dachaoshan); another two are under construction (Xiaowan and Jinghong); 

while the remaining four (Nuozhadu, Gongguoqiao, Ganlanba and Mengsong) are still in the 

planning or preparatory stages. The status of the six dams planned in the Upper Lancang 

Rive with a designed capacity of approximate 7,700 MW and a reservoir volume of 11.39 
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billion m3 in total (Li et al., 2001) still remains unknown. However, they are likely to be built 

eventually (Magee 2006a). 

For the Lower Mekong River, extensive hydropower projects have been planned in 

the Sekong, Sesan, and Sre Pok River basins, i.e. the 3Ss basin (Fig. 2d), through various 

funding sources such as the Asian Development Bank. The 3Ss basin has an approximate 

area of 78,650 km2, covering parts of Cambodia (33% of total basin area), Lao PDR (29%), 

and Vietnam (38%). The combined runoff from 3Ss subbasins accounts for about 17% of the 

Mekong’s annual discharge, making 3Ss the largest subbasin of the Mekong River (ADB 

report, 2006). There are 65 dams (16 on Sekong, 30 on Sre Pok, and 19 on Sesan) in our 

database within the 3Ss basin with a total capacity of 9,500 MW. Ever since the completion 

of the Yali Falls (900 MW, completed in 1999), the largest dam in this area so far, concerns 

have been raised about its impact on downstream water quality, fisheries, irregular water 

level fluctuations, and other characteristics (The Fisheries Office of Ratanakiri Province, 

2000; Wangpattana, 2007). However, its impact on downstream sediment transport is still not 

known. 

 

3.2 Spatial and Temporal Variation of Water and Sediment  

Fig. 3 is a box plot of the precipitation (Fig. 3a, this study) and runoff/SSC data (Figs. 

3b and 3c, Kummu and Varis, 2007; Walling, 2008) at the eight stations (from left to right in 

the downstream direction). The precipitation rates vary considerably at different stations 

during the last 50 years. High precipitation rate is documented at the three downstream 
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stations (Nakhon Phanom, Khong Chiam, and Pakse). The maximum precipitation rate is 

documented at Nakhon Phanom with a mean precipitation rate of 2298.7 mm/yr (1953-2005) 

and the minimum rate is documented at Luang Prabang with a mean precipitation rate of 

1293.9 mm/yr (1950-2006).  

A large part of the sediments in the Lower Mekong River is sand and fine pebbles 

transported as bedload (Plinston and He, 2000). Confined by the river channel, most of these 

sediments are stored inside the main channel (Gupta and Liew, 2007). The bed material of the 

Mekong River is complicated and varies throughout the main channel. Gupta and Liew (2007) 

divided the Lower Mekong River into eight units based on different channel characters. 

Among the stations in this study, Chiang Sean and Luang Prabang are located on the ‘Upper 

rock-cut channel’; Vien Tiane, Nong Khai, Nakhon Phanom, and Mukdahan are located on 

the ‘alluvial channel’; Khong Chiam is located on ‘Lower rock-cut channel’; and Pakse is 

located on the ‘composite channel’ (Fig. 3c).  

As documented by Kummu and Varis (2007) and Walling (2008), the river runoff 

showed an increasing trend downstream while the SSC shows no steady trend along the main 

channel (Figs. 3b and 3c). Walling (2008) explained this phenomenon as a ‘conveyance 

losses’ associated with sediment storage starting from Jinghong (~50 km upstream of Chiang 

Sean). Wood et al. (2008) reported a 2-5 km wide floodplain deposited around the Chiang 

Sean area and a 0.5-2 m thick sandy silt layer that was mainly the result of levee and near 

channel deposits.  

Non-parametric Mann-Kendall analysis of the annual precipitation shows no 

significant trend in most of the stations except for Luang Prabang (p-value 0.015) and Pakse 
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(p-value 0.004, Fig.4c). For yearly averaged runoff data, no significant trend was found at 

any station during the period of 1950-2005. Fig.4 shows the trend of annual precipitation and 

average runoff at Chiang Sean and Pakse over the past 50 years. Trend analysis was not 

performed on SSC data because of data discontinuity. However, in spite of the sporadic SSC 

dataset, Walling (2005) suggested that sediment loads of the Mekong River were relatively 

stable in the past 40 years. 

We examined the daily maximum and minimum water level of two gauge stations 

along the two main tributaries on the MRD, i.e. the Bassac and Mekong Rivers (position see 

Fig. 1). Both maximum and minimum water levels at these two stations showed a clear drop 

around the end of 1994 (Figs. 5a and 5b). 

 

3.3 Correlation between Precipitation, Runoff, and SSC 

Because basin-wide precipitation data were not available for the Mekong River, the 

linear regression analysis was performed between the sum of the precipitation in a month at 

the eight stations and the monthly averaged runoff at Pakse, the last station in this study. A 

time series plot of the 10-day-averaged precipitation (sum of eight stations) and runoff (Pakse) 

shows a 20-to-35-day lag (Fig. 6a), based on which linear regression analysis was performed 

with a one-month lag between the two time series, i.e. the total precipitation at the eight 

stations during a month and the mean runoff at Pakse of the following month. Fig. 6b shows 

that during both pre-dam (1950-1992) and post-dam (1993-2005) periods, runoff at Pakse is 

strongly correlated with the total precipitation at the eight stations. The hypothesis test using 
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general linear model indicated that the correlation is significantly different during the pre-

dam and post-dam periods (p-value=0.03). The runoff is more dependent on regional 

precipitation during the post-dam period (slope 6.22) than during the pre-dam period (slope 

5.51). 

The correlation between SSC and runoff has been examined for both Upper Mekong 

(Fu et al., 2008) and Lower Mekong (Lu and Siew, 2006; Kummu and Varis, 2007). These 

studies show that on one hand, the runoff-SSC relationship varies from station to station; on 

the other hand, impoundment of the Manwan dam shows no apparent influences on such 

relationship. Fig. 7 shows the parameter rating curve of five stations (stations Vien Tiane, 

Nakhon Phanom and Pakse are not included because of limited SSC data). To reduce the bias 

brought by the discontinuous SSC data, correlation analysis for the rating parameter was 

performed on a monthly-averaged basis. Our results show that ln(a)  and b was negatively 

correlated (n=123, r2=0.97), similar to the situation of the Yangtze River (Yang et al., 2007; 

Wang et al., 2008). In the downstream direction the parameter correlation shows a trend of 

decreased sediment supply and increased erosive power, which is consistent with the spatial 

distribution of the SSC discussed in the previous section. For any single station, changes of 

the parameter relationship are not obvious over the past 50 years.  

 

3.4 Spectral and Coherence analysis of the Rainfall, Runoff, Monsoon, and ENSO  

The discontinuity in SSC data prevented any comprehensive evaluations of Lower 

Mekong’s sediment regime (Walling, 2005; Lu and Liew, 2006; Kummu and Varis, 2007; 
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Campbell, 2007; Walling, 2008). However, continuous runoff data since 1960 was available 

and could be retrieved from the Mekong River Commission. For example, Fig. 8a shows a 

time series plot of SSC/runoff data at Chiang Sean. Using the normal quantile transform 

method proposed by Montanari (2005), the autocorrelation function of the deseasonalized 

daily runoff shows no appreciable periodicity at lag 365, confirming the absence of 

significant seasonality at the yearly period (Fig. 8b). 

The Fourier spectral analyses of the average annual runoff at all the eight stations 

show a dominant 4.8-yr peak during 1960-2005 (Figs. 9a and 9b). This 4.8-yr periodicity is 

strongly correlated with the IM index (Figs. 9c and 9d).  Runoffs at the lower four stations 

(from station Nakhon Phanom to Pakse) are also characterized by a 3.0-yr periodicity (Fig. 

9b). Although the correlation between the runoff at four upper stations (from Chiang Sean to 

Nong Khai) and the EAM is not clear (Fig. 9e), the coherence analysis shows the 3.0-yr 

periodicity of runoffs at the lower four stations is strongly correlated with the EAM (Fig. 9f).  

Compared with the pre-dam period, the spectral analyses of deseasonalized daily 

runoff at all eight stations show a smoother periodgram during the post-dam period (Figs. 

10a, 10b, 10c, and 10d). An intriguing 6.6-yr peak was detected in runoffs during the post-

dam period (Figs. 10c and 10d). Together with the 7.2-yr peaks shown in the cross coherence 

between the runoff and Nino 3.4 index (Figs. 10e and 10f), this 6.6-yr periodicity may 

indicate a strengthened runoff-ENSO relationship.  
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4. Discussion 

4.1 Dam’s Influence on Sediment and Water Regime 

Although the Mekong River basin is experiencing rapid hydropower development, 

the hydropower database presented in this study shows that the majority of these dams, 200 

out of 297, fall into the ‘Feasibility Study and Planned’ category. Compared with the other 

two large rivers on the Western Pacific, i.e., the Yellow and the Yangtze Rivers, both the 

quantity and the capacity of the hydropower projects within the Mekong basin are very 

limited. At the current stage, influence of dams on downstream sediment regime is not 

apparent. Previous studies have revealed that Manwan Dam had little influence on runoff-

SSC relationship (Kummu and Varis, 2007; Fu et al., 2008) and the sediment load was 

relatively stable over the past 40 years (Walling, 2005). In this study an intra-annual change 

in the rating parameter relationship is not apparent for any single station. This is different 

from the Yangtze River case, which shows significant changes in the rating parameter 

relationship during the last 50 years because of increased human interventions (Wang et al., 

2008a). 

Dams and reservoirs will minimize the variation of the upstream inflow, making local 

runoff more sensitive to local environmental settings, such as precipitation, evaporation, soil 

type, and human activities. The correlation between the runoff at the last station (Pakse) and 

the total precipitation at the eight stations was significantly different during the pre-dam and 

post-dam period. The runoff was more dependent on regional precipitation during the post-

dam period (slope 6.22) than during the pre-dam period (slope 5.51). This indicates that as 
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the number of dams on the Mekong River increases, the regional precipitation rate plays an 

even more important role on river runoff. A similar case has been documented by Xu et al. 

(2007) for the extensively dammed Yangtze River, indicating a strong correlation between 

runoff and regional precipitation (R2 value was up to 0.90 at the Datong station, the last 

station on the main channel of theYangtze). 

 

4.2 Dam Construction and Delta Dynamics 

The Mekong River delivers 160 million tons of sediment into the coastal area 

annually. A large part of Mekong sediment will be transported southwestward by the coastal 

currents strengthened by the strong northeast monsoon, resulting in the rapid progradation of 

the large down-drift delta plain (Liu et al. 2009; Xue et al. 2010). Over the past 3000 yr, the 

evolution of the MRD has shown a morphological asymmetry indicated by a limited 

progradation on the eastern part of the MRD. This asymmetric feature was explained by 

increased wave influence (Xue et al., 2010). On a relative short time scale, Saito (2000) 

documented that eastern part of the MRD has been under serious erosion at a rate of 1.1 

km2/yr since 1885. This erosion should be a result of combined natural processes, mainly the 

strong hydrodynamics and the sea-level rise, and human activities, which continuously 

decrease the sediment flux. 

Both maximum and minimum water levels at the two stations on the delta plain 

showed a clear drop around the end of 1994 (Fig. 5). This will weaken the sediment 

discharge to the river mouth. Thus less source materials will be transported to eastern part of 
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the MRD. Although the water level drop happened one year after the completion of the 

Manwan Dam, further information of other human activities in the downstream area, 

specifically on the delta plain (e.g., construction of dykes and embankments, Le et al., 2007), 

are needed to evaluate upstream dam’s contribution to these decreased water levels. 

Nevertheless, as more and more dams are being introduced to both upstream and downstream 

area, the water-level gradient between the river and sea will be further weakened. In addition, 

more sediment will be hold behind the dams. A reduced sediment delivery from the Mekong 

River mouth will further intensify the coastal erosion.  

 

4.3 Connections between Hydrology and Monsoons 

Originating from the Tibetan Plateau, the hydrology of the large rivers along the 

Western Pacific is inevitably affected by the IM, EAM, west Northern Pacific monsoon 

(WNPM), and ENSO activities. For example, Ding and Chan (2005) point out that the Upper 

Yangtze River is influenced by the IM, whereas the Lower Yangtze River is controlled by the 

EAM. Wang et al. (2008a) indicated that the sediment flux of the Upper Yangtze River is 

apparently influenced by the IM. Xu et al. (2008) demonstrated the correlation between 

Yellow River sediment flux and EAM intensity over the past 50 years. 

 In contrast with the Yangtze and Yellow Rivers which transport in an east-west 

direction, the Mekong runs in a north-south direction stretching from subtropical (33º N, 

Tibetan Plateau) to tropical area (9º N, South China Sea) and thus is more vulnerable to the 

changes of different climatic systems. Ice core studies from the southern Tibetan Plateau, 
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where the source of Mekong River is located, revealed that the variations in the accumulation 

rates within the ice cores are closely correlated with sea-surface and 500-mb air temperature 

over the North Indian Ocean and atmospheric circulation over Asia (Kang et al., 2007). The 

Indochina Peninsula, through which the Lower Mekong River runs, is in the intersection of 

the three monsoon systems, i.e. the IM, EAM, and WNPM, making the hydrology of the 

Lower Mekong River very complicated.  

A basin-wide precipitation analysis by Costa-Cabral et al. (2008) revealed that the 

southeastern Mekong River basin, where the lower four stations in this study are located, had 

the highest rate of annual precipitation in the whole basin during 1979-2000. The bar chart in 

Fig. 3a also shows that the lower four stations generally have a higher precipitation rate than 

the upper ones. This can explain the strong correlation between the EAM and the runoffs in 

this area (Fig. 9f). Although studies on the Asia-Australia monsoon system indicate that the 

Indochina Peninsula can also be under the control of the SCSM system (a tropical monsoon 

system closely linked to the WNPM, Wang et al., 2009), the runoff data show no stronger 

correlation with the SCSM than with the EAM. 

 

4.4 Connections between Hydrology and ENSO  

Although initially it was speculated that the previously discussed 4.8-yr periodicity of 

the IM and runoff data could be related to ENSO activities, the cross coherence analysis 

between Nino 3.4 index and IM index does not show any peak around 4- to 7-yr periodicity 

during the period of 1950-2005 (Fig. 11). The relationship between IM and ENSO is very 
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complicated and has changed through the decades (Kumar et al., 1999; Gershunov et al., 

2000; Wang et al., 2001; Maraun and Kurths, 2005). In contrast with a weakening 

relationship between the IM and ENSO, a strengthening relationship between the EAM and 

ENSO has been documented by Wang et al. (2001 and 2008b). These relationships along 

with the strong correlation between the EAM and the runoff of the lower four stations (Fig. 

9f), will augment the flow adjustment brought by the Lancang Cascade, making the Lower 

Mekong River more sensative to the ENSO activities. As shown in Figs. 10c to 10f, the 6.6-

yr periodicity of runoffs during the post-dam period may indicate a strengthened ENSO-

runoff relationship. 

 

5. Conclusions 

Precipitation rates vary considerably along the middle and lower reaches of the 

Mekong River. Generally the lower four stations (Nakhon Phanom to Pakse), are more 

influenced by the EAM and have more rainfall than the upper four stations (Chiang Sean to 

Nong Khai). Mann-Kendall trend analysis showed no significant change in precipitation and 

runoff over a 50-yr period. Correlation between runoff at Pakse and total precipitation at 

eight stations changed significantly after the impoundment of the Manwan Dam. The 

parameter rating curve showed a trend of decreased SSC and increased erosive power 

downstream-ward. Impoundment of the Manwan dam showed no apparent influence on the 

runoff-SSC relationship. 

