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A B S T R A C T

Understanding the relationship between depositional processes and their products in the fluvial–marine tran-
sition zone in tide-dominated depositional systems is fundamental to improving environmental and stratigraphic
interpretations of long-term sedimentary records. The distributary channels of the Mekong Delta represent a
typical example of a complex sedimentary environment characterized by strong fluvial and tidal interactions,
and seasonal variability in hydro-sedimentary dynamic processes, particularly the migration of a salt wedge
front linked to seasonal fluctuations in freshwater discharge. For this study, we analyzed grain size, magnetic
susceptibility, and organic elemental geochemistry of channel-bed surficial sediments collected in 2015 from all
distributary channels during the dry season and from the Mekong–Co Chien River during the flood season. This
paper reports spatial and seasonal differences in the characteristics of channel-bed surficial sediments, which are
closely linked to sediment sources and depositional processes during the dry and flood seasons.

Distributary channels are characterized by coarse-grained sediments in the upper reaches and fine-grained
sediments in the lower reaches, in both dry and flood seasons, reflecting the difference between the upstream
fluvial-dominated environment and the downstream tide-dominated environment. Flood season samples from
the Co Chien River show higher magnetic mineral contents and a terrestrial source of organic carbon compared
with dry season samples, indicating sourcing from the drainage basin and trapping of suspended materials in the
distributary channel due to the barrier effect of the saltwater wedge at the river mouth. Compared with the flood
season, during the dry season the mud content was lower in the downstream reach close to the river mouth and
higher in the upstream reach of the Co Chien River, and the content of magnetic minerals was lower in both
reaches, indicating dissolution of magnetic minerals during early diagenesis. Furthermore, the lower C/N ratios
(< 10) and slightly enriched δ13C values of the dry season samples from the Co Chien River imply an additional
contribution of organic carbon from a marine source. These various features imply a landward import of mud
into the Co Chien River induced by stronger salinity intrusion during the dry season. Along the downstream tract
of the Bassac River, two mud-dominated reaches were identified during the dry season. The magnetic mineral
contents, C/N ratios and δ13C values indicate that the mud-dominated reach near the Bassac River mouth is also
supplied from resuspended sediments by estuarine circulation and tidal pumping, whereas the mud in the reach
that is transitional from fluvial to tide dominance has a riverine supply. The results suggest that the Mekong
distributary channels are important sinks for suspended sediments during both the flood and dry seasons,
controlled by a sediment trapping mechanism provided by either estuarine processes or the morphological
configuration of the channels, both of which are controlled by fluvial–tidal dynamics. These depositional pro-
cesses may be compensating for the incision of channels induced by sand mining in recent decades.
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1. Introduction

The fluvial-to-marine transition zone (i.e., the zone of interaction
between riverine and marine processes in coastal rivers) is character-
ized by high sedimentation rates, with deposits in this zone constituting
important archives for reconstructing geological histories at various
scales from local to continental (Nittrouer et al., 2007). However, dif-
ficulties in interpreting such archives have hindered a comprehensive
understanding of environmental change based on such records. In
particular, tide-dominated river mouths are especially complex, making
recognition of stratigraphic architecture extremely difficult (Dalrymple
and Choi, 2007). Studies of the relationship between depositional
processes and their products in present-day transition zones should help
to explain high-frequency dynamics such as tidal asymmetry and es-
tuarine circulation induced by salinity intrusion that are contained in
sedimentary records. Such information would allow the bridging of
time-scale-based investigations (such as long-term stratigraphic and
morphological studies) with numerical models (e.g., Nittrouer et al.,
2007; Gao and Collins, 2014).

The salt wedge movement in both tidal and seasonal cycles and
associated estuarine circulation is among the most important hydro-
sedimentary dynamic processes in the tide-dominated estuaries (Geyer,
1988), because the estuarine circulation, together with the tidal pro-
pagation play critical roles in the formation of estuarine turbidity
maxima and the trapping of suspended particulates in the fluvial-to-
marine transition zone (Burchard et al., 2018). In recent years, much
work has focused on the tidal asymmetry and estuarine circulation and
their link to suspended sediment dispersal and entrapment in tide-
dominated river mouths (e.g., Ashworth et al., 2015; Freitas et al.,
2017; Nittrouer et al., 2017a; Ogston et al., 2017a; Asp et al., 2018;
Burchard et al., 2018; Sandbach et al., 2018; Gugliotta and Saito,
2019). These studies have revealed that seasonal displacement of the
estuarine turbidity maximum can occur as a result of changes in
freshwater discharge in a monsoonal setting (Nowacki et al., 2015; Asp
et al., 2018). In addition, the locations of estuarine turbidity maxima
and mud deposition may lie upstream, far from the coastline, because of
a strong tidal influence (Freitas et al., 2017). By contrast, only a few
systematic examinations have been made of the spatial and seasonal
variability in the channel-bed surficial sediments controlled by these
hydro-sedimentary dynamic processes in fluvial–tidal transition zones.

The Mekong Delta (Fig. 1) is characterized by one of the highest
river discharges in the world, which changes seasonally on account of
the monsoonal regime and a strong tidal function, making it an ideal
system in which to investigate interactions between riverine and
marine processes and their effects on sedimentation. Previous studies
have revealed marked seasonal differences in hydro-sedimentary dy-
namic processes and associated delivery or trapping of suspended se-
diments in the Bassac River (Fig. 1B), which is the major distributary
channel of the Mekong Delta and discharges the largest individual vo-
lume of freshwater from the Mekong River into the sea (Wolanski et al.,
1996; Wolanski et al., 1998; Nowacki et al., 2015; McLachlan et al.,
2017; Nittrouer et al., 2017b; Thanh et al., 2017). In contrast, knowl-
edge about hydro-sedimentary dynamic processes in other distributary
channels of the Mekong Delta is still limited, and these processes could
differ from those of the Bassac River because of the lower freshwater
discharges occurring as a result of the higher number of channel bi-
furcations (Fig. 1B; Nguyen et al., 2008).

Several recent studies have investigated channel-bed sediments with
respect to the morphological configuration of distributary channels
across the Mekong Delta (Gugliotta et al., 2017, 2018, 2019; Gugliotta
and Saito, 2019). Those studies emphasized the tidal influence on both
channel morphology and the distribution of channel-bed sediments,
and divided the distributary channels into fluvial-dominated upstream
and tide-dominated downstream tracts. In addition, a novel attempt
was made to link sediment type to hydro-sedimentary dynamic pro-
cesses at a seasonal scale (Gugliotta et al., 2019). In the present study,

we further analyze the characteristics of these channel-bed surficial
sediments collected during the dry and flood seasons of 2015 (Gugliotta
et al., 2017). By analyzing sediment grain size, magnetic susceptibility,
and organic elemental and isotopic composition, we investigate the
spatial and seasonal variations in sediment properties to identify the
different sediment sources and draw implications for hydro-sedimen-
tary dynamic processes. In particular, on the basis of the channel-bed
sediment properties, we aim to identify and explain seasonal differences
in hydro-sedimentary dynamic processes in those distributary channels
that are supplied by lesser freshwater discharge, so that to compare
with those of the Bassac River reported by previous studies. The results
should provide an analog for predicting the future evolution of tide-
dominated distributary channels experiencing relative sea-level rise.
Our study also provides insights into the process–product relationship
at a seasonal scale in a tidal river environment in a monsoonal setting.

