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A B S T R A C T   

During times of lowered sea level, Mekong River and Red River incised valleys into the ancient coastal plains of 
the exposed shelves of the western South China Sea. The deglacial fill history of the incised valley was inves-
tigated by seismic surveys and sediment cores. The channels mainly exhibit a low-sinuosity course, but some 
channel segments are bent. The oldest part of the channel-bend fill exhibits shingled reflectors in Parasound 
seismic records documenting lateral channel migration typical of meandering rivers. Above, vertically stacked 
reflectors, which extend from the inner-bend side onto the cut-bank side document that the river-mouth channel 
turned to a mainly depositional mode. Vertical aggradation started when sea level was ~ 1–2 m below river 
water-level. During this phase, about two-third of the channel depth was filled by “fluvial-to-estuarine” mud 
having negative log(Ti/Ca) values as evidenced in XRF core scan data. Typically estuarine conditions developed 
when river water-level was approximate to sea level. Today channel bends form in estuaries within the zone of 
bedload convergence. Therefore, it is suggested that the studied channel bends represent antecedent, inherited 
features that formed during phases of prolonged phases of lowered, but relatively stable sea level to allow bends 
morphologically to develop. In fact, the bends occur not only in the western South China Sea but also in other 
areas of the world within a depth range that corresponds to times of retarded sea-level fall during MIS 5b, 5d, 4, 
and 3.   

1. Introduction 

Incised valleys and their fills represent condensed archives of the 
complex sedimentologic and stratigraphic development of coastal re-
gions during transgression whereas adjacent shelf areas often store an 
incomplete sediment record because of physical reworking of the de-
posits (e.g., Mattheus and Rodriguez, 2011). Commonly incised-valley 
systems form during lowering of the base level due to a relative sea- 
level fall that is marked by an abrupt seaward shift of coastal facies 
and an associated development of a sequence boundary (Zaitlin et al., 
1994). The time span during that a specific incised-valley system de-
velops and becomes filled depends on the interplay of various factors, 
such as fluvial discharge, erosion vs. deposition of sediment, influence of 
tides, rate of base-level/sea-level change, duration of lowered base level 
etc. (for a review see Boyd et al., 2006; Blum et al., 2013; Wang et al., 

2019). Besides economic aspects, such as enrichment of sand repre-
senting reservoirs or aquifers (e.g., Boyd et al., 2006), incised valleys 
store information about local as well as global environmental changes 
like uplift within foreland basins (e.g., Plint and Wadsworth, 2006), 
glacier dynamics (Fraser, 1994), or sea-level changes (e.g., van Wagoner 
et al., 1988). 

During the Pleistocene, high-frequency high-amplitude sea-level 
changes led to incision of valleys by rivers traversing the exposed 
shelves when the sea level was lowered (e.g., Schumm, 1981; Emery and 
Myers, 1996). In response to falling sea-level, a river traversing a 
cohesive substrate incises backward to approach a new equilibrium, 
which starts from the actual base level at the river mouth (e.g., Schumm, 
1993). The rates of sea-level fall during Pleistocene glaciations were 
much more rapid than backward incision and thus, rivers remained in 
geomorphic disequilibrium and hence, in a potentially erosional mode 
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(e.g., Schumm, 1993; Fagherazzi et al., 2004; Loget and van den 
Driessche, 2009). The sea-level records of the subsequent transgression 
can be extracted from incised-valley fills, as, for instance, convincingly 
demonstrated for the Holocene by Tjallingii et al. (2010, 2014). Obvi-
ously, only the sea-level rise is well preserved, whereas the temporal 
record of sea-level fall is poorly documented on clastic shelves because 
the coastline migrates further seaward and the exposed coastal plains 
are subjected to erosion as rivers incise deeper. If the sea level resides for 
some time in a similar position, characteristic geomorphologic features 
can be formed by the rivers, for instance, meanders (e.g., Miall, 2010; 
Blum et al., 2013). Concerning the last glacial cycle, the time period of 
the formation of incised valleys during sea-level fall was much longer 
than the period for filling up the valleys during deglacial sea-level rise. 

The formation of channel bends close to the mouth of a river incising 
a valley into the coastal plain has been outlined, for instance, by van 
Wagoner et al. (1990). Recently, such features are increasingly 
addressed and described in literature (e.g., Weber et al., 2004; Menier 
et al., 2006; Simms et al., 2006; Reijenstein et al., 2011; Miall, 2011). 
Except the statement of the similarity with fluvial point bars, the fills of 
such bends and the involved processes have not been investigated in 
detail yet to our knowledge. In turn, the environmental significance of 
incised-valley bends is not well known. Their depositional setting, 
however, can be deduced from fill architecture in combination with 
facies analysis. 

On different shelf areas of SE Asia, filled bent incised-valley segments 
have been discovered (Sathiamurthy and Rahman, 2017, and references 
therein). Furthermore on low-gradient shelf areas like those bordering 
the western South China Sea, the incised-valley fill records well effects of 
sea-level changes (e.g., Wetzel et al., 2017). The channel-fill deposits are 
geometrically similar and exhibit characteristic packages of genetically 
related reflectors (Bui et al., 2013). Such sediments occur in different 
regions and water depths and hence, do not represent singular cases 
rather than recurrently developed features. 

It is the purpose of this study to describe the fill architecture of 
incised-valley bends in the Gulf of Tonkin and off southern Vietnam, to 
interpret their formation and fill history and to outline their sedimen-
tologic and stratigraphic significance in a generalized conceptual model. 

2. Study area and geological setting 

The South China Sea is surrounded by the Southeast Asian mainland 
in the north and west and the islands of Borneo, Palawan, Luzon and 
Taiwan to the south and east (Fig. 1). It includes large shelf regions, in 
particular the Gulf of Tonkin in the NW and the Sunda Shelf in the SW 
that extends from the southern Vietnam coast including the Mekong 
River Delta to the Indonesian archipelago. These two shelf areas were 
studied in detail with respect to the incised-valley fill architecture of the 
ancient Mekong River and Red River (Fig. 1). 

