Implications of Tidally-Varying Bed Stress and Intermittent Estuarine
Stratification on Fine-Sediment Dynamics through the Mekong’s Tidal River
to Estuarine Reach
R.L. McLachlana,* A.S. Ogstona, and M.A. Allisonb,c
a

University of Washington, School of Oceanography, Seattle, Washington, USA
b
The Water Institute of the Gulf, Baton Rouge, Louisiana, USA
c
Tulane University, Department of Earth and Environmental Sciences, New Orleans, Louisiana, USA

Abstract
River gauging stations are often located upriver of tidal propagation where sediment transport processes
and storage are impacted by widely varying ratios of marine to freshwater influence. These impacts are
not yet thoroughly understood. Therefore, sediment fluxes measured at these stations may not be suitable
for predicting changes to coastal morphology. To characterize sediment transport dynamics in this
understudied zone, flow velocity, salinity, and suspended-sediment properties (concentration, size, and
settling velocity) were measured within the tidal Sông Hậu distributary of the lower Mekong River,
Vietnam. Fine-sediment aggregation, settling, and trapping rates were promoted by seasonal and tidal
fluctuations in near-bed shear stress as well as the intermittent presence of a salt wedge and estuary
turbidity maximum. Beginning in the tidal river, fine-grained particles were aggregated in freshwater.
Then, in the interface zone between the tidal river and estuary, impeded near-bed shear stress and particle
flux convergence promoted settling and trapping. Finally, in the estuary, sediment retention was further
encouraged by stratification and estuarine circulation which protected the bed against particle
resuspension and enhanced particle aggregation. These patterns promote mud export (~1.7 t s-1) from the
entire study area in the high-discharge season when fluvial processes dominate and mud import (~0.25 t s1
) into the estuary and interface zone in the low-discharge season when estuarine processes dominate.
Within the lower region of the distributaries, morphological change in the form of channel abandonment
was found to be promoted within minor distributaries by feedbacks between channel depth, vertical
mixing, and aggregate trapping. In effect, this field study sheds light on the sediment trapping capabilities
of the tidal river – estuary interface zone, a relatively understudied region upstream of where traditional
concepts place sites of deposition, and predicts how fine-sediment dynamics and morphology of large
tropical deltas such as the Mekong will respond to changing fluvial and marine influences in the future.
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Highlights
• An interface zone exists in tidal rivers just upriver of estuarine processes that hosts
unique hydro- and sediment dynamics.
• In the tidal river - estuary interface, reduced shear stress promotes mud deposition.
• A feedback loop involving channel depth, vertical mixing, and particle aggregation can
shrink and close relatively small distributaries.

1. Introduction
1.1 Background
Rivers are the primary connection between land and sea, as they supply the bulk of
particulate matter to the world ocean (Milliman and Meade, 1983). Although exploration of
sediment pathways is traditionally split into distinct sections (i.e., fluvial, littoral, shelf),
freshwater rivers seamlessly transition into intertidal and brackish areas. In large, low-gradient
rivers, the tidally influenced freshwater section, herein referred to as the tidal river, can span
hundreds of kilometers, as in the Amazon (Uncles et al., 2002), Yangtze (Zhang et al., 2012),
and Mekong (Mekong River Commission Data Portal, MRCDP, accessed 2015) rivers.
Today, rivers are estimated to deliver around 13 Gt yr-1 of sediment to the ocean (Syvitski
and Kettner, 2011). However, this estimate is based on gauges that typically lie upriver of tidal
influence and do not account for vast regions that likely play a large role in the sedimenttransport system, including tidal rivers and estuaries (Hoitink and Jay, 2016; Milliman and
Farnsworth, 2011). The hydrodynamic and sedimentary processes in these transitional
environments remain poorly understood, particularly within the tidal river and the approach of
the tidal river into the zone of estuarine mixing, herein referred to as the tidal river - estuary
interface. Thus, sediment flux magnitude and timing as well as local morphological changes are
difficult to characterize. This gap in knowledge raises the questions: in what ways are sediment
transport pathways affected within the tidal river to estuarine reach of distributaries? and how
do these pathways alter channel morphology?
Within estuaries, competition between river and tidal flows, with the former promoting
stratification and latter providing mixing (Geyer and MacCready, 2014), produces changes in
estuarine regime and sediment dynamics. These changes range from long-term climate shifts

(e.g., Robins et al., 2016) to seasonal discharge fluctuations (e.g., Gensac et al., 2016; Nowacki
et al., 2015; Wolanski et al., 2006; Woodruff et al., 2001) to daily spring-neap tidal cycles (e.g.,
Ralston et al., 2008, 2012). Present research has emphasized characterizing these shifts in
discrete regions, separating the river from the estuary. However, relatively little attention has
been given to controls on sediment flux patterns where tidal rivers transition to estuaries.
This study takes the innovative approach of analyzing how these factors interact and
control sediment transport and channel morphology, linking near-bed shear stress (τ) and finegrained particle aggregation to sediment resuspension and deposition throughout the range of
fluvial and marine processes within a large tropical delta. Processes within the tidal river and
estuary are individually addressed. Then, interactions of processes within the newly defined tidal
river – estuary interface are examined and channel morphology feedbacks on distributary
development are inferred.