2. Study area

2.1. Regional setting

The Mekong River originates from the Tibetan Plateau, flows
southward through six countries (China, Myanmar, Laos, Thailand,
Cambodia, and Vietnam), and enters the South China Sea (also known
as the East Sea in Vietnam; Fig. 1a, b). At ~4800 km long, the river is
the 12th longest in the world (Wang et al., 2011b). The major part of
the Mekong drainage basin is located in the Asian tropical monsoon
region, with the northeast monsoon prevailing from November to
March, and the southwest monsoon from May to late September or
early October. In the basin, the rainy season lasts from May to October
and the dry season from November to April. However, regulation by
Tonle Sap Lake (Fig. 1A) means that the high flow in the delta region
occurs from September to November (Mekong River Commission,
2005). The freshwater discharge attains its highest level in October
(e.g., 36,700 m3/s at Phnom Penh in Cambodia; Gugliotta et al., 2019)
and generally drops to its lowest level in April (e.g., ~2000 m3/s at Tan
Chau and Chau Doc in Vietnam; Fig. 1B; Tri, 2012).

The Mekong Delta lies between Phnom Penh and the southern coast
of Vietnam (Fig. 1A). Its delta plain covers ~62,500 km2 (Nguyen et al.,
2000), making it the third largest in the world. The Mekong River bi-
furcates into two main distributary channels at Phnom Penh, namely,
the Mekong and Bassac rivers as the eastern and western branches,
respectively (Fig. 1B). The freshwater discharge recorded by the hy-
drologic station at Tan Chau in the Mekong River is much higher than
that at Chau Doc in the Bassac River (Fig. 1B; Mekong River
Commission, 2005). However, a considerable portion of the freshwater
discharge of the Mekong River passes through the Vam Nao River into
the Bassac River. Thus, the freshwater discharge of the two branches is
similar, as recorded by the hydrologic stations at My Thuan and Can
Tho (Fig. 1B; Tri, 2012). The Mekong River bifurcates into the Co Chien
and My Tho distributaries about 100 km upstream of the river mouth
(b3 in Fig. 1B), with the My Tho further subdividing into multiple
distributary channels (Ham Luong, Cua Tieu, Cua Dai, and Ba Lai), of
which the Ba Lai River is abandoned (Tamura et al., 2012a, 2012b). The
Bassac River bifurcates into a pair of distributary channels with two
river mouths at Dinh An and Tran De, respectively, at a distance of
about 40 km from the river mouth (b5 in Fig. 1B). The channel at Dinh
An has the highest individual discharge of freshwater from the Mekong
drainage basin, constituting about 41.8% during the dry season
(Nguyen et al., 2008). In contrast, the Co Chien River discharges only
about 18.3% of the freshwater during the dry season (Nguyen et al.,
2008). Salt intrusion occurs in all distributary channels up to 50–65 km
upstream of the river mouth during the dry season (Fig. 1C). During the
flood season, there is only an intermittent presence of a saltwater wedge
at the river mouth of the Bassac River (Ogston et al., 2017a, 2017b),
whereas the intrusion distance is about 15–30 km in other distributary
channels (Gagliano and McIntire, 1968; Nguyen et al., 2008; Gugliotta
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et al., 2017). Although the number of artificial reservoirs in the drai-
nage basin has increased significantly since the 1990s (Kummu and
Varis, 2007), the distance of salt intrusion into the delta plain appears
to have undergone only limited change (Fig. 1c; Gagliano and McIntire,
1968; Nguyen et al., 2008; Gugliotta et al., 2017).

The Mekong Delta was tide-dominated during the middle Holocene
but evolved into a combined wave- and tide-dominated system about
3000 years ago, which persists today (Ta et al., 2002, 2005; Tamura
et al., 2010). At present, the Mekong Delta is affected by mixed diurnal
and semi-diurnal tides. The amplitudes of the semi-diurnal M2 and
fortnightly S2 tides are 0.9 m and 0.5 m, respectively, whereas the
amplitudes of the K1 and O1 tides are 0.7 m and 0.5 m, respectively
(Nguyen, 2013). Irregular semi-diurnal tides prevail at the river mouth
with a mean tidal range of 2.5 ± 0.1 m and a maximum tidal range of
~3.3–3.7 m (Nguyen, 2013). Tide-generated water-level fluctuations
are observed at least up to Phnom Penh (Cambodia), > 300 km up-
stream of the respective river mouths (Gugliotta et al., 2017). The in-
fluence of waves is confined to the coastline and offshore area, and is
closely related to the monsoon (Tamura et al., 2010). In addition, wave
directions are consistent with the wind, approaching mainly from the
east-northeast during November–March and from the west-southwest

between June and September. The monthly mean effective wave height
is 0.8–1.2 m in winter and 0.5–0.6 m in summer (Dee et al., 2011;
Gugliotta et al., 2017). The stronger waves of the winter monsoon re-
suspend the mud deposited during the flood season in coastline and the
subaqueous delta and generate a longshore current with a south-
westward net sediment transport to the Camau Peninsula (e.g., Nguyen
et al., 2000; Kanai et al., 2013a, 2013b; Nittrouer et al., 2017b).

Prior to the 1990s, the Mekong River transported 145–160 Mt/yr of
suspended sediments to the river mouth (Milliman and Meade, 1983).
However, it was estimated that the total suspended sediment load
would reduce by 51% owing to the sediment trapping in the 38 re-
servoirs that have been built or are under construction in the drainage
basin (Kondolf et al., 2014). River-bed mining has been intensified in
the main channels of both the drainage basin and delta region in recent
decades. The river-bed mining occurred mainly in the low-flow season,
with an estimated total amount of 55.2 Mt. (34.5 million m3) of sedi-
ments being extracted from the Mekong main channel in the middle and
lower drainage basin in 2011 (Bravard et al., 2013). In the delta plain,
Brunier et al. (2014) reported that 90 and 110 million m3 of channel-
bed aggregates were removed from the Mekong and Bassac rivers from
1998 to 2008, respectively, and that the mining induced marked

Fig. 1. (A) Digital elevation model and location of the Mekong Delta. (B) Sampling locations during the dry and flood seasons in 2015. Also indicated are the distance
to the river mouth along the Mekong–Co Chien and Bassac rivers and the freshwater discharge and associated percentages of the total freshwater discharge through
each distributary channel during the dry season (Nguyen et al., 2008). Tran De, Dinh An, Cung Hau, and Co Chien are the four river mouths of the Bassac and Co
Chien rivers. The base maps in (A) and (B) were generated with ArcGis 10.1 software using the topographic dataset provided by the Geospatial Data Cloud site,
Computer Network Information Center, Chinese Academy of Sciences (http://www.gscloud.cn). (C) Saltwater intrusion in the Mekong Delta in different years. Data
source: Apr. and Nov. 1968, Gagliano and McIntire (1968); Apr. 2005 and Jun. 2006, Nguyen et al. (2008); Apr. and Oct. 2015, Gugliotta et al. (2017). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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morphological changes that were not in equilibrium with natural
hydro-sedimentary dynamics.