The entire region of the South China Sea is influenced by the 
monsoon system (e.g., Tomczak and Godfrey, 1994). Two different re-
gimes of monsoonal circulation affected the South China Sea during 
Quaternary (e.g., Wang et al., 1999, Wang and Li, 2009). Interglacial 
times as today are characterized during winter (November to March) by 
weak seasonality and NE-monsoon that originates from large Siberian 
high-pressure cells and results in a dry season, whereas during May to 
September, the SW-monsoon provides humidity and leads to the wet 
season in the SE-Asian mainland (Wang et al., 1999; Wang and Li, 2009). 
Glacial times are characterized by strong winter monsoon and weak 
summer monsoon and low wetness in subtropical China (e.g., Wang 
et al., 1999; Liu et al., 2007). Therefore, fluvial runoff to the northern 
part of the South China Sea decreased, whereas the discharges of the 
Mekong River and other rivers flowing into the western part of the South 
China Sea increased significantly because their catchment areas are 
located further to the west (Wang et al., 1999). During glacial times, 
when sea level was lowered by 130 to 120 m (e.g., Hanebuth et al., 
2009), wide shelf areas were exposed and were drained by several rivers, 

that is a shelf width of 250 km for the continuation of the Mekong River 
and 500 km for the Red River (e.g., Voris, 2000). 

After the last glacial maximum, inundation of the exposed shelf areas 
started around 19.6 ka ago (Hanebuth et al., 2009) and continued until 
the mid-Holocene sea-level highstand at ~ 6 ka (Stattegger et al., 2013). 
Sea-level rise and the concomitant rise of local base level resulted in 
fluvial aggradation in the incised valleys and transformed them into 
estuaries during ongoing flooding (e.g., Hanebuth and Stattegger, 2003; 
Tjallingii et al., 2010; Wetzel et al., 2017). The low shelf-gradient 
allowed for a rapid shift of shorelines and only thin, transgressive 
shoreface sediments accumulated outside the incised valleys; above a 
relatively sharp boundary, Holocene marine deposits rest on Pleistocene 
deposits (e.g., Schimanski and Stattegger, 2005; Tjallingii et al., 2010; 
Szczuciński et al., 2013). Locally, relict sediments may occur offshore 
the Mekong River delta (e.g., Jagodziński et al. 2020) and in the Gulf of 
Tonkin (e.g., Niino and Emery, 1961; Coleman, 1969). 

The modern Mekong River Delta covers the region between 
Phnom Penh in the Cambodian lowlands, the Saigon River mouth, and 
the southeast Vietnamese coastline (Tanabe et al., 2003; Figs. 1, 2). 
Today the Mekong River splits in the Cambodian lowlands into the 
southern Bassac River and the northern Mekong River that diverges in 
multiple branches turning east- to southeastward further downstream. 
The lower reaches are nearly straight. The main river-mouth channels 
are 5 to 10 m deep (Wolanski et al., 1996; Nguyen et al., 2008; Gugliotta 
et al., 2017). The position and morphology of the Bassac River are 
tectonically controlled by the NW-SE trending Wang Chao strike-slip 
fault system (Fig. 1; Morley, 2002). Holocene sedimentation, however, 
is only little affected by tectonic movements (Ma et al., 2004). The shelf 
in front of the Mekong River Delta is slightly inclined; along a transect at 
~ 10◦ N, < 0.35 m km− 1 near the coast and somewhat steeper towards 
the shelf edge (Fig. 2). 

Fig. 1. South China Sea and adjacent areas. Boxes indicate areas studied in 
detail, the area offshore the present-day Mekong River delta (Fig. 2) and the 
Gulf of Tonkin (Fig. 3). 200 m water depth isobaths is marked. Major tectonic 
elements after Clift et al. (2008) and Fyhn and Phach (2015). 
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Today the southern part of the Mekong River Delta is affected by 
semidiurnal tides with mean ranges of 2.1 to 2.8 m and up to 4 m during 
spring-tide conditions (Nguyen, 2012). At the Bassac River mouth, the 
mean maximum tidal range is 3.2 m, which decreases upstream; tidal 
effects can reach up to 200 km inland and salt water may flow > 50 km 
upstream during dry season when river discharge is low (Wolanski et al., 
1996; Nguyen et al., 2008; Tamura et al., 2009). 

Prior to the 1990′s, the annual discharge of the Mekong River was 
about 470 km3 yr− 1 and the suspended load about 160 Mt yr− 1 (Milli-
man and Meade, 1983). During the last decades, however, the sus-
pended river load decreased to 40 Mt yr− 1 due to upstream dam 
construction (Binh et al., 2020). The river load fluctuates widely in 
response to monsoon rainfall, about 80% of the annual discharge occur 
during summer monsoon (Lu and Siew, 2006). 

During times of lowered sea level, the northern branches of the 
Mekong River flowed further to the east into the South China Sea via 
numerous incised valleys (e.g., Tjallingii et al., 2010). Incision of the 
river branches accentuated the Pleistocene landscape as the channels cut 
down as deep as 30 m. Incision might have been even deeper, because 
considerable erosion occurred during Holocene transgression (Tjallingii 
et al., 2010). 

The Gulf of Tonkin occupies an area of ~ 90,000 km2; it is bordered 
by the island of Hainan in the east and the Asian mainland to the north 
and the west. The bathymetry of the Gulf of Tonkin is affected by the still 
active Red River fault system that transverses the gulf (Fig. 1; Gong 
et al., 2011). The seafloor of the Gulf of Tonkin is covered mainly by 
siliciclastic muddy sediments, but locally sand and gravel have been 
encountered and, occasionally, Cenozoic bedrocks crop out (Niino and 
Emery, 1961). The Gulf of Tonkin experiences a diurnal tidal regime. 
The tidal range reaches 4 m in the north and 2 m in the south (van 
Maren, 2007). 

The Red River splits east of Hanoi into several distributary channels 
and forms a lobate delta south of Haiphong before it enters the Gulf of 
Tonkin (Fig. 3). The river carries about 123 Mt yr− 1 suspended load and 
10 Mt yr− 1 bed load (e.g., Mathers and Zalasiewicz, 1999; Borges and 
Huh, 2007). The mean annual discharge is about 3810 m3 s− 1 (=120 
km3 yr− 1; Mathers and Zalasiewicz, 1999). The discharge fluctuates 
between 23,000 m3 s− 1 and 700 m3s− 1 during wet and dry season, 
respectively; about 90% of the annual suspended sediment load is car-
ried during the summer monsoon season (Mathers and Zalasiewicz, 

1999). The Holocene architecture of the Red River Delta has been 
studied in some detail (Tanabe et al., 2006; Funabaki et al., 2007; 
Hoekstra and van Weering, 2007, and papers therein). Although during 
glacial times the discharge of the Red River significantly decreased, a 
well-developed valley was incised (Wetzel et al., 2017). Along that 
valley, the seafloor mainly exhibits a nearly constant gradient of 0.2 m 
km− 1 (Wetzel et al., 2017). 