1.2 Study Region
The Mekong River spans >4,000 km from the Tibetan Plateau to southern Vietnam
before reaching the East Sea, also called the South China Sea (Figure 1). Estimated water
discharge is 550 km3 yr-1 and sediment discharge is ~150 Mt yr-1 (Milliman and Farnsworth,
2011; Ta et al., 2002). Near the Cambodia-Vietnam border, the river splits into the Sông Hậu and
Sông Tien. The Sông Tien repeatedly bifurcates, but the Sông Hậu remains a single channel until
splitting around a mid-channel island called Cù Lao Dung. This paper focuses on the Sông Hậu,
which carries over 40% of the total water flow (Nguyen et al., 2008), and its distributaries, the
Định An and Trần Đề.

The Mekong Delta is presently tide-dominated (Ta et al., 2002) with mixed-semidiurnal,
mesoscale tides. Tidal ranges attenuate from ~3 m at the mouth to 1 m at the Cambodian border,
~190 km upriver (MRCDP, accessed 2015).
Discharge is largely dictated by seasonal monsoons (Figure 1). The wet summer
monsoon (May to October) comes from the southwest and brings relatively weak winds and
offshore waves. During this high-flow season, a stratified salt wedge propagates ~20 km upriver
and ebb tidal currents dominate throughout the study region (Nowacki et al., 2015). The drier
winter monsoon (November to March) brings much stronger winds and waves from the northeast
(Hu et al., 2000; Nardin et al., 2016a). During this low-flow season, flood tides dominate a
partially-mixed estuary that penetrates ~50 km upriver (Nowacki et al., 2015; Wolanski et al.,
1996, 1998).
The lower tidal river has straight, seaward-shallowing channels (Gugliotta et al., this
issue). Bed sediment is predominately sand and silt in the high-flow season which is capped by
mud in the low-flow season (Allison et al., this issue; Nowacki et al., 2015; Wolanski et al.,
1998, 1996). Nowacki et al. (2015) measured a net sediment export of 1 t s-1 during high flow
(2012) and a net import of 0.3 t s-1 during low flow (2013) in the Định An channel, the larger of
the two distributaries. During high flow, sediment is discharged from distributaries and deposited
on the inner shelf (Eidam et al., this issue; Vo et al., this issue) and along northern coastlines
(Tamura et al., 2010). Energetic conditions during low flow erode this material (Vo et al., this
issue) and transport it onshore (Eidam et al., this issue; Fricke et al., this issue) and
southwestward (Tamura et al., 2010), creating the oblong shape of the delta (Ta et al., 2002) and
linking fluvial sediment flux to offshore sediment availability and coastline stability. By these
processes, the Mekong Delta has been prograding for ~3.5 kyr (Ta et al., 2002).

The stability of the seaward margin of Cù Lao Dung is reliant upon fluvial sediment
supply and the presence of mangrove forests (Bryan et al., this issue; Bullock et al., this issue;
Mullarney et al., this issue; Norris et al., this issue), which often dominate tropical coastlines and
stabilize substrate with unique root structures that trap sediment (van Maanen et al., 2015). Other
studies in the area show that mangrove density and robustness are correlated with seasonal
transport direction and sediment size (Nardin et al., 2016a, 2016b) and that shoreline propagation
rates are dependent on river sediment load (Fricke et al., this issue).
The delta is rapidly changing due to natural and anthropogenic alterations. Numerous
dams decrease flow variability (Xue et al., 2011) and reduce course-grained sediment flux
(Kummu and Varis, 2007). Shifting tropical cyclone climatology may also be decreasing
sediment supply to the delta (Darby et al., 2016). Local sea-level rise (1-4 cm yr-1) will certainly
produce widespread flooding (Erban et al., 2014; Le et al., 2007), increase salinity intrusion
(Carew-Reid, 2007), and alter distributary bathymetry and hydrology (Le et al., 2007). River-bed
mining is also prevalent (Anthony et al., 2015) and is altering river-bed morphology. Quantifying
subsequent effects from these stresses on sediment transport pathways is vital to anticipating
future channel morphology, mangrove robustness, and coastal stability.

2. Methods
2.1 Data Collection
Fixed-location (Table 1) and vessel-based (Table 2) data were collected in September October 2014 (high flow) and March 2015 (low flow) (Figure 1). Vessel-based data were
collected mainly along six cross-channel transects spanning from near the river mouth, defined
as the seaward extent of Cù Lao Dung, up to Cần Thơ, a city well beyond typical maximum

salinity intrusion (Nguyen et al., 2008; Nowacki et al., 2015; Wolanski et al., 1998, 1996)
(Figure 1). Transects A, B, and C were occupied previously by Nowacki et al. (2015). Transects
A’, B’ and D, also called Cần Thơ Transect in concurrent studies (Allison, et al., this issue;
Stephens et al., this issue; Xing et al., this issue), extend this study site upriver and into the Trần
Đề channel. These data allowed for new interpretations of shear stress, suspended-sediment
transport, and morphological development through the tidal river to estuarine reach for both
discharge seasons.
Transects were occupied for ~24.8 or ~12.4 hours (Figure 2) during spring tides, and
some were re-occupied during neap tides for a more comprehensive evaluation of spring-neap
variations. In one traverse direction, CTD (Conductivity, Temperature, Depth) and OBS (Optical
Backscatter) casts were performed at several stations located over key bathymetric features.
ADCP (Acoustic Doppler Current Profiler) and multibeam bathymetry data were continuously
collected. During low flow, the CTD depth sensor did not function properly, so other depth
sensors (1–6 Hz) were attached to the profiler and data were coupled based on time. Depth data
were not collected during the first portion of the Transect D occupation and were later estimated
assuming each downcast was performed at a constant rate.
At each station, water samples were collected with a Niskin Sampler throughout the
water column to measure sediment mass concentration. In addition, during the low-flow season,
samples were immediately poured into a settling chamber (220x145x2 mm), following the
design of Sternberg et al. (1996), with minimal perturbation, and particle size and settling were
video recorded (Olympus Stylus TG-3; 1920x1080 resolution).