Spectral analyses showed a 4.8-yr periodicity at all eight stations, which was strongly 

correlated with the IM. Additionally, the lower four stations, located in the southeast part of 
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the Mekong River basin, were also characterized by a 3.0-yr periodicity, which explained 

their close relationship with the EAM. While the relationship between IM and ENSO is 

complicated, river runoff showed a smooth periodgram that was significantly related with the 

ENSO after the impoundment of dam.  

In the next couples of decades, approximate 200 dams with a total capacity of ~ 

25,700 MW are likely to be built in the Mekong basin. Besides the Lancang Cascade in the 

Upper Mekong, the 3Ss basin in the Lower Mekong will be another hot-spot for dam 

construction. With more and more dams are likely to be built in the Mekong basin, river 

runoff will have an even closer connection with local precipitation, thus become more 

sensitive to ENSO impacts. On the delta plain, daily maximum and minimum water level 

records show an abrupt drop at the end of 1994. The reduced water-level gradient between 

the river and sea will inevitably weaken the alongshore sediment transport dominated by the 

southwest-ward coastal currents and thus enhance the coastal erosion along the east coast of 

the delta plain. 
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Tables 
 
 
 
 

Table 1. Precipitation and Gauge station data details 

Precipitation Water Discharge Suspended Sediment Concentration 
Station Data 

Points 
Data 

Range 
Data 

Points 
Data 

Range 
Data 

Points Data Range 

Chiang 
Sean 14609 1966-

2005 16802 1960-
2005 810 1962,1968-1975 

Luang 
Prabang 20819 1950-

2006 16802 1960-
2005 330 1962;1985-1992;1997-

2002 

Vien Tiane 21184 1949-
2006 16802 1960-

2005 24 1962 & 1968 

Nong Khai 19724 1952-
2005 13424 1960-

2005 956 1972-1978,1981-
1992,1994-2003 

Nakhon 
Phanom 19358 1953-

2005 16802 1960-
2005 118 1972-1975 

Mukdahan 20454 1950-
2005 16802 1960-

2005 1432 1962-1982,1984-2003 

Khong 
Chiam 10592 1977-

2005 14610 1966-
2005 348 1966-1969;1972-

1980;1982-1986 

Pakse 20819 1950-
2006 16802 1960-

2005 137 1962;1990;1997-2002 
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Figures 

 
 

Fig. 1. The Mekong River basin and location of gauge stations. (a) elevation change of the 

main channel from the Tibetan Plateau to the South China Sea. (b) a location map of the 

study area. 
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Fig. 2. Hydropower development within the Mekong River Basin. (a) Distribution of dams 

within the basin; (b) a bar chart of the hydropower development status; (c) Lancang Cascade; 

(d) the Sekong, Sesan, Sre Pok Rivers Basin area in Lower Mekong. 
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Fig. 3. Box-whisker plots of precipitation, runoff and suspended sediment concentration at 

the eight stations in this study. (a) precipitation, (b) runoff and (c) suspended sediment 

concentration. The mean (solid dot), median, 75th percentile, and maximum values show an 

increasing trend of water discharge while a decreasing trend of suspended sediment 

concentration in downstream direction. The precipitation rate varies at different station. (CS-

Chiang Sean, LP- Luang Prabang, VT- Vien Tiane, NK-Nong Khai, NP-Nakhon Phanom, 

MU-Mukdahan, KC-Khong Chiam, and PA-Pakse. Channel material information is from 

Gupta and Liew, 2006). 
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Fig. 4. Trends in precipitation and runoff at Chiang Sean and Pakse. Like Chiang Sean, the 

majority of the precipitation and runoff data show no significant trend by the Mann-Kendall 

analysis. Two exceptions are the precipitation series at Luang Prabang and Pakse stations. 
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Fig. 5. The daily maximum and minimum water level at two stations on the Mekong River 

Delta plain. Both stations Can Tho and My Thuan show an abrupt decrease in the maximum 

and minimum water levels since the end of 1994. 
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Fig. 6. Correlation between the regional precipitation (annual sum of the eight stations) and 

the runoff at Pakse station (the last station in this study). (a) A one-year (2005) time series 

plot of the 10-day averaged precipitation (eight stations) and runoff (Pakse) shows a 20-to-

35-day lag between the two time series. (b) Correlation between precipitation and runoff 

significantly changed after the impoundment of the Manwan Dam in 1993. The runoff in 

Lower Mekong River is more dependent on regional precipitation during the post-dam period 

(slope 6.22) than during the pre-dam period (slope 5.51) due to the flow adjustment from 

upstream dams.  
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Fig. 7. Rating parameters obtained from intra-annual data at five of the eight stations. n=123, 

R2=0.97. Three trend lines stands for stations CS, NK, and KC.  The parameter correlation 

downstream shows a trend of decreasing sediment supply and increasing erosive power. 

Explanation of the physical meaning of ln(a) and b is from Wang et al. (2008).  
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Fig. 8. Time series plot and autocorrelation function. (a) Time series plot of the runoff and 

SSC data at Chiang Sean and (b) Plot of the autocorrelation function of the deseasonalized 

daily runoff data.  
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Fig. 9. Results of spectral and coherence analysis of runoff and monsoon indexes at Chiang 

Sean and Pakse. (a) Spectral analysis of yearly averaged runoff at Chiang Sean; (b) Spectral 

analysis of yearly averaged runoff at Pakse; (c) and (d) Cross correlation between runoff and 

Indian monsoon (IM) index at Chiang Sean and Pakse (dashed line is a 95% confidence 

interval, same in the following figures); (e) and (f) Cross correlation between runoff and East 

Asian Monsoon (EAM) index at Chiang Sean and Pakse.   
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Fig. 10. Dam impact on Lower Mekong’s runoff. (a) and (b) Spectral analysis of daily runoff 

at Chiang Sean and Pakse during pre-dam period (1960-1992); (c) and (d) Spectral analysis 

of daily runoff at Chiang Sean and Pakse during post-dam period (1993-2005); (e) and (f) 

Cross correlation between runoff and Nino 3.4 index at Chiang Sean and Pakse. 
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Fig. 11. Cross correlation between Nino 3.4 and Indian Monsoon indexes. 
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Abstract 

As Asia’s third largest river, with regard to sediment load, the Mekong River delivers 

approximately 160 million tons of sediment per year to the South China Sea. High-resolution 

seismic profiling and coring during 2006 and 2007 cruises revealed a low gradient, 

subaqueous delta system, up to 20 m thick, surrounding the modern Mekong River Delta 

(MRD) in the west of the South China Sea. Based on clinoform structure, grain size, 210Pb, 

AMS 14C, and δ13C results, the subaqueous delta is divided into four zones defined by 

different sedimentary processes and depositional features.   

Over the past 3,000 yrs, the evolution of the MRD has shown a morphological 

asymmetry indicated by a large down-drift area and a rapid progradation around Cape Camau, 

~ 200 km downstream from the river mouth. This asymmetric feature is consistent with 

increased wave influence. The strong southwestward coastal current, strengthened by the 

strong NE monsoon, plays an important role locally in longshore transport of resuspended 

sediments into the Gulf of Thailand. 

A late Holocene sediment budget for the MRD has been determined, based on the 

area and thickness of deltaic sediment. Approximately 80% of Mekong delivered sediment 

has been trapped within the delta area, which, together with a falling sea-level, resulted in a 

rapidly prograding MRD over the past 3,000 yrs. 
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1. Introduction 

Most of the world’s deltaic systems began their formation between 7,400 and 9,500 

cal yrs BP as a result of decelerating sea-level rise (Stanley and Warne, 1994). These deltaic 

systems are characterized by different stratigraphy controlled by variations in relative sea 

level, fluvial inputs, marine dynamics, morphology, and tectonics. Conceptual processes-

based models for deltaic deposition include: 1) river-dominated/influenced, such as the 

Mississippi, Yellow, and Po deltas, 2) wave-dominated/influenced, such as the Nile and 

Danube deltas, 3) tide-dominated/influenced, such as the Amazon, Yangtze, and Fly deltas 

(Galloway, 1975), and 4) deltas dominated by the combination of the former three processes, 

such as the Mekong Delta (Ta et al., 2002a, 2002b). The evolution of a deltaic system is a 

non-steady process and is usually characterized by lobe switching, such as in the Mississippi 

(Roberts, 1997; and 1998) and Po deltas (Correggiari et al., 2005), and even changes of 

dominant process, such as in the Mekong delta (Ta et al., 2002a). 

As part of the prograding depositional units of the deltaic systems, subaqueous deltas 

and clinoform structures have been documented in numerous deltaic systems including the 

Amazon (Nittrouer et al., 1986, 1996), Yellow (Liu et al., 2004; Liu et al., 2007a), Yangtze 

(Chen et al., 2000; Liu et al., 2007b), Po/Adriatic Sea (Cattaneo et al., 2003), Ganges-

Brahmaputra (Kuehl et al., 1997; Goodbred and Kuehl, 1999, 2000), and Fly River/Gulf of 

Papua (Walsh et al., 2004; Slingerland et al., 2008). Late Quaternary sediment budgets have 

been established, based on the volume estimation of these subaqueous deltas and clinoform 

structures. Although historically the term “clinoform” has referred to the foreset part of a 
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deltaic system, recent usage of the term refers to the topset-foreset-bottomset morphology of 

deltaic systems. The term “compound-clinoform” has been proposed to describe a 

subaerial/subaqueous delta couplet (Nittrouer et al., 1996; Swenson et al., 2005). Determined 

by multiple factors such as marine hydrodynamics, fluvial sediment inputs, eustatic sea level, 

and subsidence, the development and character of subaqueous deltas vary among different 

locations. In general, energetic marine environments, such as the Amazon Shelf, Gulf of 

Bengal, or Gulf of Papua are ideal for subaqueous delta development, whereas low energy 

environments, such as the Gulf of Mexico are less suited for development of such a feature 

(Swenson et al., 2005). 

Studies of the sedimentation processes on the continental shelf off the Mekong River 

Delta (MRD) are limited. Seismic and sediment core studies only have been conducted either 

along the continental shelf edge (Schimanski and Stattegger, 2005) or to the south around the 

Sunda Shelf, where the paleo-shoreline was located during the Last Glacial Maximum (LGM) 

(Hanebuth et al., 2000, 2002, 2003, 2004, and 2009). This paper will present the results of a 

seismic and sediment core field study of the MRD’s coastal area between 2006 and 2007, 

with specific interests focused on the morphology and sedimentary processes of the 

subaqueous delta. 
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2. The Study Area 

2.1 The Mekong River and Delta 

The Mekong River originates in the Tibetan Plateau, runs through China, Myanmar, 

Thailand, Lao PDR, Cambodia, and finally enters the South China Sea in southern Vietnam 

(Fig. 1). The total length of the Mekong River is about 4,750 km and approximately half of it 

is in China’s Yunnan province, locally known as the Lancang River. The Lower Mekong 

River region (Cambodia, Lao PDR, Thailand and Vietnam) has a population of 60 million, 

the majority of which depend on the aquatic resources provided by the river basin. The 

Mekong River watershed has an area of 832,000 km2 (HYDROSHEDS v2.01, World Wildlife 

Fund, US). Annual water discharge of the Mekong River is ~ 470×109 m3 and the estimated 

annual sediment flux is ~160 million tons (Milliman and Syvitski, 1992). Compared with 

other large rivers, the Mekong River has a smaller drainage area than the Yangtze, 

Mississippi, or Ganges-Brahmaputra Rivers, but its sediment yield is about twice that of the 

Mississippi and nearly equal to that of the Yangtze. The estuarine area of Mekong River 

exhibits a funnel-like shape and is dominated by large tides with a maximum range of 3.2 m 

and average tide of 2.2 m (Wolanski et al., 1996). 

The MRD is a wide, low-lying delta with an area of 49,500 km2 (Le et al., 2007). The 

delta plain is the third largest in the world (Coleman and Roberts, 1989), 50% greater than 

the Yangtze delta, and is only exceeded by the Amazon and the Ganges-Brahmaputra deltas. 

With fast economic development in the Lower Mekong region, infrastructure (mainly dams 

and reservoirs upstream and artificial dykes in the delta plain), deforestation, and shrimp 
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farms are dramatically changing the Mekong River’s water and sediment discharge from 

source to sink. 

There have been 47 typhoons that have hit southern Vietnam between 1954 and 1991. 

The highest monthly frequency of typhoons is documented in the flood season (Imamura and 

To, 1997). The most destructive typhoon in recent years was Typhoon Linda in November 

1997, which introduced strong erosion along the eastern coast of the Mekong Delta. Modeled 

results show that the combination of the flood and Typhoon Linda can introduce up to 0.6-0.8 

m of inundation along the MRD estuaries as far as 70 km inland (Le et al., 2007). 

 

2.2 Southeast Asian Monsoon 

Controlled by the Southeast Asian monsoon, both the hydrological regime and 

estuarine/nearshore hydrodynamic systems of the Mekong River exhibit two contrasting 

scenarios annually. The first scenario occurs when the southwest monsoon brings more than 

80% of the annual precipitation during the rainy season, which is usually between May and 

October (Debenay and Luan, 2006). Water discharge at Phnom Penh, Cambodia, reaches a 

maximum in October and a minimum in May (Gagliano and McIntire, 1968; Milliman and 

Meade, 1983; Wolanski et al., 1998). The majority of suspended sediment is exported to 

coastal waters (Wolanski et al., 1996). The second scenario occurs during the dry season 

when both precipitation and water discharge are limited. Tidal asymmetry, together with 

limited fresh water supply, generates a salt water intrusion that can reach 50 km upstream, 

pumping the sediment upstream (Wolanski et al., 1998).  
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The hydrodynamics of the southern Vietnam shelf are strongly influenced by the 

Southeast Asian monsoon (Hu et al., 2000). Modeled results in the Mekong River mouth 

reveal that currents can reach 0.55 m/s with directions shifting between NE in winter and SW 

in summer (Kubicki, 2008). For the nearshore area of the MRD, a general consensus is that 

waves and currents generated by the strong NE monsoon during the dry season dominates the 

net alongshore sediment transport (Gagliano and McIntire, 1968; Nguyen et al., 2000). 

Previously deposited Mekong River sediments are resuspended from the seabed, with fine 

particles transported and deposited several hundreds kilometers away to the southwest coast 

of the Camau Peninsula (Nguyen et al., 2000).  

 

2.3 Delta Plain Development 

Sea-level research on the Sunda Shelf reveals that sea-level was about -120 m around 

19,000 to 20,000 cal yrs BP (Hanebuth et al, 2009). For the MRD, a sea-level curve for the 

last 15,000 cal yrs was developed, based on inland boreholes (Ta et al., 2002a). Both the sea-

level curve of the Sunda Shelf and that of the MRD show a rapid sea-level rise since the last 

glacial episode. After reaching its maximum height around 5,500 cal yrs BP, sea-level has 

been slightly falling until recently.  

Sedimentological and stratigraphic analyses of boreholes on the lower delta plain 

indicate that postglacial sea-level rise and transgression have caused the infilling of an 

incised paleo-valley (Ta et al., 2005). The upcore sequence in deposits ranges from marsh 

and estuarine sediments to open-bay deposits to pro-delta and delta-front sediments, capped 
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by subtidal and intertidal deposits and beach ridges (Ta et al., 2005). 14C measurements 

indicate that the initial development of the MRD was around 8,000 cal yrs BP after the mid-

Holocene sea-level highstand (Tamura et al., 2009). Since then, the subaerial part of the 

MRD has continuously prograded more than 250 km from Cambodia border toward the 

South China Sea (Nguyen et al., 2000). Over the past 3,000 cal yrs, the modern delta plain 

and the sediment below (including paleo-subaqueous deltaic deposits) have accumulated 

about 360×109 m3 of sediment, which is equal to 144 million tons of sediment per year (Ta et 

al., 2002a). At the same time, sequence stratigraphic analyses indicate that the last 3,000 cal 

yrs were characterized by delta progradation changing from tidal influenced to increasingly 

wave influenced southward sediment dispersal. During this period the rate of delta 

progradation decreased, and the facies of the delta front steepened (Ta et al., 2002a). 