C3 plants including broadleaf deciduous forest and rice dominate in
the middle and lower Mekong drainage basin and delta region (Mekong
River Commission, 2010), whereas rangeland prevails in the upper
basin (Allison et al., 2017a). Broadleaved deciduous forest accounts for
30% and paddy rice for 22% of the basin's land cover (Mekong River
Commission, 2010). Mangroves including Sonneratia, Nypa, and Avi-
cennia grow along the river banks of the lower reaches of the dis-
tributary channels in the delta region (Gugliotta et al., 2017). In ad-
dition, some C4 plants, including the sugar cane and corn, are planted in
the lowland and levee of the delta region, respectively.

2.2. Hydro-sedimentary dynamics in the Bassac River

The Bassac River can be divided into two major regimes, namely,
tidal river (the freshwater reach) and estuary (the brackish water
reach), according to the distribution of salinity (McLachlan et al., 2017;
Nittrouer et al., 2017a; Ogston et al., 2017b). As a result of the mon-
soonal climate and associated variations in the volume of freshwater
discharge, the boundaries of these two regimes have marked seasonal
displacements. Previous studies have developed a conceptual model of
the hydro-sedimentary dynamic processes in the Bassac River at a
seasonal scale (Wolanski et al., 1996; Nowacki et al., 2015; McLachlan
et al., 2017; Ogston et al., 2017b), summarized as follows. During the
flood season, salt intrusion into the downstream tract of the Bassac
River occurs only intermittently and forms a pronounced stratification
of the water column near the mouth because of the large volume of
runoff. Therefore, fine-grained suspended sediment is transported
mainly to the delta front, with only the sandy component being de-
posited in the Bassac River. Estuarine circulation occurs together with
the intermittent appearance of the saltwater wedge, and a zone of
maximum turbidity is only formed at the toe of the saltwater wedge at
flood tide (Wolanski et al., 1996). During the dry season, owing to the
weakening of freshwater discharge, salt intrusion exceeds 40 km inland
(Fig. 1C; McLachlan et al., 2017), and the lower reach of the Bassac
River becomes a partially mixed estuary. Under the combined functions
of tidal asymmetry and estuarine circulation, fine-grained particulates
resuspended from coastal zones of the delta are imported into the
Bassac River and deposited in the channel with a thickness of
0.25–1.00 m (Wolanski et al., 1998; Allison et al., 2017b; McLachlan
et al., 2017). McLachlan et al. (2017) further suggested that there is an
interface zone between the tidal river and the estuary, where the sus-
pended particulates carried by the runoff and imported by the tidal
current and estuarine circulation converge. In addition, fine-grained
particulates are easily settled and deposited in the channel on account
of the weakening of near-bed shear stress in the interface zone. The
mud deposits can therefore reach many kilometers upstream of the
estuarine regime during the dry season (McLachlan et al., 2017).

3. Materials and methods

A total of 199 surficial sediment samples were collected from the
beds of distributary channels of the Mekong Delta during the dry
(January–May) and flood (October) seasons in 2015 (Table 1; Gugliotta

et al., 2017). Dry-season samples (152) were collected across five dis-
tributary channels, whereas flood-season samples (47) were collected
along the Mekong and Co Chien rivers to the mouth of the Cung Hau
(Fig. 1B). No samples were collected from the Bassac River during the
flood season because little sedimentation occurs there during this
season (Wolanski et al., 1996; Nowacki et al., 2015; McLachlan et al.,
2017; Ogston et al., 2017b). All samples were taken from the mid-point
of the river width with a KS grab sampler (15 cm × 15 cm, 2.7 l, Rigo;
Gugliotta et al., 2017). The location of each sample was recorded with a
Garmin GPSMAP 64 s, and water depth was measured synchronously
using a portable hand-held depth sounder (PS-7, Honda Electronics)
(Gugliotta et al., 2017).

Sediment grain-size analysis was performed on 196 samples; the
remaining three did not have sufficient quantities of sediment. Of the
196 samples, 11 from the Mekong and Bassac rivers contained gravel
components, which were excluded during sample pretreatment. All 199
samples were tested for magnetic susceptibility, including mass sus-
ceptibility (χlf, 10−8 m3 kg−1) and frequency-dependent susceptibility
(χfd, %). Organic elemental geochemical compositions were analyzed
for 146 samples consisting mainly of fine-grained particles as de-
termined visually.

The samples for grain size analysis were firstly thoroughly mixed
and dried at 40 °C, and then a subsample of about 0.2 g was taken from
each sample. To remove organic matter and carbonate, 5 ml H2O2

(10%) and 5 ml HCl (10%) were added sequentially to each sample.
After thorough reaction achieved by heating on an electric hot plate,
each sample was washed with distilled water, followed by adding 5 ml
5% Na(PO3)6 to prevent flocculation. After shaking in an ultrasonic
bath for 15 min, the grain size distribution of each sample was mea-
sured using a Beckman laser particle size analyzer (LS13320, Coulter,
USA) at the State Key Laboratory of Estuarine and Coastal Research,
East China Normal University, Shanghai, China.

About 10 g of sediment from each sample was taken for magnetic
susceptibility measurements. These subsamples were weighed and
wrapped with film after drying at 38 °C. The low-frequency (465 Hz,
LF) and high-frequency (4650 Hz, HF) susceptibilities were measured
for each subsample using a Bartington MS2B sensor (errors of 0.49%
and 0.57% of the measured values for LF and HF, respectively, based on
replicated measurements, n= 7). The mass magnetic susceptibility (χlf,
10−8 m3 kg−1) and the frequency-dependent susceptibility (χfd, %)
were calculated as follows:

=χ LF/Masslf (1)

= − ×χ ((χ χ )/χ ) 100fd lf hf lf (2)

Sample preparation for organic geochemical analysis was as follows.
Samples were first freeze-dried for 72 h, then 6 g of sediment was taken
from each sample and ground with an agate mortar to pass through a
200-mesh sieve. The sieved sample was divided into two groups, A and
B, at a mass ratio of about 2:1. Group B material was wrapped for
measurement of total carbon (TC) and total nitrogen (TN). Group A
material was placed in a centrifuge tube, immersed in 20 ml 1 mol/l
HCl overnight, and the centrifuge tube containing the sample was then
placed in a water bath (60 °C) for 30 min to remove carbonate. The
sample was further washed with ultrapure water until the pH of the

Table 1
Sampling information including the sampling times and number of samples for each distributary channel of the Mekong Delta.