2.2 Data Processing

Data were extrapolated into regions where the ADCP was not able to accurately
determine water velocity by assuming vertically uniform velocity profiles near the water surface
and a no slip condition at the channel bed. ADCP ensembles with a low signal to noise ratio were
removed and replaced with linearly interpolated values to reduce noise. For station-specific
analysis, velocity data collected <50 m from each station were averaged and paired with
concurrent CTD casts. For transect-wide flux calculations, salinity and turbidity values measured
by the CTD and OBS, respectively, were assigned to ADCP ensembles by linearly interpolating
between casts and extrapolating to the channel banks based on sigma depth coordinates. Tidally
averaged fluxes were calculated by integrating smoothed instantaneous data over a tidal cycle;
positive fluxes represent seaward flow.
OBS voltage responses were converted to suspended-sediment concentration (SSC) by
calibration with water samples collected throughout the water column during spring and neap
tides. The samples were filtered (0.45 μm), dried, and weighed. Linear regression fits of OBS
voltage output against measured SSC were good: R2 = 0.56 (high flow) and 0.78 (low flow).
Niskin Samplers potentially undersample the sand fraction (Stephens et al., this issue), so
variability around the linear relationship was likely greater in high-flow periods when sand was
suspended.
Near-bed shear stress (τ) was calculated using detailed information collected within the
bottom boundary layer during each season. Near-bed water velocity fits a logarithmic profile
under steady flow conditions when the water column is neutrally stratified and horizontally
homogenous (e.g., Wilcock, 1996), conditions only met during ebb and flood tidal phases of the
high-flow season.

During the high-flow season, shear velocity at the bed (𝑢∗ ) was calculated by fitting
measured velocity data to the Law of the Wall, written as:
̅𝑧
𝑢
𝑢∗

1

𝑧

= 𝐾 𝑙𝑛 𝑧

(1)

0

where 𝑢̅𝑧 is mean flow velocity at height z above the bed, 𝐾=0.41 (von Karman constant), and
𝑧0 is the roughness height. This method was used to evaluate 𝑢∗ in previous studies when no
near-bed high frequency data was available (e.g., Petrie et al., 2010; Ramirez and Allison, 2013).
Drag coefficients (Cd) for each station were then calculated as Cd =

𝑢∗ 2
̅2
𝑢

(Sternberg, 1968)

and assumed to be constant over a transect occupation. For this calculation, mean flow velocities
(𝑢̅) were evaluated at 2.5 m above the bed, the deepest ADCP bin consistently not compromised
by side-lobe interference. Finally, to calculate τ over the time period of a transect occupation at
each station during the high-flow season, the Quadratic Stress Law (τ = ρ Cd 𝑢̅2 = ρ 𝑢∗ 2, where ρ
is the fluid density) was used with the appropriate station Cd.
During low flow, salinity stratification affected velocity profiles so the above method
could not be used to evaluate Cd. Drag coefficients estimated during the high-flow season were
found to be reliant upon bed characteristics, which included sandy dunes (Cd = 0.0035±0.0005),
muddy furrows (Cd = 0.005±0.0005), and flat featureless beds (Cd = 0.0028±0.0000), while grain
size had no significant impact (Figure 3). Utilizing this relationship, station-specific drag
coefficients were estimated based on concurrently mapped bed types (Allison et al., this issue)
during the low-flow season. Stations with featureless beds were assigned a Cd of 0.0028 and
stations with dunes or indistinct furrows and pits were assigned a Cd of 0.0035. After assigning
drag coefficients, the Quadratic Stress Law was used to estimate τ over the tidal cycle at each
station.

Estimates of τ were made using the Quadratic Stress Law with time and site specific Cd
values in each season, rather than methods leading to more precise but temporally and spatially
limited coverage. This way, equivalent methods were applied to compare trends through the
range of conditions sampled in the tidal river and estuary.
During low flow, suspended particle size and settling velocity (Ws) were retrieved from
settling chamber videos based on the methods of Larsen et al. (2009). A scale bar within the
chamber was used to calculate pixel size, which was generally <10 μm. Thus, particles with
diameters >25 μm could be confidently tracked using this method. Video frames were extracted
at three frames per second from the central portion of the camera’s field of view (~8x8 mm from
the total view of ~27x15 mm) to reduce perspective distortion. Frames were converted to binary
images and differenced to remove stationary objects. Particle perimeter, equivalent diameter,
minor axis length, and major axis length were found for all particles in each frame and used to
define particle tracks in subsequent frames. These properties were demeaned and equally
weighted. The particle in the proceeding frames with the smallest Euclidean distance from the
properties of the original, within a defined spatial threshold, was deemed the same particle and
added to the particle track. Although this method did not evaluate the full particle size range in
suspension, particles larger than fine silt were tracked and along-system trends in size of these
larger particles and their settling velocities were obtained.