3. Material and methods 

Seismic data and cores were collected during cruises 187 and 220 of 
the German research vessel Sonne in 2006 and 2012 to the South China 
Sea (Wiesner et al., 2006, 2012). The present study is based on several 
hundreds of kilometres shallow-seismic records crossing incised river 
valleys and 16, up to 10-m long, 12-cm diameter gravity cores taken 
along the seismic sections across the incised valleys; two seismic sections 
and 3 sediment cores retrieved from these transects were selected for a 
detailed analysis (Figs. 2, 3). 

Seismic data were acquired by the Atlas Electronic GmbH Parasound 
system; the acoustic source as described by Dung et al. (2013) is a hull- 
mounted device that combines a narrow-beam echosounder and a sub- 
bottom profiler (e.g., Grant and Schreiber, 1990). The system is oper-
ated with a fixed primary frequency of 18 kHz and a secondary primary 
frequency that varies from 20.5 to 23.5 kHz. Frequency band-pass filters 
of 2.5 kHz were applied. The data were digitally supplied by the ship’s 
global positioning system (GPS). 

The thickness of incised-valley fill-deposits and the vertical extent of 
sediment bodies were calculated from Parasound data. For seawater a 
sound velocity of 1475 m/s was determined from CTD measurements. 
Sound velocity of sediments was assumed to be in the order of 1650 m/s 

Fig. 2. Map of the area offshore the present-day Mekong River Delta; stippled 
lines represent boundaries of (so far recognized) valleys that were incised into 
the exposed coastal plain during the last sea-level lowstand; coring sites are 
marked by dots and numbers as listed in cruise report of Sonne cruise 187 
(Wiesner et al., 2006). Line at sites 69, 70, and 71 indicates the seismic record 
shown in Fig. 4A, C. 

Fig. 3. Gulf of Tonkin; shaded area within the Gulf represents the (so far 
recognized) valley that was incised into the exposed coastal plain during the 
last sea-level lowstand; coring site is marked by dot and number as listed in 
cruise report of Sonne cruise 220 (Wiesner et al., 2012). Seismic section across 
the valley follows ship track. Line at site 38 indicates the seismic record shown 
in Fig. 4B, D. 
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as measured in marine sediments having similar composition and 
porosity (Wetzel et al., 1990). 

Descriptions of all cores are based on onboard visual observations, 
digital camera images, and radiographs. For the X-ray radiography, 
about 1 cm thick sediment slabs were taken from the split core surface 
directly after opening and sealed to prevent desiccation (Werner, 1967). 
The slabs were irradiated at the Radiology Centre of the Kiel Medical 
Care Centre Prüner Gang (Germany) using a Swissray ddR Multi System 
operated at 40 kV and 100 mAs and automatically controlled radiation 
time. 

High-resolution elemental composition records were measured 
directly on the split-core surface in a non-destructive way with an 
Avaatech XRF Core Scanner as described by Tjallingii et al. (2010). After 
careful cleaning and preparation of the core surface with SPEXCerti 
Ultralene® foil, Sonne 187 and Sonne 220 cores were measured with a 
sample resolution of 2 cm and 1 cm, respectively. This foil avoids both 
contamination of the instrument sensor and desiccation of the core 
during the measurements. X-ray fluorescence (XRF) scanner measure-
ments were conducted with a sample time of 30 s and a generator setting 
of 10 kV (30 kV), which covers the elements Aluminum through to Iron 
(Lead). More technical details related to the XRF core scanner and 
sample preparation can be found in Richter et al. (2006) and Tjallingii 
(2007). To eliminate effects of sediment physical properties, sample 
geometry etc. on the measured data, the ratios or logarithmic-ratios of 
two elements were calculated that then can be directly interpreted as the 
relative concentrations of two elements (Weltje and Tjallingii, 2008). 
When the log(Ti/Ca) data were determined some time ago, acquisition 
of replicate measurements was not yet part of the standard XRF core- 
scanning measurement protocol. Therefore, it is not possible to pro-
vide the measurements confidence such as the standard deviation for the 
log(Ca/Ti) records. However, the obvious signal of the log(Ca/Ti) re-
cords suggests a good significance for both elements. 

4. Results and interpretation 

4.1. Seismic records 

Within the extent seismic records obtained from the shelf areas off 
the Mekong River Delta and within the Gulf of Tonkin, a few transects 
cross the incised valleys of both, Mekong River and Red River and 
exhibit a remarkable pattern that resembles the fill structure of 
meandering rivers (Fig. 4A, B). The valley-fill deposits show a pro-
nounced asymmetry in cross-section having a gentle slope on one side 
and a steep margin on the opposite side (Fig. 4). Although the cross- 
section of the ancient Mekong River incised valley appears roughly 
symmetrical, the fill sediments display marked asymmetry (Fig. 4A, C). 
The measurements of these valley segments are given for the cross- 
sections at site 69 of the ancient Mekong River (M) and at site 38 for 
the ancient Red River (R) (see Figs. 2, 3). The channels are 2 to 3 km 
wide and their fill is about 23 m (M) and 10 m (R) thick. The deglacial 
valley fill that is studied here in detail is bound at the base by a locally 
not sharp, sometimes irregularly shaped reflector that continues into the 
steep valley margin. In these cases, the base of the deglacial fill is at ~ 
–68 (M) and –78 m (R) below sea level (BSL), respectively. The deposits 
resting on this reflector represent the deglacial valley fill. The marine 
transgressive surface is located at –45 m (M) and –65 (R), respectively. 

The deglacial valley fill is arranged in 4 packages (I to IV), each of 
them characterized by a uniform arrangement of the reflectors. The 
packages of reflectors differ in their geometry and they are separated 
either by more or less prominent high-amplitude reflectors or by a subtle 
erosional truncation or by both (Fig. 4C, D). 