Sampling time Bassac River Mekong River Co Chien River My Tho River Ham Luong River Cua Dai River Cua Tieu River

Dry season 2015.01.18–2015.01.19 2 8
2015.02.05–2015.02.07 4 18
2015.03.14–2015.03.24 29 29 24 3
2015.05.07–2015.05.13 19 2 6 8
Total in dry season 48 31 24 15 18 8 8

Flood season 2015.10.21–2015.10.27 25 22
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supernatant reached neutral. After centrifugation, the sample was
dried, ground, and divided into two parts for measuring total organic
carbon (TOC) and stable isotope δ13C, respectively. Measurements of
TC, TOC, and TN were completed at the State Key Laboratory of
Estuarine and Coastal Research, East China Normal University, using a
Vario Cube elemental analyzer (Elementar, Germany) and calibrated
with national geochemical reference standard GSD-9 (error < 0.5% of
the measured value). δ13C values were measured using a Delta V
Advantage mass spectrometer (reference materials: Urea#2 and
Acetanilide#1; error < 0.2‰ based on replicated measurements,
n = 5) at the Third Institute of Oceanography of the State Oceanic
Administration, Xiameng, China. C/N was calculated using the weight
ratio between TOC and TN.

4. Spatial and seasonal variations in channel-bed surficial
sediments

4.1. Grain size

Overall fining and muddying trends were observed from upstream
reaches to downstream reaches for both flood and dry seasons (Figs. 2,
3a, 4a–d). For example, mud content was mostly< 30% and the
median grain size ranged mostly from 200 to 300 μm in the upper reach
of the Bassac River during the dry season (Fig. 2a, b). Mud content
increased in the downstream direction in the lower reach at a distance
of about 120 km from the river mouth, accounting for 20%–90% of the
total sediment in the river section located 110–80 km from the river
mouth (Tr reach between the upstream and downstream tracts of the
Bassac River in Fig. 2a; Gugliotta et al., 2017). In the reach close to the
river mouth of Dinh An (downstream of b5; Fig. 1B; D-A reach in
Fig. 2a), the mud content further increased to values> 60% and the
highest reached 95.5% in some locations. Median grain sizes were
mostly< 50 μm in the two mud-dominated reaches. Furthermore, the
average median grain size in the D-A reach was 76 μm, much finer than
that of 190 μm in the Bassac River (Table 2; Fig. 4d).

In the Mekong River (upstream of b3; Fig. 2c), the mud content was
≤30% (mean of 24%) and the median grain size was 128–381 μm
(mean of 225 μm) during the dry season (Table 2). Downstream of b3,
in the Co Chien, Co Chien–Cung Hau, Ham Luong, My Tho, Cua Dai,
and Cua Tieu reaches, the channel-bed surficial sediments were mud
dominated, with mean mud contents of> 50% during the dry season
(Fig. 2c–h). The average median grain size was 51–75 μm in the Co
Chien–Cung Hau, My Tho, Cua Dai, and Cua Tieu reaches, and was
90 μm and 88 μm in the Co Chien and Ham Luong reaches, respectively
(Table 2). During the flood season, the channel-bed surficial sediments
in the Mekong River were composed mainly of sand, whereas the mud
content was<20%, except for a few samples that consisted of
30%–50% mud about 150–100 km from the river mouth (Fig. 2c). The
median grain size ranged from 250 to 400 μm in the river reach up-
stream of b1 and decreased to 100–300 μm in the reach between b1 and
b3 (Fig. 2d). The mean sand content was 58.2% in the Co Chien reach
(between b3 and b4) in the flood season, clearly lower than the 83.2%
recorded in the Mekong River. The average median grain size was
122 μm in the Co Chien reach. In the Co Chien–Cung Hau reach
(downstream of b4), the mean sand content was 27.2% and the median
grain size was only 53 μm on average (Table 2).

Obvious seasonal variations in the grain size of the channel-bed
surficial sediments were observed in the Co Chien River (Table 2;
Figs. 2c, d, 4a–d). In the Co Chien reach, sand content was higher and
median value of grain size was larger during the flood season, whereas
the maximum, minimum, and mean values of median grain size, as well
as sand content, were all markedly lower during the dry season. In
contrast, in the Co Chien–Cung Hau reach, mud was the dominant
fraction and the average median grain size was only 53 μm during the
flood season (Table 2). During the dry season, the clay content was
lower than in the flood season, the sand content was higher (36.8%;

Fig. 4a, c), and the average median grain size was higher (75 μm)
(Table 2). In the Mekong River, a relatively high mud content was re-
corded during the flood season in the reach located about 135–150 km
from the river mouth, but the other reaches showed only minor sea-
sonal variations (Fig. 2c, d).

4.2. Magnetic susceptibility and magnetic mineral contents

Values of χlf and χfd showed overall increases from upstream to
downstream reaches in all distributary channels (Table 3; Figs. 3b–c, 5).
The change in χfd was closely related to the change in mud content
(Fig. 6a), showing high values in all channels characterized by high
mud content (Fig. 3c), in agreement with the known enrichment of
superparamagnetic (SP) minerals in fine-grained sediments (Dearing
et al., 1996). The relationship was much more complicated between the
grain size distribution of sediments and the value of χlf (Fig. 6b). χlf,
which indicates the total content of ferrimagnetic minerals (Thompson
and Oldfield, 1986), increased with increasing sand fraction content in
some rivers, such as the Co Chien, during the flood season (Tables 2, 3).
χlf was also high in some mud-dominated channels, such as the Tr reach
of the Bassac River during the dry season, but was low in the mud-
dominated D-A reach (Fig. 5a).

Clear seasonal variations were observed in the magnetic suscept-
ibility of the channel-bed surficial sediments in the Mekong–Co Chien
River (Table 3; Fig. 5c, d). In the lower reach of the Mekong River (i.e.,
from b3 to a location about 155 km from the river mouth), values of χlf

were mostly higher during the flood season than during the dry season
(Fig. 5c). In addition, two reaches (at 130–150 km and ~100 km from
the river mouth, respectively) were characterized by peak values of χfd

during the flood season, which coincided with the peak values of mud
content (Figs. 2c, 5d). Therefore, the mean values of χlf and χfd of the
channel-bed surficial sediments in the Mekong River were both higher
during the flood season than during the dry season (Table 3). Values of
χlf in the Co Chien reach were also mostly higher, with a markedly
higher mean value during the flood season compared with the dry
season (Figs. 4e, 5c; Table 3). However, the values of χfd fluctuated
from 0.8% to 7.3%, and the three peak values corresponded with high
mud contents during the flood season (Figs. 2c, 5d), although the mean
value of χfd in the Co Chien reach was similar for the flood and dry
seasons (Table 3; Fig. 4f). In the Co Chien–Cung Hau reach of the Co
Chien River, the mean values of both χlf and χfd were higher during the
flood season (Table 3; Fig. 4e, f). In particular, substantially higher
values of χfd (4.7% on average) occurred in the Co Chien–Cung Hau
reach during the flood season, compared with the all distributary
channels (Ham Luong, My Tho, etc.) of the Mekong River during the dry
season (Figs. 4f, 5d).