3. Results
Regional characteristics of water and sediment discharge found in this study (Table 3) are
consistent with prior findings of Nowacki at al. (2015) and Wolanski et al. (1996, 1998) (see
Introduction). During high flow, the Sông Hậu’s tidally averaged water discharge was ~13,000

m3 s-1 and sediment discharge was ~1.7 t s-1. The tidal river dominated the study region; a
strongly stratified salt wedge (max 21 PSU) migrated ~20 km upriver. During low flow, water
discharge fell to 2,000 m3 s-1 and sediment was imported at 0.25 t s-1. The study region
downstream of Transect C became a partially-mixed estuary (max 27 PSU), and saline water
(>1.5 PSU) migrated >40 km upriver of the river mouth. Tidal attenuation is significant in this
region (Figure 2b). The near-mouth tidal range was ~3 m for both seasons and attenuated to 1.9
m in low flow and 1.4 m in high flow at Cần Thơ.

3.1 Shear Stress, Suspended Sediment Concentration, and Salinity
3.1.1 High Flow
Observations of river discharge, near-bed shear stress, SSC, and salinity during high flow
(characteristic thalweg data for each transect in Figure 4 and Figure 5) show the relative strength
of tidal variations on these factors in the dominantly tidal river. Near-bed shear stress varied in
response to instantaneous water discharge. Stresses peaked during dominant ebb flows, and there
was considerable across- and along-channel variation in shear stress magnitude.
Relative to the broad range of SSC values during low flow, concentrations during high
flow had little variation and fell within the mid-range of observed low-flow values.
Concentrations were greatest near the bed and background levels rarely dropped below 0.06 g L1

. The sediment load increased during ebb flows, peaking ~1-2 hours after maximum shear

stress, and then dropped to background levels when water velocities were near zero.
During spring tides (Figure 4), depth-averaged SSC was consistently greatest near the
river mouth (c.f. Transect A and B), regularly exceeding 0.2 g L-1, and the entire study area
remained fresh. During neap tides (Figure 5), instantaneous water discharge and shear stress

were dampened. An ephemeral salt wedge was confined to the bottom 20% of the water column
and held less sediment (0.01 g L-1) than the overlying freshwater. SSC peaked at 0.8 g L-1 near
the bed just after the salt wedge receded. Compared to spring tide, SSC in the tidal river was
greater and more vertically mixed in neap tide. For example, SSC throughout the water column
at Transect B’ was generally less than 0.2 g L-1 during spring tides, but regularly greater than 0.3
g L-1 during neap tides.

3.1.2 Low Flow
Observations of river discharge, near-bed shear stress, SSC, and salinity during low flow
(characteristic thalweg data for each transect in Figure 6 and Figure 7) show the relative strength
of tidal variations on these factors in the tidal river to estuary. Shear stress and discharge were
correlated, as seen in high flow, but were generally weaker and had more comparable absolute
values between ebb and flood tides. Flood flows were notably greater during this season,
reaching >20,000 m3 s-1 at Transect C, over double that of the high-flow season. Maximum
stresses at Transect B, where mining operations created extensive dredge pits and a large 𝐶𝑑 ,
were twice as large as those elsewhere during low flow.
Low-flow SSC values spanned a broader range (0.01 to 1.6 g L-1) than those observed
during high flow. Concentrations, which were again greatest near the bed, increased during both
ebb and flood flows, but were generally greater and more vertically mixed during floods.
During spring tides (Figure 6), both the Định An and Trần Đề distributaries became
estuaries, but the Trần Đề channel was more vertically mixed. Within the tidal river (Transects D
and C), SSC peaked during maximum water velocities, but downstream in the estuary, SSC
spikes preceded high salinity regardless of water velocity. During neap tides (Figure 7), water

discharge magnitude and shear stress decreased relative to spring tides; maximum stress halved
at Transect B. Both salinity and SSC became more stratified, and near-bed water was persistently
brackish with higher salinity values. Near-bed shear stress was weakened within, and notably
immediately upstream of, the region of pronounced salinity stratification, and SSC was greatest
when salinity was >20 or <2 PSU. Both trends are well displayed at Transect A during neap tides
(Figure 5 and Figure 7).

3.2 Suspended-Sediment Size and Settling Velocity
During low flow, the onboard settling chamber allowed for direct measurements of
particles within water samples (n>100) collected within the bottom boundary layer as well as
near the water surface (Figure 8). Observed particle size and Ws were generally uniform
throughout the water column. The most common particle size recorded was ~40 μm (equivalent
to coarse silt), but particles >80 μm (equivalent to very-fine sand) were recorded and seen more
frequently during flood tides. Overall, observed Ws were less than those calculated assuming
discrete grains with densities of quartz (2.65 g cm-3) (Gibbs et al., 1971), a light density estimate;
local silt composition is predominately quartz and denser manganese (Davies and Walker, 2013).
All grain-size distributions found with this method exhibited a large fraction of particles
>40 μm in diameter, and these accounted for ~50-85% of the total imaged particle volume in
every sample. Over an entire tidal cycle, the Trần Đề hosted larger, faster settling, particles than
the Định An channel. Figure 8 shows that both the median and maximum settling velocities of all
particles recorded were faster at Transects B’ and A’ in the Trần Đề channel than at Transects B
and A in the Định An channel.