Package I constituting the lower part of the deglacial fill starts with 
an interval of not very well organized reflectors that develop into a well- 
developed bundle of inclined reflectors that are discontinuous, shingled 
and dip at 1◦ to 2◦ towards the steep margin of the valley. Within this 
package, small-scale discontinuities may occur. The reflectors tend to 
become flat towards their base and top. The reflectors constituting 

Fig. 4. . Seismic records of the fill architecture of meandering incised-valleys. (A) Seismic record across the valley incised by the Mekong (coring sites 69 and 70; see 
Fig. 2), (B) seismic record across the valley incised by the Red River (coring site 38; see Fig. 3); (C) seismic record across the valley incised by the Mekong as in (A) 
with four marked packages of reflectors (coring sites 69 and 70; see Fig. 2), (D) seismic record across the valley incised by the Red River as in (B) with four marked 
packages of reflectors (coring site 38; see Fig. 3). – Vertical bars at the coring sites indicate core length. 
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package I show a lateral shift and they have a maximum vertical extent 
of up to 21 m (M) and 9 m (R). For the transect across the ancient Red 
River valley that is not affected by pre-existing morphology, package I 
reflectors show a downward shift. The boundary to the overlying 
package II is transitional, but the basal reflector of package II and those 
above onlap onto the steep valley flank in contrast to those of package I. 

Package II consists of vertically stacked reflectors, which show a 
convex-downward shape exhibiting a decreasing curvature upward. 
This package is in maximum 18 m (M) and 9 m (R) thick, but in the 
channel axis only 14 m (M) and 5 m (R). The width of the channel 
decreased during the formation of package II from 2.5 km to 1 km (M) 
and 2 km to 1 km (R), respectively. During formation of package II the 
reflectors migrated still gradually outward at the steep valley side by a 
total of 450 m (M) and 300 m (R), respectively, but the amount of shift 
decreases upward. 

Package III exhibits a conformable contact to package II in the centre 
of the channel that, however, becomes unconformable towards the 
gently dipping margin of the channel. Laterally it continues into a slight 
erosional truncation in contact to package I. Above that, the reflectors of 
package III onlap onto packages I, II and onto the steep valley margin as 
well. The boundary between packages II and III exhibits a vertical relief 
of about 5 m (M) and 3 m (R). The reflectors of package III show a slight 
vertical stacking. The valley cross-section widens from about 1 km to 
2.2 km (M) and 1.9 to 3.4 km (R), respectively. Package III ends laterally 
and vertically at the valley shoulders and completes the valley infill. 

Package IV is characterized by reflectors being roughly parallel to the 
topography below, inside and outside of the valley. The boundary be-
tween package III and IV is often transitional. 

4.2. XRF core-scan data and lithofacies 

All cores of the incised-valley fill-deposits exhibit a similar pattern of 
the XRF core-scan data with respect to the log(Ti/Ca) values. The ratio of 
the elements Titanium (Ti) and Calcium (Ca) records the relative vari-
ation of terrigenous and marine constituents. The conservative element 
Ti is restricted to lithogenic sediments and inert to diagenetic processes 

(Calvert and Pedersen, 2007). The element Ti resides in Ti-oxides like 
rutile and anatase (TiO2) and is enriched in tropical soils such as laterites 
and bauxites. The element Ca reflects predominantly the abundance of 
biogenic carbonates (CaCO3) in marine sediments (Arz et al., 1998; 
Tjallingii, 2007). 

The basal part of all cores exhibits fairly constant log(Ti/Ca) values 
at around zero (Fig. 5). Further up, there is a transition wherein the log 
(Ti/Ca) values become clearly negative. This occurs in 180–220 cm and 
180–200 cm depth, in the cores 69–2 and 70–2 (ancient Mekong River), 
respectively, and in 180–220 cm depth, in core 38–5 (ancient Red 
River). At the transition and somewhat below some negative peaks may 
occur. The upper part of the cores is characterized by roughly uniform 
log(Ti/Ca) values at around –1. 

Within the studied cores, five main lithofacies (LF) can be distin-
guished (Fig. 6). The boundaries between them are sharp or gradational. 
The different lithofacies (LF) are related to both log(Ti/Ca) values and 
seismic records (see below). 

Lithofacies 1 – Lag deposits (LF1; Fig. 6A) 
Observations. Above a distinct boundary, greenish, grey, slightly 

muddy coarse-sandy to pebbly material with mud clasts, carbonate and 
Fe-oxide nodules rests on stiff to hard consolidated, often multicolored 
mud. The coarse layer is up 60–80 cm thick. Neither stratification nor 
burrows are visible. The transition to overlying LF2 is fairly sharp. 

Interpretation. The coarse interval represents fluvial lag deposits 
containing remnants of palaeosols (caliche, iron-oxide nodules, hard 
mud-clasts). The mud clasts were eroded from channel floor/banks. The 
multicolored stiff mud underneath is interpreted to have been over-
printed by pedogenetic processes. The discontinuity at the base repre-
sents an erosional unconformity. 

Lithofacies 2 – laminated mud (LF2; Fig. 6B). 
Observations. This lithofacies is composed of greenish to greyish 

laminated mud, but sometimes colour may get some brownish-reddish 
shading. Up to a few mm thick silt and sand laminae occur occasion-
ally as singular layers, as packages separated by mud laminae, or as up to 
millimetre-thick mud intervals. Conspicuous thin laminae composed of 
dark plant debris are intercalated at varying spacing. Locally, light- 

Fig. 5. XRF-scan data of cores taken along a transect 
crossing an incised valley of the ancient Mekong 
River (see Figs. 2, 4A) and the ancient Red River (see 
Figs. 3, 4B). Furthermore, the occurring lithofacies 
(LF) are shown and the range of the packages of 
seismic reflectors as shown in Fig. 4C, D. Grey tri-
angles mark age points, the given age is in yr BP (for 
details of age determination see Tjallingii et al., 
2010). Core 69–2 and adjacent core 70–2 were taken 
at the modern water depth of 43 m, core 38–5 at 64 
m.   
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brownish siderite spots occur deeper in core. 
Interpretation. LF2 is interpreted as fluvial-dominated mud because 

of the constant, relatively high log(Ti/Ca) values at around 0, the 
absence of marine organisms, and very rare burrows. Furthermore, early 
diagenetic siderite implies pore water having been low in sulfate prior to 
diagenesis that is typical of freshwater-dominated settings (Mozley, 
1989; Curtis and Coleman, 1986). 