4.3. Content and composition of organic carbon

TOC contents in all distributary channels generally varied in tandem
with mud contents and increased downstream (Table 4; Figs. 3d, 4g, 6c,
7a, d, g, j). The relationship between the C/N ratio and grain size was
quite complicated (Figs. 3e, 6d). Furthermore, the C/N ratio demon-
strated clear spatial and seasonal variations in the mud-dominant
reaches (Figs. 4h, 7b, e). For instance, in the two mud-dominant reaches
of the Bassac River during the dry season, the C/N ratio was lower in
the D-A reach than in the Tr reach (Table 4; Figs. 7b, 8a). Lower values
of C/N also occurred in the downstream reaches close to the river
mouths of the Co Chien–Cung Hau, Ham Luong, Cua Tieu, and Cua Dai
rivers, while sediments were mud dominated there during the dry
season (Figs. 4h, 7e, h, k). During the dry season, the mean C/N ratio
was slightly lower in the Co Chien–Cung Hau reach than in the Co
Chien reach, whereas a higher mud content was measured in the Co
Chien–Cung Hau reach (Tables 2, 4). In contrast, during the flood
season, the C/N ratio increased downstream along the Mekong–Co
Chien–Cung Hau channels and was consistently high in the Co
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Chien–Cung Hau reach where the highest mud contents occurred
(Figs. 4h, 7e, 8b).

δ13C values ranging mostly from −28‰ to −26‰ for the channel-
bed surficial sediments were recorded in the study area during both the
flood and dry seasons (Table 4; Figs. 7, 8), reflecting a dominant ter-
restrial contribution (Meyers, 1994; Lamb et al., 2006). However,

during the dry season, relatively enriched δ13C values occurred in the
lower reaches (i.e., within 60 km of the river mouth) of the Bassac–Dinh
An, Co Chien–Cung Hau, Cua Dai, and Cua Tieu rivers (Table 4; Figs. 4i,
7c, f, l). During the flood season, δ13C values were also more enriched in
the Co Chien–Cung Hau reach than in the Co Chien reach (Table 4;
Figs. 4i, 7f, 8b).

Fig. 2. Trends of sediment grain size including mud content and median grain size along distributary channels in the Mekong Delta (dry season in red, flood season in
blue). The bifurcation points (b1–b7; Fig. 1B) are indicated by triangles. (a–b) The Bassac River. The shaded area represents the mud-dominated reach. (c–d) The
Mekong–Co Chien–Cung Hau River. (e–f) The Ham Luong River. (g–h) The My Tho (upstream of b7), Cua Tieu (downstream of b7), and Cua Dai (dotted lines) rivers.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Seasonal differences also occurred in the content and composition of
organic carbon, although terrestrial organic carbon prevailed during
both the flood and dry seasons (Fig. 8). TOC contents in the Mekong
River and the Co Chien–Cung Hau reach were higher during the flood
season than during the dry season, but this trend was reversed in the Co
Chien reach. Higher C/N ratios and more negative δ13C values occurred
in the Mekong–Co Chien–Cung Hau channels during the flood season
compared with the dry season (Table 4). The seasonal variations in C/N
ratio were most pronounced in the Co Chien–Cung Hau reach, whereas
the seasonal variations in δ13C values were greatest in the Mekong
River (Figs. 4h, i, 7e, f).

5. Discussion

5.1. Spatial distribution of grain size and implications for sediment trapping

Results of the grain size analysis show that during both the flood
and dry seasons, sandy sediments occurred mainly in the upper reaches
of the Mekong and Bassac rivers (i.e., upstream of about 100–110 km
from the river mouth), whereas muddy sediments prevailed in the
downstream reaches (Fig. 2). This spatial variability is consistent with
the recognition of fluvial- and tide-dominated regimes in the dis-
tributary channels of the Mekong Delta (Gugliotta et al., 2017) and is

also consistent with the general facies pattern in the fluvial–marine
transition zone of tide-dominated depositional systems (Dalrymple and
Choi, 2007).

We also consider that the observed spatial distribution of grain size
reflects trapping of suspended sediments in the distributary channels of
the Mekong Delta, including the occurrence of the estuarine turbidity
maximum; i.e., the convergence of suspended sediments supplied from
the river and tidal currents therein (Fig. 9; Burchard et al., 2018). The
location of the convergence zone changed seasonally in the Mekong–Co
Chien–Cung Hau channels, as inferred from the seasonal variations in
grain size (Fig. 2). During the dry season, the major center of mud
deposition was located in the Co Chien reach (upstream of b4), whereas
during the flood season it was located in the Co Chien–Cung Hau reach
(downstream of b4). This seasonal migration of mud convergence is
similar to the seasonal displacement of the estuarine turbidity max-
imum observed in other river mouths such as that of the Amazon (Asp
et al., 2018). Such mud trapping in the Co Chien–Cung Hau reach of the
Co Chien River during the flood season, which was probably induced by
the low volume of freshwater discharge in the Co Chien River, contrasts
with the process of mud export to the delta front by the Bassac–Dinh An
River reported by previous studies (Wolanski et al., 1996; Nowacki
et al., 2015; McLachlan et al., 2017; Ogston et al., 2017b). During the
dry season in the Bassac River, two separate mud deposition centers

Fig. 3. Spatial distributions of (a) mud content, (b) magnetic susceptibility (χlf), (c) frequency-dependent magnetic susceptibility (χfd), (d) TOC content, (e) C/N
ratio, and (f) organic carbon stable isotope δ13C values along the distributary channels of the Mekong Delta during the dry season.
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indicate a zone of mud convergence in the freshwater reach and an-
other close to the river mouth (Figs. 2a, 9). The hydro-sedimentary
dynamic processes controlling the described seasonal and spatial var-
iations in mud convergence are discussed below with respect to sedi-
ment source discrimination (Table 5).

5.2. Seasonal and spatial variations in sediment sources

There are two major sources (i.e., riverine and marine) of the fine-
grained sediments trapped in the distributary channels of the Mekong
Delta, as inferred from their magnetic susceptibilities (χlf and χfd) and
organic geochemical compositions (Figs. 5, 7; Table 5). Values of χlf

Fig. 4. Box-and-whisker plots for all measures of grain size (a–d), magnetic susceptibilities (e, f), TOC content (g), and organic elemental and isotopic compositions
(h, i) for spatial and seasonal differences in channel-bed surficial sediments in the Bassac River, Mekong River, and distributary channels bifurcated from the Mekong
River during the dry and flood seasons. Very significant (p < .01) and significant (0.01 < p < .05) differences between data groups as measured by t-tests are
indicated by ** and *, respectively.
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reflect the content of ferrimagnetic minerals, which are derived pre-
dominantly from bedrock, whereas values of χfd reflect the content of
superparamagnetic (SP) grains, which are enriched in soil (Thompson
and Oldfield, 1986; Oldfield et al., 2003; Oldfield and Crowther, 2007).
Thus, riverine sediments are characterized by high values of magnetic
susceptibilities because they are derived from bedrock and soil erosion
in the drainage basin (Thompson and Oldfield, 1986). Dissolution of
detrital magnetic minerals, including SP grains, generally occurs as a
result of early diagenesis after burial in sediments, leading to a reduc-
tion in magnetic susceptibility (Karlin and Levi, 1983; Snowball, 1993;
Evans et al., 1997; Robinson et al., 2000). In addition, it was reported
that deposits in the river mouth of the Yangtze over the last few hun-
dred years have been characterized by higher values of magnetic sus-
ceptibility compared with older sediments because of the intensified
rock and soil erosion induced by the increase in human population in
the drainage basin (Wang et al., 2011a; Pan et al., 2017). Thus, we infer
lower values of magnetic susceptibility for resuspended or reworked
fine-grained sediments derived from a marine source than for sus-
pended sediments newly supplied from the drainage basin, because of
either early diagenesis or less intense human activity in an earlier
period (Ge et al., 2017). Organic geochemical compositions can also
help identify a marine source because marine algae or particulate or-
ganic carbon (POC) is characterized by lower C/N ratios and more