4. Discussion
Within the tidal river, estuary, and tidal river - estuary interface, the interplay of bed
stress and particle dynamics is key to understanding the effects of fluvial and marine influences
on sediment transport and morphological development (Figure 9). Here, we build on previous
studies that addressed flow and sediment dynamics in the estuary (Wolanski et al., 1996, 1998)
and lower distributaries (Nowacki et al., 2015) by exploring bed stress and particle dynamics in
previously unexplored regions (i.e., tidal river - estuary interface, Trần Đề distributary) and
discuss potential morphologic effects considering anthropogenic interference and climate
impacts.
Throughout the fresh tidal river to lower estuary, measured particle settling velocities
were predominantly produced by primary aggregates, based on both visual observations and
effective density calculations (Figure 8). As evidence, the effective densities of particles >40 μm
observed in the settling chamber (~1.15 g cm-3) are representative of aggregated mud (Dyer and
Manning, 1999) and are less than half that expected of discrete quartz grains (Gibbs et al., 1971).

4.1 Tidal River
Within the tidal river (all transects during high flow, Transects D and C during low flow)
(Figures 4-6), bed stress varied with tidal velocity and bed conditions but was not influenced by
buoyancy effects, as in the estuary. Particles experienced vertical settling, redistribution, and
resuspension on a tidal basis, and dominant ebb tides promoted particle aggregation and net
sediment export.
Suspended load was related to shear stress at any single location, but showed a strong
dependence on local sediment availability. For example, Transect B hosted the greatest shear

stresses due to high drag from dredge pits, but maintained relatively small measured SSC values
as compared to other transects because the bed was predominately sand (Allison et al., this issue;
Stephens et al., this issue) rather than easily-suspendable mud.
Aggregates were observed in the tidal river (Figure 8) upstream of salinity propagation,
an observation not uncommon in rivers with high organic content (Zimmermann-Timm, 2002;
Fox et al., 2004). These aggregates promote faster particle settling along the distributary and aid
in trapping as they approach the estuary. A background SSC was maintained in the tidal river
because the slowest settling particles did not have time to settle to the bed at slack tides.
Background SSC was ~0.06 g L-1 during high flow and ~0.01 g L-1 during low flow. Background
levels may be reduced during low flow due to both lesser sediment yield from the drainage basin
as well as greater aggregation and settling. These processes promote sediment retention in the
channels and reduce supply to the coast during the low-discharge season.

4.2 Estuary
During low flow, Transects A and A’ became zones of persistent estuarine processes
(Figure 6 and Figure 7). As river discharge decreased, tidal asymmetry often caused flood flows
to be slightly more dominant (Scully and Friedrichs, 2007), promoting net sediment import.
Salinity stratification, which was more pronounced during neap tides, dampened bed
stress, shielded against resuspension, promoted sediment import, and enhanced aggregation, as
has been observed in numerous studies (e.g., Chant and Stoner, 2001; Geyer et al., 2001; Uncles
and Stephens, 1993). As observed at Transect A, pulses in SSC did not occur when salinity and
vertical stratification were prominent (Figure 6) but did occur at comparable stresses during less
stratified times (Figure 7).

Salinity within the estuary catalyzes aggregation, which enhances particle settling and
shifts the suspended-sediment load deeper in the water column, promoting sediment retention.
To illustrate, at Transects A and B during low-flow neap tides (Figure 7), the fresh surface water
held >0.05 g L-1 of sediment, but the middle water column with 2-20 PSU had SSC values an
order of magnitude smaller (<0.005 g L-1) because particles in this brackish layer could further
aggregate and settle towards the bed. Enhanced near-bed sediment load from particle settling,
paired with net upriver flow at depth from estuarine circulation, produced mud import.
Concurrent ocean conditions also impact sediment import and trapping in the
distributaries. During high flow, a time period characterized by calm offshore conditions,
offshore SSC values recorded within the bottom boundary layer of the shelf clinoform ~23 km
offshore were low, typically 0.005-0.02 g L-1 (Eidam et al., this issue). The salt wedge (Figure 5)
within the distributary maintained the initial shelf SSC of ~0.01 g L-1, suggesting inhibited
particle settling into the salt wedge and minimal sediment resuspension. During low flow, a time
period characterized by more energetic offshore conditions, maximum concurrent oceanic SSC
rose to 0.39-0.78 g L-1 within the offshore bottom boundary layer (Eidam et al., this issue),
increasing the potential source of sediment to the estuary. Although this joint study only
recorded a single substantial resuspension event on the shelf, there are typically more consistent
energetic conditions in the coastal ocean (Tamura et al., 2010; Xue et al., 2012) throughout much
of the low-flow season.