 

3. Data and Methods 

Two research cruises were conducted in April 2006 and March 2007 by the Sea-level 

Change and Ocean Margin Evolution Laboratory at North Carolina State University (NCSU). 

The research is a joint study with the Institute of Geography, Vietnam National Center for 

Natural Science and Technology. Approximately 1,150 km of high-resolution seismic profiles 

were obtained using an EdgeTech 0512i Chirp Sonar Sub-bottom Profiler (frequency range: 

0.5–12 k) together with a number of gravity cores (for seismic tracklines and core positions 

see Fig.  1; for details of gravity cores in this study see Table 1).  

In the laboratory at NCSU, seismic and navigation data were processed using 
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EdgeTech Discover Sub-bottom software (Version 3.27). Grain size analysis (4-5 samples per 

core with 10 cm intervals) was done using a LS 13 320 Laser Diffraction Particle Size 

Analyzer (Beckman Coulter©, size range 0.04 μm ~ 2000 μm, Table 1). 210Pb activities were 

determined following a procedure similar to that of DeMaster et al. (1994). Calculated 210Pb 

activities were normalized to the sample’s mud contents (grain size less than 63 μm).  

The majority of the sediment cores recovered in this study consisted of brown-colored 

mud with few foraminifera. Foram shell samples were only found in cores located on the 

northwest shore of the Camau Peninsula. Because no continuous distribution of a particular 

species occurred down core with sufficient abundance, 14C chronologies and organic carbon 

(Corg) stable isotope ratios (δ13C) were established on the Corg content of the bulk-sediment. 

The Corg samples were prepared following a method similar to that of Leithold et al. (2006). 

CO2 produced from the combustion of the organic matter was analyzed for carbon isotopic 

ratios using a Delta V IRMS with a standard dual inlet. CO2 from the C/N elemental analyzer 

(FLASH 1112 Series) was collected cryogenically and sent to the WHOI National Ocean 

Sciences AMS facility, where it was converted to graphite and analyzed for its 14C content 

using accelerator mass spectrometry.  

 

4. Results  

High resolution seismic records (Fig.s 3, 4, 6, 7, and 8) revealed the stratigraphic 

structure of a subaqueous delta system (<30 m water depth), surrounding the modern MRD. 

Generally, seismic profiles showed a prominent subsurface reflector, overlain by a thick 
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clinoform that thinned offshore. Relatively high-gradient foreset strata occurred seaward of 

the Mekong River mouth and near Cape Camau. The boundary of the subaqueous delta front 

is shown in Fig. 2. Based on differences in the nature of the clinoform and associated 

sediment, this subaqueous delta was divided into four zones as described below (Table 3).  

Between 1997 and 2000, a number of borehole cores were successively retrieved on 

the MRD plain. A schematic delta evolution model was developed covering sedimentation 

facies since the last sea-level low stand (Nguyen et al., 2000, 2005; Ta et al., 2001a, 2001b, 

2002a, 2002b, 2005)(see core positions in Fig. 2). We refer to these boreholes to correlate the 

facies architecture within the subaqueous delta. 

Six cores were analyzed for their 210Pb activity. Supported levels were determined by 

averaging the total 210Pb activities from the bottom of selected cores (primarily MKII14 and 

MKII07; the latter core had a raw 14C age of 3,120 yrs in its deepest samples). Based on the 

counting statistics, the error in total 210Pb activities is 3%-5%. This error range is negligible 

to that of the support level, which is 0.3 dpm/g mud as a most realistic assumption. A 

supported level of 1.44±0.3 dpm/g mud was used for cores located on the east shore  (cores 

MKI01, MKI02, and MKII14) and 1.09±0.3 dpm/g mud for cores located on the west shore 

(cores MKII03, MKII07, and MKII09) to calculate excess 210Pb activities in the seabed.  

The 14C data reported in this study for the Mekong shelf are given as “raw” 14C ages, 

i.e., they have been normalized to a common δ 13C value, but not corrected for a reservoir age 

or atmospheric 14C/12C variations. These relative ages (reported in 14C yrs) were used to 

assess the nature of sedimentation at a given coring site and were not used for age correlation 

with the 14C data from the boreholes (which were reported in units of 14C yrs BP). 



 88

4.1 Zone I. Mekong River mouth 

Zone I is located seaward of the Mekong River mouth (Fig. 2). Water depth increases 

sharply seaward of the river mouth. Portions of two seismic profiles recovered from this area, 

i.e. Line 2006-1 (cross shore) and Line 2006-3 (parallel to shoreline), are shown in Fig.s 3 

and 4.  

Line 2006-1 (Fig. 3) shows a high-gradient foreset bed compared to the rest of the 

clinoform structures in the east shore and west shore of the Camau Peninsula. It has a smooth 

outline and the gradient of the foreset strata is approximately 2.5:1000. The delta front has a 

very limited bottomset bed and a foreset bed up to 15 m thick, which consists of a succession 

of sub-parallel strata. The foreset strata are correlated to the delta front facies in Cores BT2 

and BT3, which was described as a 7 to 10 m intercalated greenish gray silt, sandy silt, and 

fine sand layer (see cross section BT2-BT3 in Fig.s 3a and 3c). Underlying the foreset strata 

is a ~ 5 m thick transparent layer that can be correlated to the pro-delta/shelf mud facies of 

Core BT2. The strata end at ~ 20 m depth with an uneven strong reflection, which reflects the 

sharply increased sand content documented in Core BT3 at the same depth. Although this 

sand layer in BT3 was initially regarded as a transgressive sand layer, its 14C age is between 

4,000 and 4,200 cal yr BP, indicating that it was formed by a regressive erosion episode 

instead of a transgressive one (Ta et al., 2002a). 

Line 2006-3 (parallel to shoreline) reveals an incised valley fill (Fig. 4b). This seismic 

track is located ~ 20 km seaward of the modern river mouth (~ 20 m water depth). Its facies 

can be well correlated to the lower part of Core BT2 (Fig. 4a), which shows an incised valley 
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fill sequence recovered on the MRD plain (Ta et al., 2002a, 2005). On the top of the profile 

there is ~ 2 m thick weak lamination. Underneath, there is a 12-20 m thick weak reflection 

with a “ω” shape bottom deeply cutting into the underlying sediments. This weak reflection 

is correlated to the bay facies, which consists of homogenous greenish-grey mud with little 

grain size variation (Ta et al., 2002a). The deep cut was probably formed by a landward 

migrating tidal inlet during high sea-level stand, similar to the one documented outside the 

Gironde Estuary in France (Allen and Posamentier, 1993).  

Beneath the homogeneous weak reflection unit there is a 15-25 m thick layer of 

subparallel strata, coinciding with the estuarine facies in Core BT2 between 37 and 55 m 

depth. This estuarine facies is characterized by intercalated yellowish-grey coarse sand and 

greenish-grey silty sand (Ta et al., 2001a). Further down, the seismic profile shows 

discontinuous strata, which is correlated to the marsh facies in BT2 dated at 13,258 ± 115 cal 

yr BP. The incised valley fill sequence is terminated by an uneven strong reflector at a depth 

of 60 m.  

A shallow gravity core, MKI01 (position see Fig. 1), was recovered seaward of the 

Bassac River mouth (~ 4.5 m water depth). There is an excess 210Pb-riched layer in the top 10 

cm, which could be an ephemeral deposit or a seasonal surface layer (Fig. 5a). A clear drop in 

excess 210Pb activity was observed at 11 cm depth. Another core, MKI02, located 40 km 

southwest along the coast, also showed a similar drop in excess 210Pb activity at a similar 

depth (Fig. 5b). These sharp drops of 210Pb activity may be caused by event sedimentation 

such as flooding. Because of their short length (< 40 cm), cores in this area were not 

analyzed for 14C or δ13C activity.   
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4.2 Zone II. East shore of the Camau Peninsula 

Zone II is along the east shore of the Camau Peninsula (Fig. 2), where the coastline 

has been under serious erosion at a rate of 1.1 km2/yr since 1885 (Saito, 2000). Clinoforms in 

this area are characterized by low-gradient foreset strata.  

Fig. 6 shows parts of two cross-shore seismic profiles, i.e. Line 2006-7 (Fig.  6b) and 

Line 2007-11 (Fig. 6d). Both have a low-gradient foreset (< 5:1000). Line 2006-7 has up to 

20 m thick foreset beds with sub-parallel strata, which are correlated to the delta front facies 

in Core VC1, 10 km northwest, at a depth between 5 m and 11 m. Underlying the foreset 

beds is an ~ 8 m thick transparent layer. An uneven surface with strong reflectivity was 

observed at a depth of ~ 25 m. Line 2007-11 has up to 8 m thick foreset beds directly 

overlying a strong reflector at ~20 m depth. There is a remarkable concave feature in the 

middle of the topset (Fig. 6d), which may be the result of coastal erosion as described above. 

Core MKII14 (14.5 m water depth) was retrieved from the seaward limit of the 

clinoform shown on Line 2007-11 (Fig. 6d). The sediments are made up of a mixture of clay, 

silt, and sand dominated by silt (48.26 %, Table 1). Grain size shows little variation 

throughout the 50-cm-long core. MKII14 shows minimal excess 210Pb activity (Fig. 5c). The 

excess 210Pb activity profile suggests that the sediments may have deposited at a high 

accumulation rate. The radiocarbon data give “raw” 14C ages on the order of 1,310 – 1,870 

yrs (Table 2, Fig. 5c). δ13C values of these samples vary between -23.2 and -23.6‰. These 

δ13C data suggest a mixed terrestrial/marine source for the bulk Corg. The thousand year old 

bulk Corg 14C ages are consistent with the preponderance of the organic matter coming from 
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the accumulation of old terrestrial soil organic matter from land. 

 

4.3 Zone III. Cape Camau 

In Zone III the strata exhibited a series of high-gradient foreset layers between 11 m 

and 25 m water depth. From the tip of Cape Camau to the northwest, reflectivity of the 

clinoforms is much weaker than in Zones I and II. Sediments varied from a mixed sand-silt-

clay to a clayey silt (Table 1).  

Line 2007-15 (Fig. 7a) showed relative steep foreset strata (~ 5:1000). The topset, 

overlying intensive gas-charged sediment, was flat and continuous to the shore. A strong 

reflector was located at ~ 30 m depth. Compared with Line 2007-15, the foreset strata shown 

by Line 2007-6 were weak in reflectivity and low in gradient (~1:1000, Fig. 7d). Both 

profiles show gas-charged sediment underling the topset.  

Core MKII09 (10.0 m water depth) was located on the foreset of the clinoform on 

Line 2007-6 (Fig. 7d). This 100-cm-long gravity core primarily was composed of fluid mud. 

Grain size shows little variation throughout the core. All three bulk sediment samples from 

the top (2 cm), middle (40 cm), bottom (100 cm) have a 14C age around 850 yr (Table 2, Fig. 

5d). The δ13 C measurements indicate that the Corg at this site is a mixture of terrestrial/marine 

origin (-24.1 to -24. 4‰, Table 2). The 210Pb activity profile from Core MKII09 shows no 

minimal excess activity throughout the core. The reason for the lower bulk organic matter 14C 

ages in core MKII09 in Zone III (ages ~850 yr) relative to the core MKII14 in Zone II (ages 

1310 – 1870 yr) is not known because the stable carbon isotopic data at core MKII09 
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indicated a more terrestrial (or old) Corg source (δ13C ~ -24.2‰) compared to MKII14 (δ 13C 

~ -23.2 to -23.6‰).   

 

4.4 Zone IV. West shore of the Camau Peninsula  

As part of the Gulf of Thailand, the west shore of the Camau Peninsula is dominated 

by an irregular diurnal tide with a range of 0.8-1.0 m (Le et al., 2007). This part of the 

peninsula experienced rapid progradation at a rate of 1.2 km2/ yr between 1885 and 1985 

(Saito, 2000). The lower part of the Camau Peninsula (roughly from Core CM1 to the south, 

Fig. 2) was not formed until 3,000 cal yrs BP (Nguyen et al., 2000). Here we refer to 

Borehole CM1 (Nguyen et al., 2005) for facies correlation.    

Clinoforms in this zone generally have low gradients and low reflectivity. Two cross 

shore profiles, Line 2007-1 and Line 2007-5, are shown in Fig. 8. The clinoform in Line 

2007-5 exhibited a very gentle foreset with a gradient of 0.6:1000. The majority of the foreset 

strata are transparent with weak laminae (Fig. 8a). Only a very limited delta front with strong 

reflectivity developed and ended at 10m water depth, leaving the majority of the shelf/pre-

delta facies uncovered. A strong reflection was observed at ~ 20 m depth. The subaqueous 

delta front ended between the east end of Line 2007-2 and Line 2007-1. No distinct deltaic 

facies was observed on Line 2007-1, which exhibited a homogenous light reflector overlying 

on an uneven paleo-surface with strong reflectivity (Fig. 8d). 

Core MKII07 (10 m water depth) was collected from the seaward limit of the delta 

front (on Line 2007-5, see Fig. 8a). It mainly consists of clayey silt with little vertical 
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variation. An oyster shell sample was observed at 12 cm depth. Calculated accumulation rate 

for the upper 30 cm of this core is ~ 0.57 cm/yr (Fig. 5e). 14C measurements of the Corg from 

the top (1 cm), upper middle (15 cm), lower middle (31 cm), and bottom (47 cm) yield ages 

of 800±25, 1300±25, 2930±30, and 3120±35 yrs (Table 2). δ13C values of these four samples 

indicate that the Corg is from a mixed terrestrial/marine source (-23.26 ~ -24.16 ‰, 

comparable with that of Cores MKII09 and MKII14). If the 14C age of the organic matter at 

the surface seabed has remained constant over time, the radiocarbon data suggest an 

accumulation rate as low as 0.02 cm/yr for this core.    

Although the majority of the cores collected in this study are made up of brown-

colored muddy sediments with high porosity, core MKII03 along Line 2007-1 (6 m water 

depth, position see Fig. 8c) were made up of greenish silt. 210Pb profiles of cores MKII03, 

located on the weak reflector on Line 2007-1 (Fig. 8d), are shown in Fig. 5f. Excess 210Pb 

activity in the top 30 cm of MKII03 shows excess activities in the upper 5 cm, overlying a 

zone of uniform activity with minimal excess activity, depending on the supported 210Pb 

activity chosen. Below the zone of uniform activity the total 210Pb activity decreases, but this 

may be due to a change in sediment type (e.g., grain size, or organic matter content). 

Calculated accumulation rate below the zone of uniform activity is ~ 0.49 cm/yr (Fig. 5f).  

Shell samples were found at 12 cm, 45 cm and 49 cm depth in this core. δ13C values 

of three samples from the top (1 cm), middle (31 cm) and bottom (54 cm) of this core vary 

between ~ -20.65 and ~ -21.23 ‰, indicating a greater contribution of marine plankton to the 

bulk organic matter content of this core as compared to the other cores examined in this study.  