enriched δ13C values than other sources (Meyers, 1997; Lamb et al.,
2006). Early diagenesis can also reduce C/N ratios and increase values
of δ13C (Meyers, 1997; Kohzu et al., 2011). Thus, both marine-derived
and reworked sediments should have lower C/N ratios and enriched
δ13C values. By combining data for magnetic susceptibilities, C/N, and
δ13C, we are able to identify spatial and temporal patterns of the riv-
erine or marine source of the studied channel-bed surficial sediments
(Table 5). In the discussion below, we focus on the direction of change,
rather than absolute values, because we were unable to accurately
collect the sediments deposited in a single flood or dry season during
the sampling.

We speculate that the newly deposited sediments along the
Mekong–Co Chien–Cung Hau channels during the flood season were
supplied mostly from the drainage basin, as inferred from the high
values of magnetic susceptibilities and C/N ratios and the depleted δ13C
values of the channel-bed surficial sediments (Fig. 4; Table 5). Spatial
patterns of these newly deposited sediments included an increase in the
sand fraction of the Co Chien reach and in the mud fraction of the Co
Chien–Cung Hau reach compared with the dry season (Table 2). Mud in
the Co Chien–Cung Hau reach showed more enriched δ13C values
compared with upstream reaches (Table 4; Fig. 4), indicating a con-
tribution from marine algae and/or marine POC in addition to the
major contribution from the drainage basin.

During the dry season, the higher mud content in the Co Chien reach
was characterized by only a small increase in the χfd value compared
with the flood-season samples, which indicates that the mud was de-
rived from buried sediments, as SP grains are typically dissolved first
during early diagenesis (Karlin and Levi, 1983). Furthermore, the lower
C/N ratios and less negative δ13C values of this mud (Table 4; Fig. 4)
constitute a signature of marine algae and/or POC (Meyers, 1994; Lamb
et al., 2006) or of early diagenesis (Meyers, 1997; Kohzu et al., 2011).
The possible early diagenesis signal indicates that the mud was derived
from resuspended sediments that had previously been deposited else-
where. Similarly, the content of ferrimagnetic minerals in the Co
Chien–Cung Hau reach was lower despite the higher sand content
during the dry season compared with the flood season (Tables 3, 5;
Fig. 4e, f), which also indicates early diagenesis (Karlin and Levi, 1983)
and agrees with the reported presence of recycled sand there (Gugliotta
et al., 2017). Early diagenesis of organic carbon or a contribution from
marine algae and/or POC is also inferred from the lower C/N ratios and
enriched δ13C values in the Co Chien–Cung Hau reach during the dry
season compared with the flood season (Table 5; Fig. 4h, i), with the
enriched δ13C being consistent with the dominant marine and brackish
water species of the diatoms at that location (Gugliotta et al., 2017).
Lower magnetic susceptibilities and less negative δ13C values also

Table 2
Statistics for sediment grain-size composition and median grain size for channel-bed surficial sediments collected from the Mekong–Co Chien River during the flood
season and all distributary channels during the dry season. Italicized text represents sand-dominated reaches, and bolded text represents the finest grain size during
the flood and dry seasons, respectively. The Co Chien reach corresponds to the river tract between b3 and b4 and the Co Chien–Cung Hau reach corresponds to the
river tract downstream of b4 (Fig. 1B). The Bassac–Din An reach corresponds to the river tract downstream of b5.

Sampling season River reach Number of samples Clay (%) Silt (%) Sand (%) Median grain size (μm)

Range Mean Range Mean Range Mean Range Mean

Dry season Bassac 39 2.3–35.5 9.8 3.4–61.4 18.6 7.2–94.3 71.6 6.9–375.0 189.7
Bassac–Dinh An 9 8.1–38.7 24.5 10.1–67.7 41.5 2.9–81.8 34.0 6.0–267.6 75.9
Mekong 30 0.5–10.4 5.0 0.6–21.3 9.0 69.1–98.9 86.0 128.0–381.4 224.8
Co Chien 14 6.2–29.3 16.1 10.7–65.2 35.1 5.5–83.1 48.8 9.3–258.2 89.8
Co Chien–Cung Hau 10 11.3–34.7 22.2 16.7–63.1 41.0 8.9–72.0 36.8 6.7–218.5 75.4
Ham Luong 18 4.2–29.4 15.7 6.5–64.6 35.2 6.7–89.3 49.1 9.0–235.1 88.5
My Tho 14 12.3–33.1 20.4 23.5–60.4 44.6 7.0–64.2 35.0 8.3–173.2 50.9
Cua Dai 8 6.1–34.4 21.8 9.0–63.7 37.1 3.7–84.9 41.1 7.2–148.9 63.0
Cua Tieu 8 10.5–33.0 21.7 16.7–54.4 38.0 12.6–72.8 40.3 7.9–185.7 66.0

Flood season Mekong 25 1.8–17.9 6.3 2.9–30.6 10.6 51.5–95.3 83.2 81.5–377.6 217.7
Co Chien 12 2.7–24.9 13.7 3.8–57.2 28.1 17.9–93.5 58.2 14.0–301.4 122.2
Co Chien–Cung Hau 9 6.1–43.9 28.3 7.1–61.1 44.5 1.0–86.8 27.2 4.8–209.0 53.3

Table 3
Range and mean values of χlf and χfd (%) for the Mekong–Co Chien River
during the flood season and all distributary channels during the dry season.

Sampling
season

River reach Number
of
samples

χlf (10−8m3kg−1) χfd (%)

Range Mean Range Mean

Dry season Bassac 39 6.4–57.2 24.0 0.2–7.4 2.1
Bassac–Dinh
An

9 14.9–41.3 28.5 0.6–7.7 4.7

Mekong 31 7.8–34.7 17.8 0.5–3.3 1.4
Co Chien 14 16.3–41.1 25.6 0.6–5.9 3.3
Co
Chien–Cung
Hau

10 16.9–45.4 26.2 0.6–7.5 3.6

Ham Luong 18 10.6–52.4 33.5 0.5–7.4 3.5
My Tho 15 18.3–86.8 41.2 1.3–7.4 4.3
Cua Dai 8 22.4–61.3 35.6 1.2–8.0 4.1
Cua Tieu 8 17.8–58.3 33.4 0.6–6.6 3.4

Flood
season

Mekong 25 5.8–49.1 20.8 0.6–7.1 2.0
Co Chien 13 8.2–105.3 32.2 0.8–7.3 3.0
Co
Chien–Cung
Hau

9 15.0–41.9 28.0 0.7–7.3 4.7
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occurred in the Mekong River during the dry season, suggesting a
possible contribution from C4 plants such as sugar cane and corn, or the
early diagenesis of sediments, or a contribution by marine-sourced or-
ganic carbon. However, the low C/N ratios do not support a contribu-
tion from C4 plants (Fig. 4). The intensive in-channel extraction of bed
aggregate in the Mekong River during the low-flow season (Brunier
et al., 2014) has removed recent deposits and exposed old deposits in

the channel bed. As such, early diagenesis may better explain the en-
riched δ13C values, supported by the lower magnetic susceptibility.
Sand mining could also expose former marine-influenced sediments to
the channel bed, leading to the enriched δ13C values. Thus, signatures
of reworked or marine-sourced sediments occurred in the surficial se-
diments in the Mekong–Co Chien–Cung Hau channels during the dry
season.