4.3 Tidal River - Estuary Interface
The tidal river - estuary interface is defined here as the freshwater region directly
impacted by the stratification and circulation of the downstream estuary. An interface zone has

rarely been addressed as a zone with unique hydro- and sediment dynamics, but this zone must
have been present in many other studies that include a tidal river and estuary, e.g. Connecticut
River Estuary (Horne and Patton, 1989), Sacramento–San Joaquin River Delta (Wright and
Schoellhamer, 2005), Daly Estuary (Wolanski et al., 2006). Thus, its impacts on sediment
transport and morphology have not been specifically explored. As the estuary tidally moves up
and down distributary channels, it leaves in its wake an interfacial region of amplified mud
availability and reduced shear stress by hindering downriver flow at depth. These processes
produce mud deposition within the interface many kilometers upriver of the estuary (Figure 9),
beyond where traditional concepts would place sites of deposition.
Within an estuary turbidity maximum (ETM), formed by riverine and estuarine
convergence (e.g., Postma, 1967; Schubel, 1968), salt water introduction and enhanced SSC
promote aggregation, settling, and deposition of fine-grained sediment. Even after the ETM
recedes, the estuary acts as a barrier of slow-moving water inhibiting seaward flow at depth.
Thus, observed shear stresses within the interface were weaker during ebb than flood flows
(Figure 6 and Figure 7) even when discharge magnitudes were similar. This buffering effect, also
recorded upriver of other estuaries, e.g. Tamar Estuary (Uncles and Stephens, 1993), increases
time available for aggregation and settling and encourages sediment retention upriver of the
ETM, as shown by enhanced near-bed SSC (Figure 6) through the Sông Hậu interface. As the
interface moved in and out of the channels around Cù Lao Dung, both channels were blanketed
with mud sourced from offshore, as previously inferred (Nowacki et al., 2015) and now
documented (Allison et al., this issue, Vo et al., this issue).
The buffering effect from the estuary influenced sediment transport >5 km upriver within
the interface zone. For example, during high flow, SSC at Transect B’ was significantly greater

during neap than spring tide even though stresses were comparable (Figure 5) because the
estuary was closer to the transect, and thus more influential, during neap tide. During low flow,
Transects C, B, and B’ had much greater SSC than Transect D despite shear stresses being
comparable (Figure 6) due to greater sediment availability and retention within the interface.

4.4 Impacts of Regional Sediment Transport and Trapping
Distributary channel stability and future development are dependent on processes active
throughout the broader system: dam installation, shifting cyclone climatology, river-bed mining,
sea-level rise, and changes to sediment availability. These processes have cascading effects on
the future of the distributaries as well as the adjacent shorelines and submarine delta because
each of these environments acts as both a source and a sink of sediment for the others.
The future of an estuary can be predicted by classifying parameters and predicting shifts
in parameter space (e.g., Geyer and MacCready, 2014; Geyer, 2010; Hansen and Rattray, 1966).
Geyer and MacCready (2014) accounted for spring-neap tidal variations, tidal mixing, and tidal
straining by parameterizing estuaries with their freshwater Froude number (Frf) and mixing
number (M). The freshwater Froude number scales with the ratio of net fluvial flow velocity to
the maximum possible frontal propagation speed and is calculated as 𝐹𝑟𝑓 = 𝑈𝑅 /
(𝛽 𝑔 𝑠𝑜𝑐𝑒𝑎𝑛 𝐻)1/2, where 𝑈𝑅 is river velocity, β = 7.7 x 10-4, 𝑔 is gravity, 𝑠𝑜𝑐𝑒𝑎𝑛 is oceanic
salinity, and 𝐻 is water depth. The mixing number quantifies the effectiveness of vertical tidal
mixing and is calculated as 𝑀 = [(𝐶𝑑 𝑈𝑇 2 )/(𝜔 𝑁0 𝐻 2 )]1/2, where 𝑈𝑇 is tidal velocity, ω is tidal
frequency, and 𝑁0 is the buoyancy frequency for the maximum top-to-bottom salinity variation.
The lower reach of the Mekong changes from a time-dependent salt wedge at high flow,
supporting sediment export, to a partially-mixed estuary at low flow, allowing for sediment

import and retention within the channel. This parameterization confirms that the vertical
structure of the channel is predominately forced by river discharge (Figure 10).
Continued dam installation in the Mekong drainage basin will cause the typical range in
maximum and minimum flows to decrease (Kummu and Varis, 2007; Lauri et al., 2012; Xue et
al., 2011) and short-lived water-level fluctuations to increase (Lu and Siew, 2006). Thus, we
expect that the lower Mekong will shift towards a continuous time-dependent salt wedge, but
sporadic low discharge events may increase mixing events.
More frequent low discharge events will increase vertical mixing and enhance
aggregation, settling, and trapping within the distributaries. Additionally, sea-level rise (Erban et
al., 2014), sediment starvation from shifting cyclonic activity (Darby et al., 2016), and sand
mining will increase channel depth and promote salinity intrusion, lessening near-bed shear
stress and erosion and promoting mud deposition farther upriver than presently typical, a
conclusion also suggested in other studies (e.g., Chernetsky et al., 2010; Wolanski et al., 1996).
Alternatively, sea-level rise may promote bed erosion from increased tidal velocities (e.g.,
Canestrelli et al., 2010; Xing et al., this issue). The net effect on channel depth through the range
of environments (tidal river, interface, and estuary) is still unclear as feedbacks often lead to
alternate steady states. Overall, less sediment supply from the upper basin (Darby et al., 2016;
Kummu and Varis, 2007) and more mud trapping within the distributaries is expected to result in
diminished delta progradation and exacerbated coastal erosion (Anthony et al., 2015; Tamura et
al., 2010).
In addition to changes in sediment supply and sea-level rise, channel depth may also be
modified by mixing patterns. For example, present observations of vertical mixing asymmetry
between the Định An and Trần Đề channels suggest there will be impacts on channel