Bulk Corg 14C measurements from the surface (1 cm), middle (31 cm), and bottom (54 cm) of 
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this core yielded ages of 50±25, 495±30, and 1570±30 yrs, respectively. The younger 14C 

ages are consistent with the greater relative abundance of marine planktonic organic matter at 

this site (as indicated by the δ13C data).  If the 14C age of the bulk organic matter at the 

sediment-water interface is assumed to remain constant over time, the radiocarbon data 

indicate an accumulation rate of ~ 0.03 cm/yr.  

 

5. Discussion 

5.1 Asymmetric delta evolution 

Because of the large amount of fluvial sediment input and a decreasing sea-level, the 

MRD has prograded 250 km from the Cambodia border to the South China Sea in the last 

6,000 yrs (Nguyen et al., 2000). However, the progradation process is not constant 

throughout the late Holocene. After the delta body refilled the former bight, the delta edge 

began to be exposed to longshore currents. A phase shift from “tidal dominated” to “wave 

and tidal dominated” around 3,000 cal yrs BP has been reported, based on facies changes in 

inland boreholes (Ta et al., 2002a). In contrast, to the “tidal dominated” regime, a “wave and 

tidal dominated” MRD is characterized by a large subaerial delta plain, longshore sediment 

dispersal, and steep delta-front topography in the proximal delta (Ta et al., 2005). Although 

the subaqueous delta front has had a high progradation rate over the past 3,000 yrs, on a 

smaller time scale its development is a non-linear process with cycles of deposition and 

erosion. In Zone II where both tide and wave energy is strong, the MRD is suffering serious 
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erosion (Saito, 2000). The seismic profile also shows scour/erosion of the clinoform structure 

(see Line 2007-11 in Fig. 6d). 

An ‘asymmetric delta model’ was first proposed by Bhattacharya and Giosan (2003) 

to describe the morphological and facies difference between the updrift and downdrift of a 

wave-influenced deltaic system. For the first time, high resolution seismic profiles reveal a 

subaqueous delta surrounding the MRD with a morphological asymmetry. The fastest delta 

progradation rate (~ 26 m/yr, Fig. 2) is found around Cape Camau, ~ 200 km downstream 

from the river mouth. This, together with the huge downdrift area of the MRD indicates the 

importance of longshore sediment transport in MRD’s evolution over the past 3,000 yrs. 

 

5.2 Longshore sediment transport  

The Lower Mekong region is controlled by the Southeast Asian Monsoon and shows 

two contrasting scenarios annually. During the wet season (May to November), large 

amounts of sediment are transported toward the river mouth and temporarily deposited there. 

During the following dry season (December to April), a large part of previously deposited 

sediment will be resuspended from the seabed by the tidal currents and surface waves. The 

resuspended sediments are then either pumped upstream (Wolanski et al., 1998), or 

transported southwestward by coastal current strengthened by strong NE monsoon (Gagliano 

and McIntire, 1968; Nguyen et al., 2000). Changes in tidal amplitude and location of the 

salinity front contribute to the formation of the inter-layered sands and muds (Kineke et al., 

1996). These processes may explain the limited subaqueous delta front seaward of the river 
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month with a succession of sub-parallel strata (Zone I). A similar remobilization of temporary 

deposits during the energetic periods has also been reported on the Amazon shelf (Allison et 

al., 1995). 

A calculation by Geyer et al. (2004) indicates that a surface river plume can only 

transport flocculated sediments for 5 km while a bottom resuspension can maintain sediment 

in the water at large distances from the river mouth. Both surface wave and tidal currents 

contribute to the resuspension of previously deposited Mekong sediments, which are then 

transported southwestward by coastal currents along the eastern shore of the Camau 

Peninsula (Zone II). 

Cape Camau is located at the intersection of two different tidal systems: to the east, a 

regular semidiurnal tide with 3.5 m tidal range for the South China Sea, and to the west, an 

irregular diurnal micro-tide with 0.8-1.0 m tidal range for the Gulf of Thailand. Due to 

reduced tidal energy, a large amount of longshore transported sediment settles out and 

accumulates, forming a series of high-gradient clinoforms with high-gradient foresets (Zone 

III, Fig. 7). Only fine sediment can pass the tip of the cape and reach the western shore of the 

peninsula, which, combined with the micro-tide from the Gulf of Thailand, explains the low-

gradient clinoform structures in Zone IV (low reflectivity and blurred laminae, Fig. 8a).  

The organic matter in the sediments of the Mekong continental shelf has two potential 

sources, which are in situ primary productivity and terrestrial organic matter from fluvial 

sediments. A significant part of the later source may be from ‘old’ terrestrial soils. For the 

Mekong subaqueous delta, the average fluvial sediment input may be as high as 160 million 

tons per year, making the source of the Corg in the coastal area inevitably a mixed one. 14C 
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measurements in this study yield few young ages for bulk organic matter (except at site 

MKII03) on the subaqueous delta, indicating a contribution of ‘old’ organic material supplied 

by fluvial sediments or resuspension of previously deposited sediments. The δ13C values 

confirm a mixed terrestrial/marine source (Cores MKII14, MKII09, and MKII07, Table 2).  

Although the 210Pb profiles on the subaqueous delta show limited excess activity, a 

lower limit on the sediment accumulation rate can be estimated from the 14C data, which 

suggests high rates in cores MKII14 and MKII09 (rates are not available because of rapid 

accumulation or physical mixing) located around the rapid prograding Cape Camau and 

slower rates (0.02-0.03 cm/yr) in cores MKII07 and MKII03 located in the Gulf of Thailand 

with weak hydrodynamics. Compared with the accumulation rate revealed by inland 

boreholes (0.45 cm/yr for the prodelta facies and 0.29-0.42 for the delta front facies, Ta et al., 

2005), accumulation rate estimated from the 14C data of Gulf of Thailand sediments is much 

lower. This is reasonable as those inland boreholes were retrieved from paleo-river mouths 

that have a high progradation rate (16 m/yr, this study). 

 

5.3 Late Holocene Sediment Budget  

Previous studies show that the paleo-delta front break was around the location of 

Core BT2, Core TC1 and the center of Camau Peninsula around 3,000 cal yrs BP. The 

progradation rate of Mekong delta was 20-30 m/yr in the last 2,500 yrs (Nguyen et al 2000; 

Saito, 2000; Ta et al., 2002b, Fig. 2). However, due to a lack of subaqueous data, the position 

of the modern delta front break was based on bathymetric estimation. Seismic profiles in this 
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study successfully delimit the subaqueous delta. The progradation rate of the MRD over the 

last 3,000 yrs is updated to a value of ~ 16 m/yr around river mouth and ~ 26 m/yr around the 

tip of Camau Peninsula in the south.  

Previous sediment volume estimation in Ta et al. (2002b) used an averaged deltaic 

sediment thickness of 20±5 m for the study area. Here this value is adjusted to 18±5 m 

because the thickness of most of the subaqueous deltaic sediment shown in the seismic 

profiles is between 10 to 20 m. Then there were 17,700 km2 (area between paleo and modern 

delta front) × (18±5 m, averaged sediment thickness) × (1.2±0.1 g/cm3, averaged dry bulk 

density) = 382±88 billion tons of sediment trapped within the subaerial and subaqueous part 

of the MRD over the past 3,000 yrs. 

The sediment flux of the Mekong River has not changed greatly during the last 3,000 

yrs (Ta et al., 2002b). If we further assume the annual 160 million tons of sediment discharge 

is constant, then every year approximately 80±18% [(382±88 × 109 tons) / 3,000 yrs / (160 × 

106 tons/yr) × 100%] of the sediment delivered by the Mekong River have taken part into the 

delta’s progradation. This is a reasonable result because satellite images show that the 

sediment plume outside the river mouth can reach areas tens of kilometers seaward of the 

subaqueous delta front (see Fig. 1, satellite image taken in August 2002 by NASA). 

Late Quaternary sediment budget estimates have already been conducted on two other 

large river systems along the Western Pacific, i.e. the Yangtze and Yellow Rivers. For the 

Yangtze and Yellow dispersal systems, distal mud wedges / subaqueous delta lobes are found 

in coastal areas hundreds of kilometers away from the river mouth (Liu et al., 2007a; Liu et 

al., 2004; Liu et al., 2007b). While for the Mekong, although longshore current has been 
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carrying away a large amount of fluvial sediment from the river mouth, the majority of these 

longshore transported sediments are finally trapped within the broad shallow shelf, south of 

the river mouth, forming the third largest delta plain in the world. 

 

5.4 Incised Valley Fill 

Another intriguing discovery in this study is the incised valley fill seaward of the 

Mekong River mouth shown in Fig. 4. The initial erosion stage for most incised valleys 

probably occurred immediately after the exposure of the shelf during low sea-level stand. 

Shelf-wide regressive incisions were formed on the sub-aerial exposed Sunda shelf 

(Hanebuth et al., 2002; Schimanski and Stattegger, 2005). As for the MRD, the 70 m long 

borehole BT2 successively penetrated the incised valley fill on the modern delta plain (Ta et 

al., 2001b, 2002b; Nguyen et al., 2005). This 40-45 m thick record consists of estuarine 

channel / tidal river sandy silt, muddy tidal flat / salt marsh, estuarine marine sand and finally 

open bay mud facies in ascending order. This is consistent with the facies architecture shown 

in Line 2006-3 (Fig. 4). 

To fully understand the evolution of the incised valley fill, a schematic cartoon is 

shown in Fig. 9 drawn after Allen and Posamentier (1993). Like other incised valleys on the 

Sunda shelf, this incised valley has probably formed since the shelf exposure caused by the 

regression (Fig. 9a). Holocene sea-level rise initiated around 19,000 cal yrs BP in the South 

China Sea (Hanebuth et al., 2009). The increased accommodation space was greater than the 

fluvial sediment flux, thus a transgressive tidal-estuarine facies was formed above the fluvial 
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facies deposited earlier. At the same time, the alluvial plain was continuously built up 

downstream (Fig. 9b). As the sea-level continuously rose, the alluvial-tidal-delta complex 

and estuary mouth sand in the form of a tidal inlet migrated up the estuary (Allen and 

Posamentier, 1993), deeply cutting into the underlying sediment and forming a “ω” shape 

bottom (Fig. 9c). The local sea-level reached its maximum height around 5,500 cal yrs BP. 

Since then, the sea-level has been falling slightly as the MRD began its rapid progradation. 

The deep cuts formed by tidal inlets were gradually filled with fine materials, which are 

correlated to the open-bay facies in Core BT2. Here the mud layer, or the open-bay facies, 

can be treated as a boundary separating an underlying transgressive sequence from the 

overlying regressive sequence. This is similar to the incised valley fill on the modern Yangtze 

delta documented by Li et al. (2002). As the delta plain prograded, the estuary gradually 

moved downstream and formed a thin tidal-estuarine facies shown in Fig.s 4 and 9d.  

 

6. Summary  

High resolution seismic profiles reveal 10-20 m thick deltaic sediments within 30 m 

water depth surrounding the Mekong River Delta (MRD). Based on the differences in 

clinoform structure and sediment characters, the subaqueous delta is divided into four zones: 

Zone I. Mekong River mouth, Zone II. East shore of the Camau Peninsula, Zone III. Cape 

Camau, and Zone IV. West shore of the Camau Peninsula.    

In the last 3,000 yrs, the evolution of the MRD shows a morphological asymmetry, 

which is explained by increased wave influence. After the delta body refilled the former bight, 
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the delta edge began to be exposed to longshore and coastal currents. Strengthened by the 

strong NE monsoon, the coastal current transports a large amount of Mekong sediments 

southwestward. After going through cycles of trapping and resuspension, longshore 

transported sediments gradually form a large downdrift area and a subaqueous delta. 

Sediment budget estimation shows that approximately 80±18% of Mekong sediments have 

been trapped within the delta area and took part in its rapid progradation over the past 3,000 

yrs.  

An incised valley fill is unveiled by seismic profiling, based on a schematic incised 

valley fill model, since the low sea level stand is proposed. 
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Tables 
Table 1. Details of gravity cores used in this study 

% of Volume 

Core 
no. 

Longitude 
(º) E 

Latitude 
(º) N 

Water 
Depth 

(m) 

Core 
Length 

(cm) 

Vertically 
Averaged 

Grain 
Size(µm)* Clay Silt Sand 

MKI01 106.265 9.347 4.5 15 -- -- -- -- 

MKI02 105.900 9.243 5.0 27 -- -- -- -- 

MKII03 104.408 9.841 15.6 57 36.84 14.54 61.99 23.47
MKII07 104.743 9.125 10.0 49 14.79 31.11 66.03 2.86
MKII09 104.561 8.801 10.0 101 11.87 33.81 64.81 1.39
MKII14 105.288 8.512 16.0 50 40.14 24.03 48.26 27.71

* measured with 10 cm interval
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Table 2. AMS 14C ages of sedimentary bulk organic matter 

Core 
No. 

Water 
depth (m) 

Sample 
Depth (cm) 

14C age 
 (yrs) 

δ13 C  
(per mil) 

MKII-3 15.6 0-1 50 ± 25 -21.2 
  30-32 495 ± 30 -20.6 
  55-57 1570 ± 30 -20.8 

MKII-7 10.0 0-1 800 ± 25 -24.3 
  14-16 1300± 30 -22.7 
  30-32 2930 ± 30 -23.8 
  46-48 3120 ± 35 -24.2 

MKII-9 10.0 0-4 865 ± 25 -24.2 
  39-41 830 ± 25 -24.1 
  99-101 845 ± 25 -24.4 

MKII-14 16.0 0-1 1840 ± 30 -23.3 
  18-20 1350 ± 40 -23.6 
  48-50 1800 ± 30 -23.2 

 
* The 14C data are “raw” ages that have been normalized to a constant δ13C value, but have 

not been corrected for a reservoir age or atmospheric 14C/12C variations. 
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Table 3. Clinoform and sediment characters along the coastal area in MRD 

Zone Gradient Seismic Profile 
Reflectivity 

Excess 210Pb 
Profile 

Source of Organic 
Matter 

Grain 
Size 

I ~ 
2.5:1000 strong near surface excess 

only 
 

-- 

sand-
clay-silt 
mixing 

II ~ 
0.8:1000 strong uniform limited to 

no excess activity 

 
mixture of 

terrestrial/marine 

sand-
clay-silt 
mixing 

III ~ 
5.0:1000 moderate 

uniform activity 
with limited excess 

activity 

mixture of 
terrestrial/marine 

clayey 
silt 

IV ~ 
1.0:1000 weak some decrease in 

excess activity mostly marine clayey 
silt 

 



 112

Figures 

 

  

 
 

 

Fig. 1. Location map of the study area, positions of seismic tracklines and gravity cores. 

Satellite image courtesy of NASA (MODIS, August 2002). 
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Fig. 2. The zonation of the Mekong River Delta. Zone I. Mekong River mouth, Zone II. East 

shore of Camau Peninsula, Zone III. Cape Camau, and Zone IV. West shore of Camau 

Peninsula. The blue dashed line is the paleo delta front around 3000 yr BP after Nguyen et al. 

(2000) and Ta et al. (2002b). 
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Fig. 3. Seismic trackline 2006-1 seaward of the Mekong River mouth. a. Sedimentation facies based on inland boreholes by 

Ta et al.(2005); b. Schematic facies architecture; c. Position maps of inland boreholes, cross section and seismic trackline; d. 

Seismic “Chirp” profile. 
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Fig. 4. A filled incised valley seaward of the Mekong River mouth. a. Position maps of inland boreholes, cross section and 

seismic trackline; b. Seismic “Chirp” profile; c. Sedimentation facies based on inland boreholes by Ta et al. (2002b); d. 

Schematic facies architecture. 
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Fig. 5. Excess 210Pb profiles of sediment cores. Zone I (a and b), Zones II (c), Zone III (d) and Zone IV (e and f). 
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Fig. 6. Seismic profiles from Zone II: 2006-7 and 2007-11. a. Sedimentation facies based on borehole VC1, by Ta et al. 