Lithofacies 3 – Bioturbated mud (LF3; Fig. 6C) 
Observations. This lithofacies consists of greyish to greenish mud. In 

fresh core, it appears commonly homogeneous, but in X-ray radiographs 
a high degree of bioturbation can be recognized. In addition, in X-ray 
radiographs Fe-sulfides can be seen. Where overlain by LF4 this lith-
ofacies stiffens towards the top and can be penetrated by distinct tubular 
burrows of the Glossifungites suite (e.g., MacEachern et al., 2009); some 

Fig. 6. Examples of lithofacies (LF) encountered at the coring sites, fresh core at the left, X-ray radiograph (negative; sand = light, mud = dark) at the right. (A) LF1 – 
Fluvial lag deposits consisting of pebbly sand, (a) artefact, pebble lost due to core preparation, (P) pebble (core 45–4, 799–814 cm). (B) LF2 – Laminated fluvial mud; 
laminae consisting of silt and fine sand are clearly seen in X-ray radiographs, whereas layers rich in organic debris cannot be distinguished; the latter, however, are 
evident in fresh core (orl); siderite (S) implies pore-water containing a high proportion of freshwater (core 69–2, 869–881 cm). (C) LF 2/3 –Thin alternating intervals 
consisting of laminated mud (LF2) and bioturbated mud LF3, (bi) intensely bioturbated interval, (bs) sand-filled burrow (core 69–2, 340–355). (D) LF3 – Bioturbated 
estuarine mud appearing homogeneous in fresh core but exhibits biodeformational structures in X-ray radiography; iron-sulfides (is) imply originally sulfate-rich pore 
water (core 38–5, 223–238 cm). (E) LF4 – Bioturbated sand deposited just above the marine transgressive surface; originally deposited layers consisting of sand and 
shell debris (ms) were mixed by burrowing organisms with mud (core 38–5, 173–188 cm). (F) LF5 – Bioturbated marine mud, burrowing organisms extinguished all 
primary sedimentary structures; (bm) mud-filled burrow (core 38–5, 24–36 cm). 
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of these burrows are still open, others are filled with material from above 
(LF 4 or LF5). Locally Gyrolithes trace fossils occur (Wetzel et al., 2010). 

Interpretation. This lithofacies formed under estuarine conditions 
when both fluvial runoff and tides interacted. This interpretation is 
based on the XRF core-scans providing log(Ti/Ca) values around zero, 
the stratigraphic position below marine LF4, and the absence of (debris 
of) marine shells except in some Glossifungites-suite burrows filled from 
above. Gyrolithes burrows reflect fluctuating salinity in incised valleys 
that were filling when estuarine circulation was established during 
Holocene transgression in a mesotidal setting (Wetzel et al., 2010). 
Furthermore the presence of Fe-sulfides suggests that the pore water 
contained a non-negligible sulfate content prior to diagenesis implying 
influence of seawater (e.g., Curtis and Coleman, 1986; Rickard et al., 
2007). 

Lithofacies 2/3 – Alternations of laminated and bioturbated mud 
(LF2/3; Fig. 6D) 

Observations. Transitions between LF2 and LF3 occur in almost all 
cores as centimetric alternations of laminated and bioturbated mud 
layers. The latter become thicker and more frequent upward until LF3 is 
dominant. 

Interpretation. This transitional lithofacies formed when marine 
water incurred (occasionally far-upstream) due to storms or during 
seasonal low river discharge (e.g., Carlin et al., 2015). The deposits were 
bioturbated during such marine episodes (e.g., Dashtgard et al., 2012) 
when polyhaline conditions established (Wetzel and Unverricht, 2020), 
whereas the dominance of fluvial conditions is indicated by the lami-
nated mud. 

Lithofacies 4 – Mottled sand (LF4; Fig. 6E). 
Observations. LF4 is composed of bioturbated, mottled, poorly sorted 

fine to coarse sand containing a varying amount of millimetric to cen-
timetric (debris of) marine shells and some admixed mud. The sediment 
colour varies from pale greenish to yellowish depending on the amount 
of mud present. Burrows might be enriched in coarse or fine grains. 

Interpretation. LF4 represents shallow-marine sand because of low 
log(Ti/Ca) values and the presence of marine fossils. The considerably 
high sand content of LF4 is typical of transgressive deposits; the coarse 
grain-size on top of the Glossifungites surface that accentuates the 
boundary to LF3 implies physical reworking. 

Lithofacies 5 – Marine mud (LF5; Fig. 6F) 
Observations. In fresh core, LF 5 appears as uniform to slightly 

mottled greenish mud. In X-ray radiographs, it is seen that the sediment 
is completely bioturbated. Locally, singular or nests of marine mollusc 
shells occur being millimetres to a few centimetres in size. 

Interpretation. LF5 represents marine mud as it shows negative log 
(Ti/Ca) values, contains (fragmented) marine organisms, and its top 
forms the present seafloor. In contrast, the incised-valley fill sediments 
below are composed of lithogenic material low in carbonate as indicated 
by high log(Ti/Ca) values around zero (Fig. 5). The marine transgressive 
surface is situated between these two units and shows a pronounced shift 
in log(Ti/Ca) values. Recurrent negative log(Ti/Ca) peaks below the 
marine transgressive surface originate from burrows filled with marine 
material from above. 

One core from the ancient Mekong River incised valley (69–2) 
reached the top of package-I deposits and provided a calibrated radio-
carbon age of 11.2 ka at 9 m core depth (Fig. 5). At this site, full-marine 
conditions established before 9.5 ka in ~ 200 cm core depth (Tjallingii 
et al., 2010). 

5. Discussion 

Because the sediment packages representing the valley fill are 
genetically related to each other, the valley-fill architecture in combi-
nation with the lithological data is interpreted in terms of consecutive 
depositional processes (e.g., Helland-Hansen and Hampson, 2009) and 
shown in Fig. 7. 