morphology. When estuarine conditions are present, the Trần Đề channel is the more vertically
mixed of the two distributaries, likely due to its lesser depth and freshwater flux (Geyer and
MacCready, 2014), and saline water catalyzes aggregation more uniformly throughout the entire
water column. Particle aggregation and trapping is observed to be more prominent in the Trần
Đề, possibly diminishing the carrying capacity of this channel. Indeed, historical imagery
suggests this channel is becoming a less substantial conduit (Nowacki et al., 2015).
As water depth decreases, 1) vertical mixing will increase (Geyer and MacCready, 2014),
enhancing settling over a longer portion of the year, and 2) flood tides will gain dominance
(Chant and Stoner, 2001), encouraging greater sediment import and trapping. Both of these
processes further promote channel shallowing. As long as the Định An channel remains an
alternate route for water discharge, this positive feedback loop can lead to channel abandonment
of the Trần Đề. The Ba Lai distributary, located ~80 km northeast of the study region, gives
precedence to this process. As with the Trần Đề, the Ba Lai was a sub-distributary bordering the
southwestern edge of a mid-channel island. Sediment infilling led to channel abandonment
within the past several centuries and adjacent shorelines have shown negligible progradation
since then (Tamura et al., 2012). The findings of this study demonstrate that as flows bifurcate
around channel islands, the shallower distributary will evolve towards abandonment as discharge
decreases and/or salinity intrusion and vertical mixing increase.
This feedback loop will restrict sediment supply to local coastlines and may disrupt the
~3.5 kyr pattern of delta progradation (Ta et al., 2002), because direct and indirect sedimenttransport pathways exist between the river, continental shelf, and coastal mangrove fringes
(Eidam et al., this issue; Fricke et al., this issue; Nardin et al., 2016a, 2016b). Mud sourced from
offshore and temporarily trapped within the estuary may be mixed into the upper water column

and advected into the shoreline mangrove forests. This study found that during low flow, the
sediment load in the Định An was vertically stratified and located deep in the water column.
Concurrent studies performed in the mangrove fringe of Cù Lao Dung (Fricke et al., this issue)
found minimal SSC within the northeastern mangroves. This pattern was not seen in the
southwestern mangroves where the Trần Đề distributary was vertically mixed. These findings
suggest that transport pathways exist between the channel surface waters and coastal mangrove
forests, and that differences in surface SSC between the two distributaries, which are controlled
by both fluvial and marine endmembers, impact sediment availability to nearby shoreline
environments.

5. Conclusions
The tidal river, estuary, and newly characterized tidal river - estuary interface each host a
unique set of hydrodynamics and sediment dynamics, and the migration of these regions in
response to varying fluvial and marine influence dictate sediment flux and deposition patterns
within the study region (Figure 9). The findings of this study can be applied to other large river
distributaries with varying degrees of fluvial and marine influence, e.g., the lower Amazon River
acts solely as a tidal river (Gibbs, 1967) and the Mississippi River exhibits a relatively short tidal
river with minimal tidal influence (Wright and Coleman, 1974), but both may still contain an
interface zone near their mouths.
Within the tidal river, water velocity, near-bed shear stress, and suspended-sediment
transport pathways vary with tides. Dominant ebb flows produce downriver sediment flux.
Within the estuary, stratification and buoyancy effects dampen bed stress, shield against
resuspension, promote aggregation, and result in upriver sediment flux. The interface between

these two regions plays a crucial role in sediment flux from the river; this zone accumulates
sediment and promotes mud deposition many kilometers upriver of the estuary through
weakened bed stress, sustained particle aggregation and settling, and flux convergence. This
region warrants further attention when addressing sediment transport through, and future stability
of, large tropical deltas.
This study also found that estuarine stratification and associated sediment aggregation
and deposition patterns may lead to closing of minor distributary channels through feedbacks
between channel shallowing, vertical mixing, and sedimentation. Changes in river discharge and
channel depth will likely promote more persistent mud deposition within the shallower
distributary channel, in turn reducing fine-sediment transport to nearby shorelines and offshore
environments. Thus, sediment-transport pathways within large tropical distributaries link river
channels, coastlines, and shelves, and alterations to the sediment supply to or from any of these
regions will have cascading effects on the broader environment.
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Figures

Figure 1. Study area basemap with Landsat 7 ETM imagery acquired 25 September 2015. White lines on basemap
delineate transect locations. Yellow dots show locations of fixed sensors deployed during data acquisition. Top right
inset map displays broader Mekong Delta (ArcGIS Basemap). Bottom left inset map displays the hydrograph
(average maximum, mean, and minimum water discharge from 1960-2009) at Châu Đốc, about 100 km upriver of
Cần Thơ. Discharge data was acquired from the MRCDP, accessed 2015. Orange boxes denote periods of data
collection in this study.

Figure 2. (a) Measured water level at Cần Thơ, provided by the Cần Thơ Hydrographic Station, with transect
occupations highlighted in grey. (b) Characteristic daily tidal variations around mean water-surface elevation at each
of the three sites along the distributary channel. Transect C and Định An water level data were collected with fixed
sensors shown in Figure 1.