(2005); b. Seismic “Chirp” profile with schematic facies architecture of line 2006-7; c. Position maps of inland boreholes, 

cross section and seismic trackline; d. Seismic “Chirp” profile and schematic facies architecture of line 2007-11. 
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Fig. 7. Seismic profiles in Zone III: 2006-7 and 2007-11. a. Seismic “Chirp” profile and schematic facies architecture of line 

2007-15; b. Position maps of inland boreholes and seismic tracklines; c. Sedimentation facies based on borehole CM1, after 

Nguyen et al., 2005; d. Seismic “Chirp” profile and schematic facies architecture for line 2007-6. 
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Fig. 8. Seismic profile from Zone IV: 2007-1 and 2007-5. a. Seismic “Chirp” profile and schematic facies architecture of line 

2007-5; b. Sedimentation facies based on borehole CM1 by Nguyen et al. (2005); c. Position maps of inland boreholes and 

seismic tracklines; d. Seismic “Chirp” profile and schematic facies architecture for line 2007-1. 
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Fig. 9. Schematic cartoon of the development of the incised valley fill. After Allen and Posamentier, 1993: a. The incise 

valley was formed during low sea-level stand; b. The sea-level rise originated around 19,000 ~ 20,000 cal yrs BP (Hanebuth 

et al., 2009), a transgressive tidal-estuarine facies was formed. The alluvial plain was continuously built up in the 

downstream direction; c. Around 5,500 yrs BP the local sea-level reached its maximum. As a result, the flood-tidal-delta 

complex and estuary–mouth sands in the form of a tidal inlet migrated up the estuary, deeply cutting into the underlying 

sediment and forming a “ω” shape bottom; d. Sea-level has been slightly lowering since the Holocene high sea-level stand. 

The deep cutting by tidal inlets was gradually filled with fine materials. As the delta plain prograded, the estuary gradually 

moved downstream and thus formed a thin tidal-estuary depositional layer; e. Sea level curve for the past 15,000 cal yrs. (A. 

Mekong River Delta, gray, Ta et al., 2002a and B. Sunda Shelf, blackline, Hanebuth et al., 2000). 
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CHAPTER 4: TRANSPORT AND DEPOSITION OF THE MEKONG RIVER      
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3 This chapter is based on a manuscript submitted to Continental Shelf Research 
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Abstract 

The Mekong River Delta (MRD) has the third largest delta plain in the world. 

Previous geophysical studies have revealed a limited cross-shelf but elongated subaqueous 

delta with in 20-30 m water depth inner shelf. In this study we analyzed the clay mineral 

(XRD) and geochemical characteristics (δ13C, C/N, 210Pb, and AMS 14C) of cored sediments 

recovered during 2006 and 2007 cruises. Clay mineral analysis indicated that Mekong 

sediment is the dominant source material for the rapid prograding delta front. δ13C and AMS 

14C values of bulk carbon indicated a mixture of aged terrestrial and fresh marine origin. 

Excess 210Pb activity profiles showed no steady accumulation on the subaqueous delta. 

A numerical model, which couples three-dimensional circulation and sediment 

transport, was used to simulate the sediment transport and dispersal on the shelf. Based on 

the weather (wind), river (water and sediment discharge) and ocean (tide, wave, and current) 

conditions in year 2005, the model calculation showed that 99% of Mekong sediment was 

retained on the subaqueous delta, which was defined by a previous seismic study. Much of 

the Mekong sediment that traveled farther along the shelf was fine grained material carried 

toward the southwest, forming a longshore-tranported mud belt. Sensitivity tests indicated 

that wind was the most important forcing influencing local sediment transport. The 

suspended sediment in the turbid water present along the delta plain on MODIS images was 

composed of fine grained material delivered by the Mekong River and resuspended from the 

seabed.  

Keywords: Mekong, South China Sea, ROMS, Sediment Transport Modeling
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1. Introduction 

As a connection between land and continental shelves, the fluvial sediments 

discharged to the ocean bear the characters of both riverine systems and the coastal 

environment where they are temporally/permanently deposited. A series of ‘Source to Sink’ 

studies of the flux and fate of river-derived sediments have been carried out on both large and 

small river systems. Sedimentary records, such as subaqueous deltas and clinothems, around 

the river mouths or on the open shelf have been extensively investigated to:  (1) interpret the 

sequence stratigraphy and construct the local sea-level curve; (2) examine interactions 

between sedimentary processes and hydrodynamics; (3) establish Late Quaternary 

sediment/carbon budgets; and (4) evaluate the influence of episodic events, such as storms 

and typhoons, on sediment dynamics.  

Rivers also provide a major conduit for the preservation of terrigenous organic 

matters in marine sediment, most of which will be finally buried on continental shelves and 

upper slopes (Hedge and Keil, 1995). In passive margin systems, like the Amazon, particulate 

organic carbon must pass through multiple bioactive reservoirs, such as upland and lowland 

soils, where prolonged exposure to a range of biogeochemical processes progressively alters 

chemical compositions. Continued processing on wide energetic shelves incinerates more 

than half of the terrestrial carbon (Aller et al., 1996). While for active margin river systems 

like the Eel River, the original upland-generated organic carbon signal is transmitted to the 

seabed (Blair et al., 2004). Sedimentary organic carbon (kerogen) survives through the fluvial 

system and deposits on continental shelves. Similar situations have been documented by 

Leithold at al. (2006) in the small mountainous rivers in Oregon, California, and New 
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Zealand as well.  

The six major fluvial systems on the Western Pacific, i.e. the Yellow (Huanghe), 

Yangtze (Changjiang), Pearl (Zhujiang), Red (Songhong), Mekong, and Taiwanese Rivers, 

deliver approximate 2.2 billion tons of sediment to the Bohai Sea, Yellow Sea, East China 

Sea, and South China Sea (SCS) annually (Table 1). These sediments account for 

approximately 17% of the terrestrial sediment flux to the global coastal ocean (12.6 billion 

tons/yr, Syvitski et al., 2005). A number of geophysical, geochemical, and mineralogical 

studies have been conducted on these dispersal systems targeting the subaerial/subaqueous 

delta evolution (e.g. Yellow: Liu et al., 2004a; Yang and Liu, 2007; Liu et al. 2007a, Yangtze: 

Chen et al., 2000; Hori et al., 2001; Liu et al., 2007b, Red: Hori et al., 2004; Tanabe et al., 

2006, and Mekong: Nguyen et al., 2000; Ta et al., 2005; Tamura et al., 2009), sedimentary 

processes (e.g. Yellow: Li et al., 1998, Yangtze: Wei et al., 2007), sediment budget (e.g. 

Yellow: Liu et al., 2004a, Yangtze: Liu et al., 2007b, and Taiwanese Rivers: Liu et al., 2008), 

human impacts (e.g. Yellow: Wang et al., 2007, Yangtze: Yang et al., 2003, Pearl: Dai et al., 

2008, and Red: Li et al., 2006), and climatic impacts from the El Niño-Southern Oscillation 

(e.g. Yellow: Wang et al., 2007) and typhoon events (e.g. Milliman and Kao., 2005).  

The Mekong River is the third largest river on the Western Pacific in terms of length 

and sediment inputs (160 million tons/yr, Table 1). Over the past 5,500 yrs the Mekong River 

Delta (MRD) has prograded 250 km from the Cambodia border toward the SCS (Nguyen et 

al., 2000), forming the third largest delta plain in the world after the Amazon and Ganges-

Brahmaputra deltas. However, so far sedimentation studies of the MRD have been confined 

within the subaerial part of the MRD based on borehole analyses (Nguyen et al., 2000 and 
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2005; Ta et al., 2001a, 2001b, 2002a, 2002b, and 2005), leaving the subaqueous part 

unstudied.  

To understand the features and sediment dynamics of the Mekong subaqueous delta, 

two geophysical and geochemical cruises were conducted by the Sea-level Change and 

Ocean Margin Evolution Laboratory at North Carolina State University (NCSU) in April 

2006 and March 2007. Approximately 1,150 km of high resolution seismic profiles and 19 

gravity cores were recovered. While the Late Holocene evolution of the subaqueous delta has 

been documented in chapter 3, mainly based on geophysical data, the purpose of this chapter 

is to present the results of mineralogical/geochemical analyses of cored sediments and a 

coupled three-dimensional circulation and sediment transport model of the sediment dispersal 

on the Mekong shelf. 

 

2. Geological Setting and Ocean Dynamics 

2.1 The Mekong River and Delta 

The Mekong River is the largest river on the tropical Western Pacific. It originates in 

the Tibetan Plateau, runs through China, Myanmar, Thailand, Lao PDR, Cambodia, and 

enters the SCS in southern Vietnam (Fig. 1). The Mekong River has a length of ~ 4,750 km 

and a basin area of 832,000 km2 (HydroSHEDS v2.01, World Wildlife Fund, US). Every year 

it delivers ~ 495×109 m3 of fresh water and ~ 160 million tons of sediment into the SCS 

(Milliman and Syvitski, 1992). Clay mineral studies have been conducted on sediment from 
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the Tibetan Plateau, the MRD plain, and the SCS (Liu et al., 2004b, 2005, and 2007c; Steinke 

et al., 2008). Samples from the MRD plain have an average content of 28% kaolinite, 35% 

illite, 26% chlorite, and 11% smectite (Liu et al., 2007c). Clay mineralogy and major element 

geochemistry analysis of two cores recovered from the southwest SCS (292 m and 1230 m 

water depth, adjunct to the southern Vietnam shelf) indicate that the Mekong has been a 

major sedimentary source for this area over the past 190,000 yrs (Liu et al., 2004b). Sediment 

cores from the Sunda Shelf reveal that clay mineral from the Mekong has limited 

contribution to this part of the SCS over the past 170,000 yrs (Steinke et al., 2008). 

Nevertheless, clay mineralogical analysis of sediment on the Mekong shelf was not 

conducted until this study. 

The weather in the Lower Mekong region (from China border to the south) is 

dominated by the Southeast Asian monsoon system. Approximately 80% of the annual 

rainfall happens during the rainy season, which is usually between May and October 

(Debenay and Luan, 2006). Water discharge reaches a maximum in October and a minimum 

in May at Phnom Penh, Cambodia (the last major gauge station on the Mekong River) 

(Gagliano and McIntire, 1968; Milliman and Meade, 1983; Wolanski et al., 1998). With ~ 

200 new dams to be added to the basin in the next couples of decades, changes are expected 

in both hydrological regime and delta dynamics (Xue et al., in press). 

The MRD has an area of 49,500 km2 (Le et al., 2007) and it is the third largest delta 

plain in the world, only exceeded by the Amazon and the Ganges-Brahmaputra Deltas 

(Coleman and Roberts, 1989). According to Saito (2000), the eastern part of the MRD has 

been under serious erosion at a rate of 1.1 km2/yr since 1885, the western part is experiencing 
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rapid progradation at a rate of 1.2 km2/ yr. Previous borehole studies showed that the delta 

plain began its progradation in 8,000 cal yr BP as a result of decelerating sea-level rise 

(Tamura et al., 2009). Over the past 5,500 yrs, with tremendous Mekong sediment inputs and 

a slightly lowering sea-level, the MRD has prograded more than 250 km from the Cambodia 

border toward the SCS (Nguyen et al., 2000). However, this progradation process was not a 

continuous one: a phase shift from a “tide dominated” delta to a “tide and wave dominated” 

delta around 3,000 cal yr BP has been proposed based on facies variations along the 

boreholes recovered from the delta plain (Ta et al., 2002a and b).  

The estuarine area of the Mekong has a funnel-like shape and is dominated by macro 

tides with a maximum range of 3.2 m and average tide of 2.2 m (Wolanski et al., 1996). 

There are seven distributaries discharging into the SCS, which are, from north to south, Tieu, 

Dai, Ham Luong, Chen, Hau, Din An, and Tranh De (Fig. 1). The total freshwater discharge 

reaches its maximum (39,000-40,000 m3/s in September) during high flow season (from June 

to December). The minimum freshwater discharge is between 1,700 and 2,800 m3/s occurring 

during the low flow season (from January to May) (Wolanski et al., 1998; Hordoir et al., 

2006). 

Typical suspended sediment concentration (SSC) at Phnom Penh is ~ 250 mg/l during 

high flow season (Wolanski et al., 1996). Field studies at the Din An river mouth showed that 

the sediment was made of fine silt and ~ 95% of these sediments were exported to the SCS 

(Wolanski et al., 1996). Depth-averaged SSC ranged between 160-310 mg/l at the Din An 

river mouth. During the low flow season, the SSC at Phnom Penh station was 80-100 mg/l. 

The saline region can extend 50 km up-river. Depth-averaged SSC peaked at 583 mg/l near 
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the salinity intrusion limit. The maximum near bottom SSC value was 1,400 mg/l during 

April 14-18, 1996 (Wolanski et al., 1998). The salinity at the river mouth fluctuated between 

7 (ebb tides) and 23 psu (spring tides).  

In the coastal area, seismic profiling by Xue et al. (2010) revealed a low gradient, 

subaqueous delta system, up to 20 m thick, surrounding the modern MRD. Although there is 

a general consensus that wave and currents driven by the strong NE monsoon dominates the 

net along-shelf sediment transport (Gagliano and McIntire, 1968; Nguyen et al., 2000, Xue et 

al., 2010), neither the source of the sediment on the Mekong shelf, nor the sediment 

dynamics has been addressed yet.  

 

2.2 Ocean Dynamics 

The coastal area in Southeast Asia is strongly influenced by the NE monsoon 

(December to February) and the SW monsoon (June to August). The coasts are exposed to 

seasonal high waves during these monsoon regimes. The NE monsoon influences the eastern 

margin of the Philippines, Vietnam, and the east coast of the Malaysia Peninsular. The SW 

monsoons influence the coast of Myanmar, the east coast of southern Thailand, and Indonesia 

(Wang, 2005). In general, the coastal currents in Southeast Asia are driven by prevailing 

monsoon winds. The northeasterly winds prevail over the whole region with an average 

magnitude of ~ 9 m/s in winter. In contrast, relative weak (~ 6 m/s) southwesterly winds 

dominate over most parts of the SCS in summer (Hu et al., 2000).  

Coasts in Southeast Asia experience low to moderate tidal ranges and a variety of 



 130

tidal types influenced by conditions in the Pacific and Indian Oceans. Characteristic semi-

diurnal tides of the Indian Ocean prevail in the west. Mixed tides of the Pacific occur in the 

eastern Indonesian archipelago and the Philippine waters. Almost pure diurnal tides 

predominate in the Gulf of Thailand (GOT) and the Java Sea (Wang, 2005). The coastal area 

of the MRD is controlled by two tidal sources: one is the regular 3.5 m semidiurnal tides 

from the SCS to the east of MRD, and the other is an irregular 0.8-1.0 m diurnal tide from the 

GOT in the west (Le et al., 2007). 

The hydrodynamics of the southern Vietnam shelf is strongly influenced by the 

Southeast Asia monsoon (Hu et al., 2000). The wind field averaged during 1948-2009 shows 

the study area is dominated by NE wind (Fig.2a). Waves and currents generated by strong NE 

monsoon dominate the net alongshore sediment transport (Gagliano and McIntire, 1968). 

Modeled results from northwest of the Mekong River mouth show the currents are up to 0.55 

m/s with direction shifting between NE in winter and SW in summer (Kubicki, 2008).  