The unconformity bounding the deglacial valley fill at the base 

continues into the unconformity marking the valley margins (Fig. 4C, 
D). This unconformity matches only partly the characteristics of a 
sequence boundary as outlined by Strong and Paola (2008) and Blum 
et al. (2013); due to lateral shift and widening of the channel, the basal 
channel surface usually resembles a valley in shape, but it is a highly 
diachronous, composite feature that never existed as a topographic 
surface in the subaerial landscape. The lowermost deglacial channel-fill 
package I comprises inclined and (sub)parallel, more or less continuous, 
high-amplitude and shingled reflectors. Laterally accreting reflectors are 
interpreted to represent point-bar deposits that formed by the lateral 
migration of a meandering channel (e.g., Reijenstein et al., 2011; 
Janocko et al., 2013). Furthermore, the continuous incision during 
formation of package I (Fig. 4D) implies a depositional setting above 
base level and hence, points to a fluvial setting. The encountered LF2 
lithofacies supports this interpretation. It contains numerous siderite 
concretions that in organic-rich estuarine deposits only could form if the 
pore water is low in sulfate/sulfide otherwise Fe-sulfides would pre-
cipitate (Postma, 1982; Mozley, 1989; Curtis and Coleman, 1986). 
Therefore, siderites in the studied deposits imply strong freshwater 
influence. 

The boundary between package I and II appears to be transitional, 
but in fact it documents a marked change of the fluvial system, as 
package II is present on both, the point-bar side and the previous cut- 
bank side. Therefore, lateral shift of the channel ceased and sediment 
aggradation started. The vertical accretion pattern strongly suggests that 
flows have been depositional, even on the cut-bank side. Thus, these 
channel processes differed from those during point bar formation 
because the channel switched to an aggrading mode while the cross- 
sectional area decreased implying a lowering in stream power (e.g., 
Janocko et al., 2013). Concomitantly lateral channel migration declined. 
Package II formed within a setting dominated by terrigenous sediments 
as suggested by the XRF core-scan data. Encountered LF2/3 and LF3 
lithofacies, both containing Fe-sulfides, suggest varying marine influ-
ence that also induced flocculation of mud in the mixing zone between 
marine and fluvial waters (e.g., Kineke et al., 1996). Increasing mud 
aggregation leads to accelerated settling and more rapid deposition (e. 
g., Portela et al., 2013; Sutherland et al., 2015). Furthermore, tidal ef-
fects might have favoured deposition of sediment as flow velocity 
decelerated during flood and subsequent slackwater (e.g. Dashtgard 
et al., 2012). 

For the marked change in the depositional setting from fluvial 
(package I) to estuarine (package II) the distance to the shoreline can be 
estimated. This calculation is based on the geometry of the reflectors of 
package I, the elevation of the adjacent land surface, and the overall 
slope of the coastal plain. However, two assumptions are made; (1) the 
water table in the channel close to the coast was nearly equal to sea level 
and (2) the uppermost reflector of package I was just covered by water. 
For the valley incised by the Red River, the top of package I is at –66 m, 
this is 3 m below the adjacent land surface. As the coastal plain has an 
overall slope of 0.2 m km− 1 (see above), the shoreline was about 15 km 
away. For the ancient Mekong, the adjacent land surface is 6 m above 
the top of package I and the slope of the coastal plain is 0.35 m km− 1. 

Fig. 7. Schematic subdivision of the incised-valley fill from a fluvial point bar 
to fully marine sediments. The dimensions of the valley fill may vary hori-
zontally from hundreds of meters to several kilometres and from meters to a few 
meters in thickness. 
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Thus, the coastline was about 17 km away when the aggrading reflectors 
started to form. In both instances, 15 km and 17 km from the coast is in 
the range of the zone affected by seawater and even within the bedload 
convergence zone of modern rivers (e.g., Dalrymple, 2012; Fig. 8). In 
case of the modern Fraser River, tidal effects occur up to 90 km up-
stream, but salt water intrudes only for 30 km during average discharge 
(e.g., Dashtgard et al., 2012); for the modern Mekong River the corre-
sponding values are 200 km and > 50 km, respectively whereas shells of 
brackish-water organisms occur as far as 160 km upstream (Gugliotta 
et al., 2017). 

The vertical aggradation pattern is indicative of a rising base level 
(=sea level). At the time when package I formed, the channel bend was 
located very likely within the tidal limit as in transgressive-phase estu-
aries the main channel shows the highest sinuosity within the bedload 
convergence zone that is located within the upper reach of the tidal limit 
(e.g., Dalrymple et al., 2012). The onset of marked vertical accretion 
occurred at ~ 10.8 ka in the cross-section of the ancient Mekong River 
(Tjallingii et al., 2010, Fig. 6). At that time the sea level was ~ –48 m BSL 
(Tjallingii et al., 2010, Fig. 7). This is ~ 1 m below the estimated water 
level in the channel if the upper tip of the shingled reflectors of package I 
was just covered by water. Therefore, at the onset of the aggradational 
stage documented by package II, the channel was about 16 m deep 
(=vertical extent of reflectors of package II) and the rising sea-level 
modulated sediment aggradation within the channel having its floor 
~ 15 m below sea level. Consequently, package II represents the period 
during that estuarine conditions established. These deposits are ascribed 
to the late lowstand systems tract. 

Package III documents a gradual widening of the channel by re-
flectors onlapping onto both channel sides suggesting that a funnel- 
shaped estuary existed. This occurred at an estimated age of 10.2–9.8 
ka. At that time, water level within the ancient Mekong River channel 
(=upper tip of basal reflectors of package III) equalled sea level (~–44 
m). The channel was 5.2 m deep as indicated by the vertical extent of 
package III reflectors. The adjacent land was 1–2 m above sea-level 

(Fig. 4). The base of package III is slightly erosional because it trun-
cates reflectors of the packages II and even I underneath. The channel 
was quite shallow, but it expanded and widened upward as indicated by 
the reflectors onlapping the channel banks. Erosion at the base of the 
package III points to the interaction of fluvial runoff with tides that 
increased stream power (e.g., Dalrymple et al., 2012). The reflectors, 
however, still exhibit a slightly aggrading pattern and hence, indicate 
further base-level rise. The channel floor moved upward and lateral 
expansion of the channel enlarged the hydraulic cross-section because of 
increasing tidal influence (cf. Dalrymple et al., 2012). These deposits are 
interpreted as early transgressive systems tract that records increasing 
marine influence within an estuary becoming wider in response to 
transgression. Package III comprises transitional LF2/3 and LF 3 that 
both show characteristics of a salinity-stressed setting to a varying de-
gree. The low diversity of the burrows in the bioturbated mud supports 
this deduction (e.g., Gingras et al., 2012; Wetzel et al., 2017). Package III 
is capped by a fairly well developed high-amplitude reflector. This 
reflector very likely represents the marine transgressive deposits of LF4 
that rests on a stiffened Glossifungites interval. This reflector forms the 
base of package IV that consists of the marine LF4 and LF5. The latter is 
characterized by topography-parallel homogeneous-appearing, low- 
amplitude reflections. Consequently, the deposits of package IV 
comprise the transgressive and highstand systems tracts. 