Figure 3. (a) For each sampling station during the high-flow season, calculated drag coefficients are compared to the
mean particle diameter of bed material at that station. Drag coefficients are shown to be dependent on bed type
rather than grain size. All bed types were observed during the high-flow season, but no distinct furrows were seen
during the low-flow season. (b) Characteristic bedform types from the high-flow season are shown for Transect A
(image modified from Allison et al. (this issue)).

Figure 4. High Discharge, Spring Tides: Total channel water discharge (Q), near-bed shear stress, and SSC at all
transects’ representative thalweg stations over a 24.8 hour period. For transects that were occupied for 12.4 hours or
less (Transects B’ and B), the data have been repeated to simulate a continuous 24.8-hour time series. Salinity was
not present at any of the transect locations during high discharge, spring tides.

Figure 5. High Discharge, Neap Tides: Total channel water discharge (Q), near-bed shear stress, SSC, and salinity at
transects’ representative thalweg stations over a 24.8 hour period. Salinity was not present at Transect B’ during
high discharge, neap tides.

Figure 6. Low Discharge, Spring Tides: Total channel water discharge (Q), near-bed shear stress, and SSC at all
transects’ representative thalweg stations over a 24.8 hour period. For transects that were occupied for 12.4 hours or
less (Transects B’, B, A’, & A), the data have been repeated to simulate a continuous 24.8-hour time series. Transect
C has been split into two sections: section C represents data collected over the left-most and largest thalweg of
Transect C that is bathymetrically linked to the Định An channel; section C’ represents data collected over the rightmost thalweg of Transect C that is linked to the Trần Đề channel. Salinity contour intervals change between panels,
and salinity was not present at Transect D or Transect C’.

Figure 7. Low Discharge, Neap Tides: Total channel water discharge (Q), near-bed shear stress, SSC, and salinity at
transects’ representative thalweg stations over a 24.8 hour period.

Figure 8. Settling chamber video data from the low-discharge season. (a) Size and Ws of a random sub-sample
(n=400) of all particles recorded (n=14x104). Black lines denote expected Ws of grains with given densities
(solid=quartz, dashed=aggregate). (b) Ws of all particles observed in surface samples collected during spring tide
along the transport pathway that splits the Sông Hậu into the Trần Đề and Định An. Ebb and flood tides are
distinguished by net flow direction. Boxplots: central mark denotes median, bottom and top edges indicate 25th and
75th percentiles, respectively, and whiskers extend to data not considered outliers. Note that median and maximum
settling velocities are faster in the Trần Đề than in the Định An channel.

Figure 9. Conceptual summary of salinity stratification (grey lines), SSC (dot concentration), relative near-bed shear
stress, suspended particle aggregation (dot size), net sediment advection (black arrows), and mud deposition/erosion
within the tidal river, tidal river – estuary interface, and estuary during (a) low- and (b) high-discharge seasons.
Relative weight of transport arrows vary with season and regime. Not drawn to scale.

Figure 10. The lower Định An distributary in estuarine parameter space (diagram modified from Geyer and
MacCready (2014)). The black rectangle encompasses the total expanse of salinity regimes found during all river
discharge (high and low) and tide combinations (spring and neap) of this study period. The filled arrows illustrate
probable future shifts in parameter space. The unfilled arrow illustrates effect of more frequent sporadic low
discharge events.

Tables
Table 1. Fixed sensors, locations (Figure 1), and parameters collected during both seasonal campaigns. All fixed
sensors collected high frequency data, which were averaged over 10 second to 10 minute periods.

Fixed Sensor
RBRduo
Onset HOBO
RBRduo
YSI 6600 V2-4

Location
Transect D
Transect C
Trần Đề channel
Định An channel

Parameters
Turbidity
Depth, Temperature
Depth, Turbidity
Depth, Temperature, Turbidity, Salinity

Table 2. Vessel-based sensors, parameters collected, and sampling strategy during both seasonal campaigns.
Transects were repeated every 20-60 minutes, depending on channel width. Multibeam bathymetry is discussed in
more detail in Allison et al. (this issue). Sand-specific sampling methods (P-61 isokinetic sampler and Sequoia
Scientific LISST-100X casts) were also conducted and are discussed in Stephens et al. (this issue).

Vessel-Based Sensor
RD Instruments Acoustic Doppler
Current Profiler (ADCP), 600 kHz
RBR XRX-620 CTD +integrated
optical backscatter (Campbell
Scientific OBS-3+)
R2SONIC 2020 Multibeam, 100 kHz

Parameters
Water Velocity (50 cm
bins)
Conductivity,
Temperature, Depth,
Turbidity
Bathymetry

Sampling Strategy
Cross-channel transect
surveys
Vertical profiles (6 Hz)
cast at 2-4 stations per
transect
Cross-channel transect
surveys

Table 3. Water discharge, salinity, and sediment-transport characteristics of the lower Sông Hậu for the high-flow
and low-flow data collection periods. Water discharge and sediment flux are tidally averaged.

Data Collection
Weather
Water Discharge
Salinity Regime
Salinity Intrusion
Sediment Flux

High Flow
Sept. - Oct., 2014
Wet Summer Monsoon
13,000 m3 s-1
Tidal River / Salt Wedge
~20 km
1.7 t s-1

Low Flow
March, 2015
Dry Winter Monsoon
2,000 m3 s-1
Tidal River / Partially-Mixed Estuary
>40 km
-0.25 t s-1