Fig. 5. Trends of magnetic susceptibility (χlf) and frequency-dependent magnetic susceptibility (χfd) along distributary channels in the Mekong Delta (dry season in
red, flood season in blue). Information for the shaded areas and channel names is the same as that given in Fig. 2. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Although no sediments were collected during the flood season from
other distributary channels of the Mekong River, including the Ham
Luong, My Tho, Cua Dai, and Cua Tieu rivers, the lower values of χfd

and C/N of the muds in these channels during the dry season compared
with the Co Chien–Cung Hau reach during the flood season (Fig. 4f, h)
suggest that signatures of resuspended sediments and a marine influ-
ence also occurred in these channels during the dry season.

The two mud deposition centers (Tr and D-A reaches) in the Bassac
River during the dry season have different sediment sources, as inferred
from their differing magnetic properties and organic geochemical
compositions (Table 5). Similar to the mud deposits close to the Cung
Hau mouth of the Co Chien River during the flood season, the higher
values of magnetic susceptibility (Fig. 5a) and C/N ratios and the de-
pleted δ13C values (Fig. 7b, c) indicate a riverine source of mud in the
Tr reach of the Bassac River deposited during the dry season. In con-
trast, the mud in the D-A reach close to the Bassac River mouth shows
signatures of early diagenesis and marine algae and/or POC (Table 5).

5.3. Seasonal and spatial variations in hydro-sedimentary dynamic
processes

Sediment trapping occurred in the Mekong–Co Chien River during
both the dry and flood seasons. This pattern differs from the seasonal
variations in the Bassac–Dinh An River, which are characterized by

mud export to the coast and sea during the flood season and mud im-
port from the coast and subaqueous delta during the dry season
(Wolanski et al., 1996; Wolanski et al., 1998; Kanai et al., 2013a,
2013b; Nowacki et al., 2015; McLachlan et al., 2017). We explain this
difference in terms of hydro-sedimentary processes. First, the trapping
of suspended sediment in the Mekong–Co Chien River during the flood
season reflects weaker freshwater flow and stronger salinity intrusion
than in the Bassac–Dinh An River. Second, the seasonal differences in
sediment delivery to the Mekong–Co Chien River discussed in Section
5.2 are indicative of variations in sediment transport processes in the
tidal-river and estuarine regimes during the flood and dry seasons
(Fig. 9a, b).

The magnetic mineral and organic carbon compositions of the
channel-bed surficial sediments reflect the riverine sediment supply in
the Co Chien River during the flood season (Table 5). This deposition of
newly supplied riverine sediments implies trapping of fluvial sediments
in the distributary channels induced by the saltwater wedge and tidal
processes (Fig. 9a) rather than export to the delta front as in the case of
the Bassac–Dinh An River (Kanai et al., 2013a, 2013b). We explain this
difference in terms of the following. First, saltwater intrusion occurred
within ~15 km of the Cung Hau mouth of the Co Chien River, and a
highly stratified water column formed in the lowest reach (Fig. 9a;
Gugliotta et al., 2017). As a result of the hindering effect of the salt-
water wedge, the near-bed shear stress weakened (McLachlan et al.,

Fig. 6. Correlation between mud content and (a) frequency-dependent magnetic susceptibility (χfd), (b) magnetic susceptibility (χlf), (c) TOC content, and (d) C/N
ratio for all samples during the dry and flood seasons.

Table 4
Range and mean values of δ13C, C/N, and TOC for the Mekong–Co Chien River during the flood season and all distributary channels during the dry season.

Sampling season River reach Number of samples δ13C (‰) C/N TOC (wt%)

Range Mean Range Mean Range Mean

Dry season Bassac 23 −27.70 to −26.02 −27.13 5.0–12.3 8.3 0.07–1.53 0.46
Bassac–Dinh An 9 −27.19 to −26.35 −26.70 4.1–10.2 7.6 0.08–1.39 0.56
Mekong 13 −27.66 to −24.76 −26.47 0.5–15.3 7.5 0.01–0.90 0.19
Co Chien 14 −27.50 to −26.16 −26.53 5.4–15.7 10.0 0.08–1.43 0.58
Co Chien–Cung Hau 10 −27.08 to −25.85 −26.53 6.2–15.9 9.8 0.20–1.39 0.74
Ham Luong 17 −27.39 to −26.21 −27.00 5.3–14.6 11.0 0.09–1.39 0.69
My Tho 14 −27.88 to −26.71 −27.16 9.4–13.7 11.2 0.28–1.16 0.72
Cua Dai 7 −27.72 to −26.10 −26.89 8.5–12.0 10.4 0.20–1.22 0.79
Cua Tieu 8 −27.14 to −26.28 −26.68 9.8–13.2 11.3 0.49–1.22 0.86

Flood season Mekong 13 −28.25 to −26.63 −27.32 1.6–11.3 8.2 0.08–0.82 0.24
Co Chien 10 −27.46 to −26.90 −27.18 6.4–13.9 10.1 0.08–0.97 0.49
Co Chien–Cung Hau 8 −27.00 to −26.20 −26.66 12.5–15.5 13.6 0.36–1.27 0.94
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2017) in the lower reach of the freshwater-dominated river and resulted
firstly in the deposition of the sand fraction from the suspended sedi-
ments in the Co Chien reach and then the deposition of mud in the Co
Chien–Cung Hau reach (Table 2). Although the saltwater intrusion
extended only ~15 km upstream of the river mouth, deposition of the
suspended sediments went far beyond this range, possibly because of
the occurrence of an interface zone between the tidal-river and

estuarine regimes, as proposed by McLachlan et al. (2017). In addition,
estuarine circulation caused by the saltwater wedge also promoted mud
deposition at the toe of the salt wedge; i.e., in the lower reach close to
the Cung Hau River mouth (Fig. 9a). Second, we suggest that the bi-
furcations (b3 and b4; Fig. 1B) and associated reduction in freshwater
discharge led to a weakening in the river flow and higher ratio between
the tidal prism and water volume of the freshwater discharge in the Co

Fig. 7. Trends of TOC content, C/N ratio, and δ13C values along distributary channels in the Mekong Delta (dry season in red, flood season in blue). (a–c) The Bassac
River. Shaded areas represent the mud-dominated reaches as indicated in Fig. 2. (d–f) The Mekong–Co Chien–Cung Hau River. (g–i) The Ham Luong River. (j–l) The
My Tho (upstream of b7), Cua Tieu (downstream of b7), and Cua Dai (dotted lines) rivers. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Chien–Cung Hau reach compared with the Bassac–Dinh An River
(Fig. 9a), which favored preservation of the mud deposited during slack
tides.