A numerical simulation of the Mekong River plume shows that: (1) the large amount 

of fresh water brought by the Mekong creates a baroclinic coastal current flowing in the 

direction of the propagation of the Kelvin wave; (2) the Mekong plume is mostly geostrophic; 

and (3) the tidal currents generate intensive vertical mixing (Hordori et al., 2006).  
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3. Data and Methods 

3.1 Core Sediments  

The research team collected 19 gravity cores during two cruises in April 2006 and 

March 2007 (core details see Table 2). On board, the sediment cores were subsampled at 1-2 

cm intervals and saved in sample bags. During the 2007 cruise, bulk organic sediment 

samples were collected every 20 cm along the cores and were stored in the refrigerator 

onboard. In the laboratory at NCSU, grain size analysis (4-5 samples per core with 10 cm 

intervals) was done using a LS 13 320 Laser Diffraction Particle Size Analyzer (Beckman 

Coulter©, size range 0.04 μm ~ 2000 μm, Fig. 3). Approximately 12-16 samples from each 

core were selected for 210Pb analysis. No continuous distribution of any calcareous species 

occurred down core with sufficient abundance. Consequently, we established the 14C 

chronologies from the Corg content of the bulk-sediment. Methods for the establishment of 

210Pb activities, 14C chronologies, and organic carbon (Corg) stable isotope ratios (δ13C) are 

similar to that of DeMaster et al. (1994), Leithold et al. (2006) and Xue et al. (2010). 

Clay mineral analysis was carried out at the Institute of Oceanology, Chinese 

Academy of Sciences, following a procedure similar to Wan et al. (2007). The <2 μm fraction 

of the sediments were separated based on Stoke’s settling velocity principle after removal of 

carbonate and organic matter by treatment with 0.5 N HCl and 10% hydrogen peroxide. The 

analysis was performed on oriented mounts with a D8 ADVANCE diffractometer using 

CUKα (alpha) radiation (40 kV, 40 mA). Each sample was measured three times: (1) under 

dry air conditions, (2) after ethylene glycol salvation at 100 ºC for 1h; and (3) after ethylene 
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glycol salvation at 60 ºC for 12 h. The identification of clay minerals was made mainly using 

the position of the (001) series of basal reflections on the three XRD diagrams of air drying, 

ethylene glycol salvation and heating conditions XRD identified smectite, illite, kaolinite, 

chlorite and mixed-layer clays. 

 

3.2 Numerical Modeling 

To examine the sedimentary processes over short time scales, we implemented the 

Coastal Sediment Transport Modeling System (CSTMS, Warner et al., 2008) to the Regional 

Ocean Modeling System (ROMS, Shchepetkin and McWilliams, 2005) to evaluate the 

sediment transport and dispersal on the Mekong shelf. A 200 × 150 square configuration was 

defined with lower left corner around 8.6 ºN and 104.8 ºE (Fig. 4). The grid resolution was 

approximate 2 km. According to Hordoir et al. (2006), a 2 km resolution is far below the 

baroclinic Rossby radius of the flow and is an appropriate scale for the width of any of the 

branches of the Mekong River when it reaches the sea. The 30-second Global Bathymetry 

and Elevation Data (SRTM30_PLUS, Becker et al., 2009) was smoothed and interpolated to 

the configuration grid. The water depth of the computational grid ranged between 5.0 and 

157.8 m. Vertical resolutions of sigma levels consisted of 20 layers.  

To assure the stability and accuracy of the circulation model, the model had three 

open boundaries (northern, eastern, and southern) and thus the west shore of the MRD was 

not covered. Initial and boundary conditions were interpolated using salinity and temperature 

data from HyCOM/NCODA (1/12º equatorial resolution, Hybrid Coordinate Ocean Model 
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together with NRL Coupled Ocean Data Assimilation scheme, Chassignet et al., 2007). Wind 

and heat forcing was interpolated using data from NCEP Reanalysis (2.5º resolution, Kalnay 

et al., 1996). Wavefields were estimated using the Simulating Waves Nearshore model 

(SWAN version 40.72, Delft University of Technology, 2008). The SWAN model domain 

was a 50 × 50 square configuration with lower left corner around 6.0 ºN and 104.5 ºE. The 

grid resolution was approximate 10 km (Fig. 4). Tidal conditions were imposed at the open 

boundaries and were derived from the OSU TOPEX/Poseidon Global Inverse Solution 7.0 

(Egbert and Erofeeva, 2002). A no-gradient condition for sediment was applied at the open 

boundaries. 

Fluvial inputs (freshwater and SSC) were imposed at the western boundary around 

the branches of the Mekong River. The freshwater discharge was from Hordoir et al. (2006), 

which was an average of the period 1933-1966. For suspended sediment input, we referred to 

the results of two in situ observations in the estuarine area during April 1996 (low flow 

season, Wolanski et al., 1998) and November 1993 (high flow season, Wolanski et al., 1996) 

(Fig. 5). The amount of sediment input from the Mekong in a 12-month period was 164.4 

million tons as to refer to the sediment flux estimated by Milliman and Syvitski (1992) (~ 

160 million tons/yr). 

The flocculation rate of the Mekong sediment was unavailable. We assumed 90% of 

Mekong sediment was flocculated. This is a similar setup to that of an Adriatic Sea sediment 

dispersal study by Harris et al. (2008). The model accounted for four sediment classes: Type 

1 and 2 represented the fine grained materials and flocculated materials supplied by the 

Mekong River; Type 3 and 4 represented the silt/clay and sand resuspended from the seabed. 
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The hydrodynamic properties of different sediment classes are listed in Table 4. The initial 

sediment bed was derived by combining the grain size observations in this study with the 

geophysical data presented in Xue et al. (2010), which shows that the Mekong mud is mainly 

distributed within the - 20 m isopach. 

A 13-month simulation was initialized on December 1st, 2004 to estimate the 

sediment transport and dispersal in the year of 2005. We choose 2005 as the simulation 

period because (1) the study area has a similar wind and sea-level pressure pattern in 2005 

with that averaged during 1948-2009 (Figs. 2a and 2b), and (2) the HyCOM/NCODA 

database has an ideal coverage in 2005. As in situ observations were very limited for the 

study area, model validation was based on water level data from a tidal station, Vung Tau, 

located at 10.4 ºN and 107.1 ºE (position see Fig. 4; water level validation see Figs. 6a and 

6b), sea surface temperature based on the NOAA High-resolution data provided by the 

NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their Web site at 

http://www.esrl.noaa.gov/psd/ (AVHRR, 0.25 degree resolution, Fig.7), and the Moderate 

Resolution Imaging Spectroradiometer (MODIS) images (Figs. 8a and 9a). 

 

4. Results 

4.1 Sediment Characteristics 

The majority of the sediment cores in this study were recovered from the Mekong 

subaqueous delta, which was delineated based on seismic profiles (position of subaqueous 
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delta front see Fig.1, from Xue et al., 2010). The sediment cores generally consisted of brown 

mud with little evidence for bioturbation and few shells Two exceptions were cores MKII02 

and MKII03 recovered from relative deep waters (water depth 11.0m for MKII02 and 15.6 m 

for MKII03) in the GOT, where no deltaic deposit was recorded on seismic profiling. Instead 

of high-porosity brown mud, these two cores were made up of green to gray colored silts 

with abundant shell debris. The clay mineralogical and geochemical characters of the 

sediment cores are described below. 

 

4.1.1 Clay Mineralogy 

The grain size and clay mineral composition shows little vertical variation throughout 

cores in the study area (Figs. 3 and 10). Spatially the surface sediments exhibit a fining trend 

from a sand-silt-clay mixture dominated by silt on the east coast of the MRD to a clayey silt 

on the west coast (Table 2). For sediment recovered from the subaqueous delta, illite (13-

64%) was the dominant clay mineral, with an average content of 45%; kaolinite (9-32%) and 

chlorite (6-22%) were less abundant, with an average combined content of 35%. Smectite 

content increased significantly from 10% (averaged from cores MKI01, MKI02, MKII13) on 

the east coast to 42% (averaged from cores MKII01, MKII03, MKII05) on the west coast. 

While the limited smectite content on the east coast is similar with sediment in the Mekong 

River channel (average smectite content of 11%, Liu et al., 2007c), the high smectite content 

on the west coast indicates possible source materials from the GOT (average smectite content 

of 35%, Aoki, 1976; Fig. 10). Chen (1978) proposed that the high smectite content in the 

GOT sediments was derived mainly from the igneous material of the tropical archipelagoes. 
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4.1.2 210Pb, AMS 14C, and δ13C 

15 cores were analyzed for 210Pb activities. Supported levels for cores on the east 

shore and west shore are 1.44±0.3 dpm/g and 1.09±0.3 dpm/g mud (Xue et al., 2010). A 

supported level of 0.83±0.5 dpm/g mud was used for cores around Cape Camau in this study. 

The 14C data reported in this study are given as “raw” 14C ages instead of corrected ages (Xue 

et al., 2010). We assume that the 14C age of the bulk organic matter has remained constant at 

the sediment-water interface over the duration of the dating interval. Based on excess 210Pb 

profiles, AMS 14C chronologies, and δ13C values, sediment cores are classified into three 

basic types as indicated below.  

I. Non-steady-state 

Cores containing fluctuating 210Pb activities are classified as “non-steady-state” type. 

The majority of the sediment cores collected in this study are characterized by this type. The 

“non-steady-state” cores show limited, if any, excess 210Pb activity (for example, cores 

MKII13, MKII14, and MKII17 shown in Figs. 11a, 11b, and 11c). They are mainly located 

on the east shore of Camau Peninsula and areas around Cape Camau where the 

hydrodynamics are strong. Cored sediment consists of a silt-clay-sand mixture with little 

variation throughout a core. The radiocarbon data from these cores give an uncalibrated, or a 

“raw”, 14C age on the order of 1,100-1,800 yr. This “non-steady-state” 14C activity could be a 

result of either physical or biological mixing. Nevertheless, considering these cores are 

mainly made up of homogeneous mud with few worm burrows or shells, these limited excess 

210Pb activities can be explained by physical processes such as resuspension or rapid 

accumulation. The δ13C values of these samples vary between -23 and -25‰ (Table 4, except 
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for the surface sample of core MKII13, which has a value of -21.7‰), suggesting a mixed 

terrestrial/marine source for bulk organic carbon. 

II. Fluid-mud 

Cores containing high-porosity mud with no minimal excess 210Pb activity are 

classified as “fluid-mud” type. The “fluid-mud” cores are mainly located in the shallow water 

along the west shore (e.g. Core MKII05 shown in Fig. 11d) and the west end of Cape Camau 

(e.g. core MKII09 shown in Fig. 11e). Three bulk sediment samples from the top (2 cm), 

middle (40 cm), and bottom (100 cm) of MKII09 have a 14C age around 850 yr (Table 4, Xue 

et al., 2010). Both 210Pb and 14C profiles from this core are consistent with rapid 

accumulation. The δ13C measurements indicate that the Corg is a mixture of terrestrial/marine 

origin (-24.1 to -24. 4‰, Table 4). 

III. Steady-state  

Although the majority of the cores in this study show either fluctuating or uniform 

210Pb activities, cores recovered from areas with no deltaic deposits (e.g. cores MKII02 and 

MKII03 shown in Figs. 11f and 11g) or seaward of the subaqueous delta limit (e.g. core 

MKII08 shown in Fig. 11h) exhibit exponentially decreasing 210Pb activities with depth. 

Calculated apparent accumulation rate is 0.55 cm/yr for MKII02, 0.49 cm/yr for the lower 30 

cm of MKII03, and 0.65 cm/yr for MKII08.  

Bulk Corg 14C measurements from the middle (20-22 cm) and bottom (60-62 cm) of 

MKII08 yields ages of 195±30 and 865±30 yr. For core MKII03, bulk Corg 14C measurements 

of three samples from the top (0-1 cm), middle (30-32 cm) and bottom (53-55 cm) yielded 

ages of 50±25, 495±30, and 1570±30 yr, respectively (Xue et al., 2010). These young 14C 
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ages are consistent with the greater relative abundance of marine planktonic organic matter at 

these site (as indicated by the δ13C data, -20.7 ~ -21.5‰ for MKII08 and -20.7 ~ -21.1‰ for 

MKII03, Table 4).  

 

4.2 Numerical Modeling 

4.2.1 Overall Sediment Transport and Dispersal 

Time-averaged for the twelve-month calculations in 2005, currents are strongest 

around the Mekong River mouth (Fig. 12b). Modeled turbidity is highest offshore of the river 

mouth. Areas of high average sediment concentration do not directly correspond to areas of 

high average wave orbital velocity (Figs. 12a and 12b). The highest Mekong sediment flux is 

within 20 km of the distributary mouths (Fig. 12c). Throughout the time modeled, the along-

shelf sediment transport is to the southwest except for the SW monsoon season (May to 

September), discussed in more detail below.  

Modeled Mekong sediment is confined to the subaqueous delta front (Fig.13a). More 

than 99% of Mekong sediment was deposited on the Mekong subaqueous delta delineated in 

Xue et al. (2010), based on seismic data. The majority of Mekong sediment deposits around 

the distributary mouths. Much of the Mekong sediment that traveled further is carried toward 

the southwest. These sediments contribute to a thin deposit parallel to the coast. Nearly all of 

the along-shelf transported Mekong sediment is characterized with slow settling velocities. 

The bed shear stress on the Mekong shelf is mainly induced by current (Fig.14). 

Significant erosion/accretion is estimated for the area around the Con Son Island, the relative 
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shallow area around Cape Camau, and the deeper water in the northeast part of the model 

domain (Figs. 13b and 13c). Most erosion occurred in areas of high current shear stress (Figs. 

13c and 14b). Net erosion accounts for 15.9 million tons of bed material (Table 3). Most of 

the eroded material is from the sand class (Table 3), which has a wider distribution on the 

initial sediment bed than the flocculated fine class. However, this estimate is sensitive to the 

initial sediment bed. 

To test the influence from different forcings on sediment dynamics, several sensitivity 

tests were performed with different combinations of wind, wave, and tide. Results of 

sensitivity tests show that wind is the most important factor affecting local sediment transport. 

As shown in Fig. 13c, along-shelf sediment transport is significantly decreased once the wind 

was forced to zero. 

 

4.2.2 NE Monsoon and SW Monsoon Transport 

The hydrodynamics of the southern Vietnam shelf are strongly influenced by the 

Southeast Asian monsoon. This section characterizes transport patterns for January (low flow, 

NE monsoon season) and August 2005 (high flow, SW monsoon season).  

The NE wind dominates the Mekong shelf during January (Fig. 8b). As January is a 

low flow season (monthly averaged freshwater discharge is 4,000 m3/s), the presence of 

Mekong plume is not apparent. Both the MODIS image and model indicates that turbid or 

high-chlorophyll waters are present around the river mouth and in the coastal areas of the 

MRD. Figs. 15 and 16 indicate the estimated current speed (along-shelf and cross-shelf) and 

the SSC of the four different classes averaged for January and August 2005 at cross section 
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A-A’ (position see Figs. 1 and 4). The along-shelf currents, to the southwest, dominate with 

mean speed of 0.085 m/s during January (Fig. 15b).  

August is a typical high flow month (monthly averaged freshwater discharge is 

28,000 m3/s). The Mekong plume is apparent on both MODIS image and model (Fig. 9). The 

SW monsoon prevails the Mekong shelf. The along-shelf currents, to the northeast, dominate 

with mean speed of 0.083 m/s (Fig. 16b). The SSC value of both fine grained Mekong 

sediment and fine particles resuspended from the seabed are lower than those in January. This 

may explain the relative low turbidity along the coast of the MRD in August (Figs. 9a, 16c, 

and 16e).  