During the Pleistocene glaciations, sea-level dropped at a higher rate 
than rivers could incise into the coastal plains and hence, the rivers were 
not in geomorphic equilibrium and had the potential to cut deeper into 
the substrate (Muto and Swenson, 2005; Blum et al., 2013). In addition, 
backward incision of rivers was slow compared to Pleistocene sea-level 
lowering and thus, it took time to re-acquire an equilibrium river profile 
depending on the amount of sea-level fall, the resistance of substrate 
against erosion, stream power etc. (e.g., Bridge, 2003; Mattheus and 
Rodriguez, 2011). For large river systems, it has been calculated that 
they respond with a time lag exceeding 100 kyr to short-term base-level 
fluctuations (Casteltort and van den Driessche, 2003; Clift, 2006; Blum 
et al., 2013). Therefore, the gradient of large incised valley systems very 
likely did not reach equilibrium during Pleistocene sea-level falls (e.g., 
Emery and Myers, 1996; Blum et al., 2013). 

During rapid sea-level fall, non-equilibrium conditions very likely 
prevailed also within the river-mouth region because rivers did not tend 
to form a delta rather than a simple funnel-like channel that was sub-
sequently incorporated into the incised valley during further sea-level 
fall (e.g., Hori et al., 2004; Mattheus and Rodriguez, 2011). In spite of 
the fact that an estuary represents a transitional stage towards a delta 
being typical of a transgressive setting (e.g., Dalrymple et al., 2012), 
geometrically similar, funnel-like features might have formed during 
rapid sea-level fall (cf. van Wagoner et al., 1990; Emery and Myers, 
1996). 

During rapid sea-level rise, time for geomorphologic equilibration 
was, again, often too short, in particular in low-gradient coastal plains 
where little increments in sea-level rise led to far inland shift of the 
coastline. In this case, the characteristics of modern tide- or wave- 
dominated estuaries cannot fully develop, for example, cross-bedded 
sands deposited on elongate estuarine or coastal bars as well as wave- 
generated structures as typical elements of estuaries (Dalrymple et al., 
2012) are absent. Instead, during fast transgression of low-gradient 
coastal plains the mouth region of an incised valley migrates so 
rapidly landward that only thin transgressive sand sheets can form 
within the valleys, in particular, if the rivers are rich in suspended load, 
as in the studied cases (Wetzel et al., 2017). The resultant thin trans-
gressive sand layers are prone to become completely bioturbated as 
documented by LF4. Above, the mud-dominated LF5 corresponds to 
shelf mud accumulating in front or downdrift of modern estuary of a 
major river that carries large amounts of suspended load (e.g., Unver-
richt et al., 2014; Zhang et al., 2014). Furthermore, modern estuaries are 
funnel-shaped and tend to widen exponentially towards the sea. In case 
of a rapid sea-level change, the widening is very likely less pronounced 

Fig. 8. Scheme showing the various factors active within the lower reaches of a 
river having an estuary mouth morphology (redrawn from Li, 2006; Dalrymple, 
2012, Zhang et al., 2014). The numbers below the line drawing refer to the 
potential depositional setting of the seismic packages defined in Fig. 7. Because 
the amount of suspended mud varies considerably due to variations in 
discharge and seawater intrusion, the graph just represents the relative increase 
and decrease downstream. 
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because the time to fully develop the funnel shape is too short and the 
effect of incoming energy such as tides and waves is reduced compared 
with wide open estuaries that evolved over a few thousands of years (cf. 
Zhang et al., 2014). 

In response to rapid falling base level, rivers first narrow and 
straighten, then deepen and finally may widen (Schumm, 1981). 
Accordingly, most seismic records of the valleys incised by the Mekong 
River and Red River are suggestive of a straight or low-sinuosity channel 
course that is in accordance with the above scenario (see Figs. 2, 3). 
Nonetheless, independent of the general fluvial style, a river within an 
incised valley tends to form meanders near the river mouth (e.g., van 
Wagoner et al., 1990). Although there is no satisfactory physical 
explanation for the formation of such channel bends, they are known to 
occur preferentially upstream the tide-dominated channel segment 
(Gugliotta and Saito, 2019) or within the zone of bedload convergence 
where the sediment load is enlarged (Dalrymple et al., 2012). The 
bedload convergence zone is given by the bedload transferred by tidal 
currents upstream and fluvial bedload moving downstream (Fig. 8). 
Modern estuaries, for instance, show characteristic channel bends 
within the range of the tidal limit (Dalrymple et al., 2012). Evidently, 
sediment load is an important factor; the more sediment enters a flow 
the more rapidly are loops developed (Twidale, 2004). For example, 
various tributaries of the modern Amazon River significantly differ in 
sediment load and only the rivers carrying a lot of sediment form me-
anders whereas the others do not (Constantine et al., 2014). Because a 
channel starts to widen and to migrate when bars are formed (Blum 
et al., 2013) the large amounts of sediments within the bedload 
convergence zone and their temporary deposition, for instance, during 
slackwater may initiate channel migration or avulsion. 