The signal of marine algae and/or POC in the channel-bed surficial
sediments of the Co Chien–Cung Hau reach during the flood season
(Table 5) further indicates the occurrence of estuarine circulation or
tidal pumping, which transported the marine algae and/or POC from
the estuary or continental shelf into the Co Chien–Cung Hau reach.
Therefore, unlike the intermittent appearance at Dinh An, we speculate
the presence of a persistent saltwater intrusion in the Co Chien–Cung
Hau reach even during the flood season; this persistent intrusion plays

an important role in the trapping of riverine suspended sediments in the
distributary channel of the Mekong River.

During the dry season, the saltwater intrusion extended as far as the
Co Chien reach, and fine-grained sediments were deposited there as a
result of tidal pumping and estuarine circulation (Fig. 9b). Because of
the low dry-season freshwater discharge, the flood tide prevailed,
leading to strong tidal pumping in the Co Chien River during the dry
season. Unlike the riverine supply of sediment during the flood season,
we suggest that mud deposited in the Co Chien reach during the dry
season was imported primarily from resuspended sediments from the
downstream reach, delta front and offshore areas, (Fig. 9b) as indicated

Fig. 8. Plots of C/N vs. δ13C for channel-bed surficial samples in the two mud-dominated reaches (Tr and D-A) in the Bassac River during the dry season (a) and
channel-bed surficial samples in the Mekong–Co Chien–Cung Hau River during the flood and dry seasons (b–f). Regions for the different types of organic matter are
after Lamb et al. (2006).
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by signals of early diagenesis or marine algae and/or POC (Table 5). We
speculate that resuspension and upstream transportation of mud de-
posited during an earlier flood season occurred in the Co Chien–Cung
Hau reach during the dry season, on the basis of the coarsening of
surficial sediments there (Table 2; Fig. 4), which could have been
caused by strong tidal currents during the dry season (Fig. 9b; Gugliotta
et al., 2017). Such processes might explain the recycled sand in the Co
Chien–Cung Hau reach during the dry season reported by Gugliotta
et al. (2017). Another possible origin of the coarser surficial sediments
characterized by early diagenesis in the Co Chien–Cung Hau reach
during the dry season (Table 5) is the sand mining, which has generally
taken place during low flow (Bravard et al., 2013). However, Brunier
et al. (2014) suggested that less sand mining occurred in the dis-
tributary channels bifurcated from the Mekong River compared with
the Bassac River, possibly because of the dominant mud deposition in
the distributary channels of the Mekong River as indicated by the
present results (Fig. 2). In addition, the marine algae and/or POC in the
Co Chien–Cung Hau reach during the dry season could have been
transported from the offshore area or produced in situ by a pre-
dominant estuarine regime.

During the dry season, the muddy deposits in the Bassac River were
characterized by early diagenesis and a marine source of organic carbon
in the lower reach (the D-A reach; Fig. 2a) close to the Dinh An mouth,
possibly reflecting mud import from the coastal zone and delta front by
tidal pumping and estuarine circulation (Wolanski et al., 1996;
Wolanski et al., 1998; Kanai et al., 2013a, 2013b; Nowacki et al., 2015;
McLachlan et al., 2017; Fig. 9c). The other mud depocenter in the
freshwater region of the Bassac River (the Tr reach) had a riverine se-
diment source, as inferred from magnetic properties and organic ele-
mental composition (Table 5). Therefore, two separate turbidity
maxima were present in the Bassac River during the dry season, in
contrast to the pattern in the Mekong–Co Chien River in the same

season and also to the interface zone between the tidal river and estuary
proposed by previous studies (McLachlan et al., 2017; Ogston et al.,
2017b). The turbidity maximum close to the river mouth (D-A reach)
occurred within the region of the salinity intrusion (Fig. 9c), which is
consistent with being generated by estuarine circulation (Wolanski
et al., 1996; Wolanski et al., 1998; Burchard et al., 2018). There seems
to be no mud deposition in the interface zone; i.e., the reach several
kilometers upstream of the salinity intrusion (McLachlan et al., 2017).
Tidal asymmetry could be a major mechanism for mud deposition in the
Tr reach (Burchard et al., 2018), as this reach is located in the transition
zone from a fluvial- to tide-dominated regime (Gugliotta et al., 2017).
Similar mud deposition patterns have been observed in the transition
zone of the Yangtze River mouth (Wang et al., 2009; Gugliotta and
Saito, 2019). An alternative mechanism might be intensive channel
incision induced by sanding mining, which has been stronger in the
Bassac River than in the Mekong–Co Chien River (Brunier et al., 2014).
We suggest that further field observations are necessary to better un-
derstand the mud depocenters in the Bassac River in dry season.

6. Conclusions

This study analyzed spatial and seasonal variations in the properties
of channel-bed surficial sediments in distributary channels of the
Mekong Delta. We draw the following conclusions about the sedimen-
tary record and associated dynamic processes.

1. The spatial distribution of sediments is characterized by coarse-
grained sediment in upstream reaches and fine-grained sediment in
downstream reaches during both flood and dry seasons. This is
consistent with the fluvial- and tide-dominated regimes of the
Mekong Delta plain.

2. Seasonal variations were observed in the magnetic minerals and

Fig. 9. Conceptual model of depositional processes in the Mekong–Co Chien–Cung Hau River during (a) the flood season and (b) the dry season and (c) in the
Bassac–Dinh An River during the dry season. Mud convergence occurred in the interface zone between the tidal river and estuary and in the saltwater wedge as
suggested by previous studies in the Mekong–Co Chien–Cung Hau River during both the flood (a) and dry (b) seasons (Wolanski et al., 1996; McLachlan et al., 2017).
In contrast, two mud convergence zones occurred in the Bassac–Dinh An River during the dry season: one in the freshwater region and the other in the saltwater
wedge (c).
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organic carbon compositions of channel-bed surficial sediments in
the Mekong–Co Chien River. Higher contents of magnetic minerals
and terrestrial organic carbon occurred during the flood season
compared with the dry season, reflecting trapping of fluvial-supplied
suspended sediments in the distributary channel. The presence of
marine algae and/or POC in the most downstream reach during the
flood season suggests the occurrence of a saltwater wedge and as-
sociated estuarine circulation. During the dry season, mud deposi-
tion occurred in the Co Chien reach, characterized by early diag-
enesis or a contribution from marine algae and/or POC, reflecting
the import of resuspended mud from the downstream channel or
nearshore area.

3. During the dry season, there were two mud-dominated reaches in
the Bassac River: the Tr reach and the D-A reach. The mud in the Tr
reach contained higher magnetic mineral and terrestrial organic
carbon contents, suggesting an origin from fluvial sediments sup-
plied from the drainage basin. The mud in the D-A reach was
characterized by early diagenesis or a signature of marine algae
and/or POC, indicating an origin from resuspended sediments
sourced from the nearshore area.
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