The model reproduces the primary feature of the turbidity visible in MODIS images 

of the Mekong shelf. Although the direction of the prevailing winds and currents are opposite 

during the NE monsoon and SW monsoon seasons, the along-shelf transport dominates in 

both seasons. The high turbidity along the MRD is composed of fine grained Mekong 

sediment and sediment resuspended from the seabed (Figs. 15c, 15e, 16c, and 16e). 

Flocculated Mekong sediment is not present on cross section A-A’ (Figs. 15d and 16d). Sand 

is capable of being resuspended from seabed in both monsoon seasons and the bottom 

boundary layer holds most of the resuspended sand (Figs. 15f and 16f). 
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5. Discussion 

5.1 Source of Sedimentary Organic Matter 

Sedimentary organic matter on the Mekong shelf has two potential sources: in situ 

primary productivity and terrestrial organic matter from fluvial sediment. For the latter one, it 

may consist of aged/modern soil humus and plant debris/fragments derived from C3 vascular 

plants (rice and mangrove are dominant plants on the MRD) and recycled sedimentary rock 

Corg (kerogen). 14C measurements yielded few young ages for bulk organic matter on the 

subaqueous delta, indicating a significant contribution from ‘old’ organic material supplied 

by fluvial sediment or from the resuspension of previously deposited sediment. Continuously 

observations of the bulk organic matter in the Mekong river channel indicated that the δ13C 

end-member in the river ranges from -28.0 to -32.0‰ and the C/N ratios range from 7 to12 

(personal contact with Erin Ellis and Dr. Jeffrey Richey in the University of Washington). 

Marine bulk organic matter from surface sediment is usually dominated by algae, and in 

general has δ13C values ranging from -19.0 to -22.0‰ (Fontugne and Jouanneau, 1987) and 

the C/N ratios < 10 (Meyers et al., 1994). Thus, the δ13C values of cores recovered from the 

subaqueous delta confirm a mixed terrestrial/marine source (between -21.7 and -25.0‰, 

Table 4). The grain size is not correlated with water depth, indicating a strong physical 

reworking on the subaqueous delta (Fig. 17a). Corg and Norg contents show increasing trend 

with water depth, however, their correlation is not significant (Figs. 17b and 17c).  

Plotting (C/N)×Corg, δ13C×Corg, and the (Fraction modern Corg)×Corg against Corg 

produces a set of linear relationships with slopes indicative of the composition of the added 
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Corg (Blair et al., 2003; Leithold et al., 2006). The atomic C/N value of 8.2 and δ13C value of 

-21.2‰ indicates the added Corg is primarily of marine-sourced (Figs. 18a and 18b). The 14C-

signature of the terrestrial and marine Corg added to the shelf sediments is 100%, indicating 

considerable incorporation of modern or bomb-produced carbon (Fig. 18b). These result 

indicate an increasing modern marine organic matter input as the sediment being transported 

into deep waters.  

However, considering the different behaviors in the mineralization process between 

terrigenous and marine organic carbon, caution should be taken when δ13C is used as the 

index of paleo-environment. A recent study of Fly River sediment shows that tropical 

mountainous river margins can sequester significant amount of carbon over decadal to 

century timescales, most of which appears to be terrigenous in origin and derived from aged 

soil organic materials (Goni et al., 2008). In other words, the lack of marine carbon and low 

vascular plant detritus indicates that they are more labile components of the organic materials 

(Goni et al., 2008; Aller et al., 2008). Meanwhile, segregation during sorting in the marine 

environment can winnow vascular plant detritus of high C/N ratios, leaving in near-shore 

regions soil organic matter with C/N ratio similar to marine carbon (Leithold and Blair, 2001).  

 

5.2 Resuspension Processes 

Clay mineral analysis in this study shows that Mekong sediment is the major source 

material for the subaqueous delta. The model result shows that nearly all of the Mekong 

sediment is trapped on the subaqueous delta (Fig. 13a), substantiating the rapid prograding 
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delta front revealed by seismic profiling (Xue et al., 2010). However, instead of fine 

sediment settling out of suspension, the Mekong sediment appears to go through cycles of 

trapping and resuspension before finally depositing on the subaqueous delta front. Both 

geochemical analyses of cored sediments and modeled results shed light on resuspension 

processes over different time scales.  

The model result showed that on seasonal to yearly time scales, bottom currents 

provide the primary energy for resuspension (Figs. 14a and 14b). For both NE monsoon and 

SW monsoon season, the resuspended sediment along the eastern part of the MRD consist of 

fine grained delivered by the Mekong river and from the seabed (Figs. 15 and 16). Fig. 19 

shows the modeled suspended sediment concentration (averaged over 2005) and the seismic 

profile recovered at cross section B-B’. The erosional feature on the topset of the clinoform is 

directly beneath the water of high SSC values. The strong reflection on the surface of the 

seabed indicates extensive sandy deposits, which is confirmed by grain size data. The 

sediment from two cores recovered from this area, i.e. MKII13 and MKII14, is a sand-silt-

clay mixture and is the coarsest sample in this study. This sandy surface and the grain size 

data confirm the resuspension process shown by the model result.  

On decadal to centennial time scales, the 210Pb profiles of cores from the subaqueous 

delta show either fluctuating or uniform excess 210Pb activities down core, indicating a rapid 

accumulation or strong physical mixing process (Figs. 11a to 11e). The Corg δ13C results show 

that the source of the bulk Corg is a marine/terrestrial mix, instead of a terrestrialy-dominated 

one. The AMS 14C chronology data indicate a considerable contribution from aged Corg as a 

result of either physical weathering of ‘old’ soil in the basin or, more possible as confirmed 
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by the model result, the resuspension of previously deposited shelf sediments. A similar 

resuspension process has been documented on the Amazon Delta (Kineke et al., 1996), which 

has a comparable marine power/ river power ratio with that of the MRD (Syvitski and Saito, 

2007; Table 5).  

 

5.3 Seasonal Transport Patterns 

The Mekong plume is mostly geostrophic (Hordoir et al., 2006). Model results from 

this study show that, on a seasonal scale, the along-shelf transport of Mekong sediment is 

strongly influenced by the direction and strength of prevailing winds (Figs. 8b, 9b, 15b, and 

16b). A river plume will become a coastal current, if strengthened by a downwelling-

favorable (southwestward for the Western Pacific) wind or ambient current (Geyer et al., 

2004). During the high flow season both monsoon and ambient circulation are northeastward, 

which weakens the coastal current formed by geotropically balanced Mekong plume. While 

during the low flow season, strong dry NE monsoonal winds dominate the shelf area. The 

ambient circulation also shifts its direction southwestward. Thus, the coastal currents are 

strengthened. Similar seasonal variations in sediment transport patterns have also been 

documented for the two major dispersal systems on the Western Pacific, i.e. the Yangtze and 

Yellow (East Asian Monsoon, Yang et al., 1992; Sun et al., 2000), as well as other large rivers 

around the world such as the Amazon (trade winds, Allison et al., 1995) and Po (Bora and 

Sirocco Winds, Harris et al., 2008) (comparisons of key parameters see Table 5).  

Besides the along-shelf components, a downwelling NE monsoon should also 
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introduce a cross-shelf transport in the bottom layers toward deep waters. However, both 

seismic profiles (Xue et al., 2010) and model results show that the Mekong sediment has 

been mainly trapped within 20 km of the delta plain. This is likely because of: (1) the low-

gradient shallow Vietnamese shelf buffers the exchange between coastal waters and deeper 

waters; and (2) the strength of winter monsoon in the SCS is not comparable with that in the 

northern Western Pacific and thus the cross-shelf transport is limited.  

 

5.4 Delta Evolution during the Neoglaciation 

Like other modern delta systems, the MRD initiated its progradation during last high 

sea-level stand. A very unique feature of the MRD is the phase shift from a “tide dominated 

delta” to a “tide and wave dominated delta” around 3,000 yrs BP (Ta et al., 2002a and b). As 

shown in Fig. 1, over the past 3,000 yrs, the MRD’s evolution exhibits a morphological 

asymmetry with a huge downdrift area. The most rapid progradation has been documented 

around the river mouth and Cape Camau (Xue et al., 2010). However, progradation along the 

east shore of the MRD is very limited.  

Stalagmite study of the Dongge cave in southern China reveals an abrupt cold event 

around 3,000 yr BP in Asia, which is coincident with the Bond event 2 recorded in northern 

Atlantic (Wang et al., 2005; Cosford et al., 2008; and Bond et al., 2001). The Bond event 2, 

standing for the beginning of Neoglacial period of the Late Holocene, has been associated 

with intensified winter monsoonal circulation and tropical aridity (Cosford et al., 2008). Ta et 

al. (2002a) points out that variation in monsoon activities during Late Holocene can be a 
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possible reason for MRD’s phase shift. However, the relationship between the variations in 

monsoon intensity, alongshore sediment transport, and the delta morphodynamics was not 

clear until this study.  

Numerical modeling facilitates our understanding of monsoon’s influence on local 

sediment transport. Sensitivity tests in this study show that, on seasonal to yearly time scales, 

wind is a most important forcing influencing local sediment transport. The variations in 

monsoon activities during the Neoglaciation can affect the along-shelf sediment transport and 

the delta morphodynamics in two ways: (1) during high flow seasons, tropical aridity limits 

the rainfall, sediment yield, and thus the SSC along the Mekong channel. Less source 

materials are delivered to the river mouth; and (2) during the low flow season, wave energy 

and coastal currents are strengthened by an intensified NE winter monsoon, resuspending and 

transporting more Mekong sediment toward the GOT. Although model results showed that 

current-induced bed shear stress dominate the shelf, the coastal area is mainly influenced by 

wave-induced bed shear stress (Figs. 12a and 14c). This is confirmed by the “coarsening-

upward succession” in boreholes (Ta et al., 2002a).  

The ratio of the proxy of marine power and river power for the Mekong Delta is 

comparable with that of Po, however, the MRD develops into a subaqueous-delta-clinoform 

system instead of a proximal-accumulation-dominated system (Syvitski and Saito, 2007; 

Walsh and Nittrouer, 2009; Table 5). Instead of being transported hundreds of kilometers 

along the coast like the Yangtze and Po, the majority of Mekong sediment has been trapped 

around the delta system. This is mainly because that the MRD is located in the middle of the 

GOT and the SCS. Due to reduced tidal mixing in the GOT (1.0 m tide compared with the 
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3.5 m tide in the SCS), a large part of along-shelf transported sediment settles out, forming 

the rapid prograding Cape Camau (Fig. 1). Along the east shore, limited delta progradation 

may be explained by strengthened current-induced bed shear stress. 

 

5.5 Limitations of the Model 

As pointed by Harris et al. (2008), high resolution numerical modeling is usually 

limited on seasonal to yearly scales, thus the interannual variability, morphodynamics, or 

extreme events are not well developed. In this study the year 2005 was selected as the 

simulation period to represent a general sediment transport and dispersal pattern under 

normal climatic conditions. No storm or flooding event was included. 

The 12-month calculation indicates that 99% of Mekong sediment deposited on the 

subaqueous delta, however, over a longer time scale, Late Holocene sediment budget 

estimation shows that only ~ 80±18 % of Mekong sediment was trapped within the delta 

system over the past 3,000 yrs (Xue et al., 2010). This discrepancy may be explained by 

variations in sediment flux, bulk bed properties, sea-level, and climate conditions during the 

Late Holocene.  

As in situ observation of the Vietnam shelf is very limited, in this study we had to 

rely on results of large scale models and observations such as NCEP, HyCOM/NCODA, and 

TOPEX. Although our model reproduced the general pattern of water level fluctuation, 

seasonal variations of sea surface temperature, and the turbidity shown by MODIS images, 

high resolution in situ data are expected to enhance the accuracy of the model. 
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6. Conclusions  

The XRD result shows that Mekong sediment is a dominant source material for the 

subaqueous delta. The influence from Gulf of Thailand is apparent for sediment along the 

west shore of the Camau Peninsula, which has a relatively high smectite contents (up to 42%). 

The majority of bulk carbon has a δ13C value between -22.7 and -25.0‰ and the AMS 14C 

yields no young age, indicating a mixture of terrestrial “aged” and fresh marine origin.  

δ13C and AMS 14C values of bulk carbon indicate a mixture of terrestrially “aged” 

and fresh marine organic matter. Based on excess 210Pb profiles, AMS 14C chronologies, and 

δ13C values, sediment cores in this study are classified into three basic types, which are: I. 

Non-steady-state sedimentation, II. Fluid mud deposits, and III. Steady-state sedimentation. 

The majority of excess 210Pb profiles have either highly fluctuating or uniform activities 

down core, indicating strong physical mixing processes or rapid accumulation. Relatively 

steady accumulation is documented in areas without deltaic deposits or seaward of the 

subaqueous delta front.  

A 13-month numerical model was performed using the Regional Ocean Modeling 

System (ROMS) and the Community Sediment Transport Model System (CSTMS) to 

simulate the sediment transport and dispersal in 2005. The modeling system represents the 

major processes that control sediment dispersal and reproduces turbidity shown by MODIS 

images. Model calculations indicate that 99% of Mekong sediment has been trapped within 

20 km of the delta plain. Depth-integrated sediment flux calculation indicates that the net 

sediment transport during a 12-month period was to the southwest. Sensitivity tests show that 

wind is the most important force influencing local sediment transport. Wave orbital velocity 
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and wave-induced bed shear stress are increasingly important in shallow water. 

Along-shelf transport dominates both NE monsoon and SW monsoon seasons. 