The formation of channels bends that are later not subjected to neck 
cut-off and erosion (Twidale, 2004), lasts considerable time, in the order 
of a few hundreds of years or more depending on the environmental 
conditions (e.g., Miall, 1996, 2010). Applying this scenario to the 
studied cases, the local, but clearly developed channel bends very likely 
formed during prolonged phases of nearly stable relative sea level. To 
prove this hypothesis, the water-depth range of the incised valley bends 
has been compared with the Late Pleistocene sea-level chart according 
to Waelbroeck et al. (2002). During the last 130 kyr, in particular during 
MIS 5d, 5b, 4, and 3, there have been periods of prolonged relatively 
stable or at least little sea-level fluctuations during that the sea-level 
oscillated recurrently around –45 ± 5 m and –70 ± 5 m BSL (Fig. 9). 
These depth intervals match fairly well the water-depth range (given by 

the top of package I) wherein the incised valley bends of the ancient 
Mekong River and Red River occur (Fig. 4). The Pleistocene sea-level 
curve, however, is still subject to some degree of uncertainty (e.g., 
Waelbroeck et al., 2002). The above hypothesis is supported by the 
observation that channel bends constitute antecedent, inherited forms in 
coastal plains and affect morphology and drainage pattern (e.g., Phillips 
and Slattery, 2008). Similarly, the ancient Mekong River valley pre-
served some palimpsest features (deep channel base underneath the 
point bar side; Fig. 4A, C) that originated form antecedent forms. 

If the above hypothesis is valid, also other incised valleys should 
show such bends in depth ranges that represent episodes of relatively 
stable sea level. There are some published records of incised valleys 
having similar fill architecture. On the Sunda Shelf, close to the Malayan 
peninsula up to 40 m-thick deposits of migrating channels have been 
found in 70 ± 5 m (Darmadi et al., 2007, fig. 3). The meandering 
channels shown by Reijenstein et al. (2011) and Alqahtani et al. (2014) 
in about –95 m depth BSL do not match the above given depth range, but 
this area is affected by thermal subsidence (Alqahtani et al., 2015) that 
caused additional deepening and thus, also these meandering channels 
probably match the above envisaged depth range. For the ancient 
Charente River offshore France, repeatedly vertical aggrading units have 
been identified above point bar deposits within bent valleys (Weber 
et al., 2004, fig. 3A, B, unit U1; Menier et al., 2006, unit U4, fig. 11). The 
top of the meandering channels is located at –40 ± 2 m BSL. Shingled 
reflectors within incised valleys have also been described from offshore 
Texas in a similar water depth by Simms et al. (2006). Similarly, studies 
addressing the valleys incised by the rivers flowing into the Gulf of 
Mexico are stated to have widened and shifted during periods of rela-
tively stable, but lowered sea level (Blum et al., 2013, fig. 28). This 
depth interval matches roughly prolonged phases of relatively stable 
sea-level that occurred during MIS 2, 3, and 4d (Fig. 9). Filled channel 
bends have been recognized also in seismic records of the ancient 
Molengraaff River that drained the Sunda Shelf (Hanebuth et al., 2002, 
fig. 2a, e). There, the top of the channel fill is located in about –110 to 
–120 m BSL. This depth is in the range of the sea-level lowstand during 
the last glacial maximum. 

The sedimentary record within Pleistocene incised valleys is defi-
nitely biased because continuous incision during falling and low sea 
level removed very likely parts of the previous deposits. In contrast, 
during sea-level rise close to the shoreline, the valley is potentially 
overdeepened because of preceding incision. Consequently, a fluvial 
system turns into a depositional stage when such a valley segment is 
affected by rising base level, and the resultant deposits have a high 
preservation potential. Each shift of a surface expressed in the seismic 
record across an incised valley, therefore, can be seen as a step within a 
continuously evolving system and hence, its displacement has sedi-
mentologic significance. 

6. Conclusions  

1. Bent segments of incised valleys have been observed repeatedly in 
seismic records of shelf areas bordering the western South China Sea. 
The Holocene deposits filling incised-valley bends document the 
change from fluvial over estuarine to marine settings.  

2. Above a basal high-amplitude unconformity, (sub)parallel, shingled 
reflectors document laterally accreted point-bar deposits in a chan-
nel of considerable depth. The onset of local base-level rise (=sea- 
level rise) is given when depositional style changes to vertically 
stacked aggrading strata. They indicate that the fluvial system turned 
to a mainly depositional mode and became considerably influenced 
by seawater and tides. This occurred when the river water-level at 
the studied sites was ~ 1 m above sea level, but the channel floor was 
several meters below sea level. The vertical extent of the reflectors 
provides a measure for channel depth that decreased by about 50% 
when fluvial-to-estuarine sediments accumulated. The presence of 

Fig. 9. Sea-level fluctuations for the last Glacial-Interglacial cycle (after 
Waelbroeck et al., 2002) exhibit a few periods during that the sea-level changed 
only slowly. During these episodes of retarded sea-level fluctuation, the sea- 
level was within a depth range that corresponds to the depth of the bent 
channels (marked with grey bar). * During the last glacial maximum, meanders 
might have formed close to the corresponding coast line. This coincidence may 
suggest that then the channel bends formed (for details see text). 
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siderite or iron sulfides in alternating intervals may imply major 
influence of either fluvial or marine water.  

3. At the onset of the following estuarine stage, river water-level was 
nearly equal to sea level. Increasing influence of tides characterizes 
the estuarine stage during transgression that led to a roughly twofold 
widening of channels as documented by onlapping reflectors. Sedi-
ment accumulation was low because river runoff and tides inter-
acted. XRF core-scan data in combination with the presence or 
absence of (fragmented) marine shells, siderite and iron sulfide 
support the interpretation of an environment changing from fluvial 
over estuarine to marine.  

4. Modern analogues suggest that the channel bends very likely formed 
within the bedload convergence zone of an estuary during sea-level 
fall at times of rather stable relative sea level and hence, the bends 
represent antecedent structures. However, to preserve the bends as 
antecedent morphological elements during further sea-level 
lowering they need considerable time to fully develop to escape 
later destruction. Prolonged periods of relatively stable sea-level 
occurred during sea-level fall. In fact, channel bends are present in 
various areas within the depth ranges that correspond to such pe-
riods of retarded sea-level fall. 
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Kagelmacher, A., Lahajnar, N., Le, X.T., Liskow, I., Moisander, P., Montoya, J., 
Nguyen, B.M., Nguyen, D.C., Nguyen, H.H., Nguyen, K.V., Nguyen, N.L., Nguyen, T. 
T., Nguyen, V.T., Peinert, R., Peleo-Alampay, A., Schimanski, A., Steen, E., Stochel, 
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