Although the along-shelf current shifts its direction during two monsoon seasons, the 

turbidity along the delta plain is composed of fine sediment from the Mekong and 

resuspended from the seabed during both seasons. The sandy sediment is capable of being 

resuspended mainly by current-induced bed shear stress. 
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Tables 

Table 1. Major fluvial sediment inputs to the Western Pacific 

River System Sediment Flux (million ton/ yr) Reference 
Yellow (Huanghe) 1100 (150*) Milliman and Syvitski, 1992 

Yangtze (Changjiang) 480 (189*) Milliman and Syvitski, 1992 
Mekong (Lancang) 160 Milliman and Syvitski, 1992 

Red (Songhong) 130 Milliman et al., 1995 
Pearl (Zhujiang) 63 Dai et al., 2008 
Taiwanese Rivers 300 Liu et al., 2008 

 

* Updated sediment flux of the Yellow and Yangtze Rivers are from Wang et al., 2007 and 

2008 
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Table 2. Details of sediment cores 

Core no. Longitude 
(º) E 

Latitude  
(º) N 

Water 
Depth (m) 

Core 
Length 
(cm) 

Grain Size (μm, 
vertically 

averaged*) 

# of Clay 
Mineral 
Samples 

MKI01 106.265 9.347 4.5 15.0 -- 6 
MKI02 105.900 9.243 5.0 27.0 -- 10 
MKI03 105.378 8.905 6.0 32.0 -- -- 
MKII01 104.984 9.970 2.0 54.0 11.78 3 
MKII02 104.689 9.903 11.0 47.0 27.16 -- 
MKII03 104.408 9.841 15.6 57.0 36.87 -- 
MKII05 104.800 9.348 3.0 75.0 14.18 3 
MKII07 104.743 9.125 10.0 49.0 14.79 -- 
MKII08 104.496 8.983 25.0 64.0 18.91 -- 
MKII09 104.561 8.801 10.0 101.0 11.87 3 
MKII11 104.506 8.709 19.0 64.0 -- -- 
MKII12 104.456 8.703 20.0 26.0 -- -- 
MKII13 105.495 8.942 8.0 65.0 38.92 3 
MKII14 105.288 8.512 16.0 50.0 40.14 -- 
MKII15 105.115 8.544 6.0 26.0 -- -- 
MKII16 104.827 8.522 5.0 45.0 17.55 -- 
MKII17 104.715 8.434 15.0 42.0 13.56 -- 
MKII18 104.532 8.623 22.0 11.0 19.91 -- 
MKII20 104.565 8.627 1.6 45.0 41.69 -- 

* grain size values were measured with 10 cm intervals down core. 
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Table 3. Hydrodynamic properties and model calculated budget of different 

sediment classes 

Sediment 
Source Class Sediment Type τcr 

(Pa)* 
Ws 

(mm/s)*
Fraction of 

Input* 
supplied (million 

ton) 

Mekong River 1 fine grained 0.03 0.1 10% of 
Mekong 15.4 

Mekong River 2 flocculated 0.08 1.0 90% of 
Mekong 148.9 

Seabed 3 flocculated 
fines 0.10 1.0 spatially 

variable 1.3 

Seabed 4 sand 0.12 10.0 spatially 
variable 14.6 

Ws: settling velocity; τcr: critical shear stress 

*similar setup with that of Harris et al. (2008). 
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Table 4. Organic matter contents and AMS 14C ages of bulk sediments 

Core No. Sample Depth 
(cm) 

δ13 C 
(per mil) C% N% (C/N)atom 

14C age* 
(yrs) 

MKII03** 0-1 -21.1 0.99 0.14 8.3 50 ± 25 
 30-32 -20.7 0.76 0.10 8.9 495 ± 30 
 53-55 -20.8 0.76 0.09 9.7 1570 ± 30

MKII07** 0-1 -23.3 0.91 0.12 8.6 800 ± 25 
 14-16 -22.7 0.75 0.10 9.0 1300 ± 25
 30-32 -23.8 0.56 0.06 10.1 2930 ± 30
 45-47 -24.2 0.61 0.07 10.2 3120 ± 35

MKII08 20-22 -21.5 1.42 0.19 8.6 195 ± 30 
 60-62 -20.7 1.45 0.20 8.5 865 ± 30 

MKII09** 0-1 -24.3 0.92 0.11 9.7 865 ± 25 
 40-42 -24.1 0.88 0.11 9.2 830 ± 25 
 100-102 -24.4 0.89 0.11 9.6 845 ± 25 

MKII11 20-22 -23.9 1.01 0.13 9.3 965 ± 25 
 40-42 -23.7 0.92 0.11 9.7 1050 ± 25
 60-62 -23.7 0.94 0.12 9.6 1110 ± 25

MKII13 0-1 -21.7 0.11 0.02 6.4 1520 ± 40
 20-22 -25.0 0.66 0.07 11.0 1550 ± 30
 60-62 -24.7 0.90 0.10 10.7 1530 ± 25

MKII14** 0-1 -23.3 0.55 0.07 9.8 1840 ± 30
 20-22 -23.6 0.58 0.07 10.1 1350 ± 40
 40-42 -23.2 0.52 0.06 10.0 1800 ± 30

MKII16 20-22 -23.8 0.89 0.11 9.7 1780 ± 30 
MKII17 0-1 -23.5 0.93 0.12 9.3 1090 ± 30 

 20-22 -23.5 0.85 0.11 8.7 1160 ± 30 
 40-42 -23.3 0.92 0.13 8.4 1080 ± 25 

 

* These 14C data are “raw” 14C ages that have not been corrected for reservoir age or 

atmospheric 14C variations, see explanations in Xue et al. (2010); 

** Data of cores MKII03, MKII09, MKII07, and MKII14 are partially from Xue et al., (2010).
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Table 5. Comparisons of key parameters between the Mekong and other mega deltas 

(revised after Syvitski and Saito, 2007 and Walsh and Nittrouer, 2009). Qav: average water 

discharge; Dgrd: gradient of the delta plain, Wa: maximum wave height, Ti: tidal range, Dmm: 

average grain size, Pm: proxy of marine power (Wa
2+Ti

2), Pr: proxy for river power 

(11×Qav×Dgrd), SDC: subaqueous-delta-clinoform systems, PAD: proximal-accumulation-

dominated systems. 

 

River Qav (m3/s) Dgrd Wa(m) Ti(m) Dmm(mm) Pm/Pr Class 
Mekong 17,345 0.00003 1.5 3.5 0.1 2.5 SDC 
Yangtze 28,278 0.00006 1.5 4.5 0.05 0.7 SDC 
Yellow 1,480 0.00100 1.5 0.8 0.06 0.1 PAD 

Po 1,525 0.00004 1.5 0.7 0.4 2.2 PAD 
Amazon 198,676 0.0001 2.0 6.0 0.03 1.7 SDC 



 165

Figures 

 
 
 
 
 
 
 

 
 

 

Fig. 1. A position map of the study area, gravity cores, and cross section A-A’. The position 

of paleo and modern delta front is from Nguyen et al., 2000 and Xue et al. 2010, respectively. 
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Fig. 2. Wind field and sea level pressure of the study area. Arrows stand for wind, sea level 

pressure is in color (unit: millibars). Data is based on NCEP reanalysis during a.1948-2009 

and b. 2005. 
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Fig. 3. Ternary plot of sediment grain size. The majority of the sediment is falling into the 

clayey silt and sandy silt category. The two cores from the east shore of the Camau Penensula, 

Core MKII13 and MKII14 (triangles), have coarser sediment contents than the rest cores. 
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Fig. 4. SWAN  and ROMS model domain with water depth and the locations of tidal station 

and cross section A-A’. Depth contours at 20 m. 
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Fig. 5. Water discharge and suspended sediment concentration used in model inputs. Water 

discharge is from Hordoir et al., 2006, which is averaged over 27 years in the period 1933-

1966. suspended sediment concentration is estimated based on Milliman and Syvitski, 1992, 

Wolanski et al., 1996, and Wolanski et al., 1998. 
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Fig. 6. A comparison between water level flocculation at tidal station Vung Tau and model 

results. (a) January and (b) August 2005. 
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Fig. 7. Time series plot of air temperature (NCEP), observed sea surface temperature by satellite (AVHRR), and sea surface 

temperature estimated by ROMS model for 2005. 
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Fig. 8. Surface sediment concentration in January. (a) Moderate Resolution Imaging Spectroradiometer (MODIS) image from 

January 2003. (b) Wind velocities (red arrows), and model estimated surface sediment concentration (color) and current 

velocities (blue arrows), averaged for January 2005. Colors shown in log scale. 
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Fig. 9. Surface sediment concentration in August. (a) Moderate Resolution Imaging Spectroradiometer (MODIS) image from 

August 2002. (b) Wind velocities (red arrows), and model estimated surface sediment concentration (color) and current 

velocities (blue arrows), averaged for August 2005. Colors shown in log scale. 



 174

 

Fig. 10. Ternary plot of clay mineral composition. Mekong shelf (red, this study), Mekong River (blue), Gulf of Thailand 

(purple), Sunda Shelf (black triangles), and Indonesia (black cross). 
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Fig. 11. Excess 210Pb profiles of sediment cores. 
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Fig. 12. Time averaged wave, suspended sediment concentration, and sediment flux. (a) wave 

direction (arrows) and wave orbital velocity (color), (b) depth averaged suspended sediment 

concentration (color) and current velocity (arrows), (c) depth-integrated daily averaged 

sediment flux (ton m-1 day-1), and (d) depth-integrated daily averaged sediment flux without 

wind forcing (ton m-1 day-1). Flux direction shown as arrows where flux exceeds 0.01 ton m-1 

day-1. Colors shown in log scale. 
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Fig. 13. Modeled deposition of fluvial sediment. (a) Final deposition of fluvial sediment estimated for the Mekong River. (b) 

Net deposition at the end of 2005. (c) Net erosion at the end of 2005. Colors shown in log scale. 
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Fig. 14. Bed shear stresses averaged during 2005. (a) Combined wave-current skin friction shear stress averaged during 2005. 

(b) Current component of shear stress. (c) Wave component of shear stress. Colors shown in log scale. 
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Fig. 15. Current velocity and suspended sediment concentration during January. (a) cross-

shelf component of current (+, offshore; -, onshore), (b) along-shelf component of current (+, 

parallel to the shore to the northeast ; -, parallel to the shore to the southwest), (c) suspended 

sediment concentration of fine grained Mekong sediment, (d) suspended sediment 

concentration of flocculated Mekong sediment, (e) suspended sediment concentration of 

flocculated fines resuspended from seabed, and (f) suspended sediment concentration of sand 

resuspended from seabed. Time averaged for January 2005. Colors shown in log scale. X-

axis stands for cross-shelf distance (km). 
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Fig. 16. Current velocity and suspended sediment concentration during August. (a) cross-

shelf component of current (+, offshore; -, onshore), (b) along-shelf component of current (+, 

parallel to the shore to the northeast ; -, parallel to the shore to the southwest), (c) suspended 

sediment concentration of fine grained Mekong sediment, (d) suspended sediment 

concentration of flocculated Mekong sediment, (e) suspended sediment concentration of 

flocculated fines resuspended from seabed, and (f) suspended sediment concentration of sand 

resuspended from seabed. Time averaged for August 2005. Colors shown in log scale. X-axis 

stands for cross-shelf distance (km). 
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Fig. 17. Correlation between water depth, grain size, % Corg, and % Norg. 
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Fig. 18. The isotopic signature of Corg added to the shelf sediments. The slopes of the best-fit 

lines correspond to the average (C/N)atom (a), δ13C (b), and % modern 14C content (c) of the 

Corg responsible for the change in Corg. 
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Fig. 19. Suspended sediment concentration and seismic profile at cross section B-B’. (a) Modeled suspended sediment 

concentration and (b) seismic profile by “Chirp” sub-bottom profiler. 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 

1. Conclusions 

This dissertation research was a “Source-to-Sink” study focusing on both the Mekong 

River’s water and sediment discharge and its derived sediment transport and dispersal  on the 

continental shelf of the South China Sea (SCS). Both the land and subaqueous part of the 

Mekong system was investigated through a number of approaches, including statistics, 

geophysics, geochemistry, and numerical modeling. Research of the land part mainly 

addressed the climatic (e.g., precipitation) and anthropogenic (e.g., damming) impacts on the 

hydrology and sediment delivery of the Mekong River and the possible response of its delta. 

Research of the subaqueous part of the dispersal system involved (a) acquisition and 

interpretation of ~ 1150 km high-resolution CHIRP seismic profiles; (b) collection and 

analyses of cored sediments (accumulation rate, sediment dating, organic carbon source, and 

clay mineral); and (c) numerical modeling of the sediment transport and dispersal on the 

Mekong shelf. The main findings of this study included: 

1) Mann-Kendall trend analysis showed no significant change in precipitation and 

runoff over a 50-yr period at eight gauge stations in the Lower Mekong. Correlation between 

runoff and precipitation significantly changed after the impoundment of Manwan Dam in 

1993. However, the dam doesn’t show apparent influence on the runoff-SSC relationship. 

River runoff showed a smoother periodogram, which is closely related with ENSO after the 

impoundment of the dam. In the next couple of decades, approximate 200 new dams are 

likely to be built in the Mekong basin. River runoff will have an even closer connection with 
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local precipitation, and thus become more sensitive to ENSO impacts.  

2) High resolution seismic profiles revealed 10-20 m thick deltaic sediments within 

30 m water depth surrounding the Mekong River Delta (MRD). Over the past 3,000 yr, the 

evolution of the MRD has shown a morphological asymmetry, which may be explained by 

increased wave influence. The highest delta progradation rate (~ 26 m/yr) was found around 

Cape Camau, ~ 200 km downstream from the river mouth. Sediment budget estimation 

showed that approximately 80±18% of Mekong sediments have been trapped within the delta 

area, as part of the rapid progradation over the past 3,000 yr. A schematic incised valley fill 

model, since the low sea level stand was proposed. 

3) Clay mineral analysis showed that Mekong sediment was the major source material 

for the subaqueous delta. The 210Pb profiles of cores from the subaqueous delta showed either 

fluctuating or uniform excess 210Pb activities, indicating a rapid accumulation or strong 

physical mixing process. 14C measurements yielded few young ages for bulk organic matter 

on the subaqueous delta, indicating a contribution of ‘old’ organic material supplied by 

fluvial sediments or resuspension of previously deposited sediments. The δ13C values 

confirmed a mixed terrestrial/marine source. A lower limit on the sediment accumulation rate 

can be estimated from the 14C data, which suggested high rates around the rapidly prograding 

Cape Camau and slower rates in the Gulf of Thailand. . 

4) Numerical modeling of the sediment transport and dispersal on the Mekong shelf 

represented conditions in year 2005. Model calculation showed that 99% of Mekong 

sediment was retained within 20 km of the delta plain. Much of the Mekong sediment that 

traveled further was fine grained particles carried toward the southwest. Wave orbital 
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velocity and wave-induced bed shear stress were higher in the shallow water. Sensitivity tests 

indicated that wind was the most important forcing influencing local sediment transport. 

Along-shelf transport dominated during both NE monsoon and SW monsoon seasons. 

Although the along-shelf current shifts its direction during two monsoon seasons, the 

turbidity along the delta plain was composed of fine sediment from the Mekong and 

resuspended from the seabed during both seasons. The current-induced bed shear stresses 

dominated the Mekong shelf. 

 

2. Future work 

This dissertation represented a comprehensive analysis of hydrological data, seismic 

profiles, sediment cores, and application of numerical modeling tools to examine the flux and 

fate of water discharge, sediment transport and dispersal process of the Mekong dispersal 

system. Although great efforts were made to complete the 2006 and 2007 cruises, further 

field data, including hydrological, geophysical, vibercores, and continuous observations, are 

expected to enhance our understanding of such a large dispersal system. To be more specific: 

(1) Hydrological analyses did not cover the gauge stations on the delta plains. The 

source of the hydrological data used in this study is from the Mekong River Commission 

(MRC). The hydrological dataset at MRC is very sporadic, continuous water level and 

suspended sediment concentration (SSC) observations were not available for channels on the 

delta plain. This prevented a comprehensive analysis of changes in sediment delivery from 

the Mekong River to the SCS. 
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 (2) More geophysical surveys should be carried out on the Mekong shelf. The 

seismic profiles in this study mainly covered the subaqueous delta, which only explained the 

fate of approximate 80% of the Mekong derived sediment over the past 3,000 yr.  Further 

geophysical surveys are needed in deep waters to discover possible distal depo-centers of the 

Mekong sediment. 

 (3) Vibracores are needed to substantiate the current explanation of the stratigraphic 

architecture of the subaqueous delta. Both 2006 and 2007 cruises were conducted using a 

small fishery administration vessel (Fig.1), which was not capable of performing vibracoring. 

Recovered gravity cores were less than 2 m in length and could not penetrate the delta front 

facies. Although the facies correlation between seismic profiling and inland boreholes was 

successful, a detailed examination of vibracores will facilitate our understanding of the 

sedimentary processes on the subaqueous delta. 

 (4) Continuous observations of in situ hydrodynamics and SSC are needed to 

enhance the accuracy of numerical modeling. As in situ observation of the study area is very 

limited, I have had to rely on results from large scale models and databases in this study. 

Although the numerical modeling reproduced the general pattern of water level flocculation, 

seasonal variations of sea surface temperature, and the turbidity shown by MODIS images, 

high resolution in situ data, including fluvial inputs, circulation, temperature, salinity, and 

SSC, would be expected to enhance the accuracy of the model. Meanwhile, to assure model 

stability, current model domain only covered the relative deep waters (water depth > 5 m) 

along the eastern part of the MRD, sediment dynamics of the shallow areas as well as the 

western part of the MRD need to be explored. 
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Fig. 1. Vessel BT-0707-KN used during 2006 and 2007 cruises 

 


