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1. INTRODUCTION

1.1. The assignment

This report is part of the set of reports describing the results of the extension of the study on
density currents in the Lower Sea Scheldt (Beneden Zeeschelde) as part of the Long Term Vision
for the Scheldt estuary — Field measurements high-concentration benthic suspensions (HCBS 2)".
It is complementary to the study ‘Monitoring and analysis of silt accretion in Deurganckdok.

The terms of reference for this study were prepared by the ‘Departement Mobiliteit en Openbare
Werken van de Vlaamse Overheid, Waterbouwkundig Laboratorium’ (16EB/04/13). The execution
of this study was awarded to International Marine and Dredging Consultants NV in association with
WL | Delft Hydraulics, dr. R. Kirby and Gems International on 09/12/2005.

‘Waterbouwkundig Laboratorium — Cel Hydrometrie Schelde’ provided data on discharge, tide,
salinity and turbidity along the river Scheldt and provided survey vessels for the long term and
through tide measurements.

The settling velocity measurements with INSSEV were subcontracted to the Coastal Processes
Research Group (SEOES, University of Plymouth), with team leader Dr Andrew Manning.

1.2. Purpose of the study

The Lower Sea Scheldt is the stretch of the Scheldt estuary between the Belgium-Dutch border
and Rupelmonde, where the entrance channels to the Antwerp sea locks are located. The
navigation channel has a sandy bed, whereas the shallower areas (intertidal areas, mud flats, salt
marshes) consist of sandy clay or even pure mud. This part of the Scheldt is characterized by large
horizontal salinity gradients and the presence of a turbidity maximum with depth-averaged
concentrations ranging from 50 to 500 mg/l at grain sizes of 60 - 100 um. The salinity gradients
generate significant density currents between the river and the entrance channels to the locks,
causing large siltation rates. It is to be expected that in the near future also the Deurganckdok will
suffer from such large siltation rates, which may double the amount of sediments to be dredged
and relocated in the Lower Sea Scheldt.

Another observation is that the composition of the sediment dredged at the Sill of Zandvliet has
become muddier during the last years, resulting in a strong increase in dredged material at the
allocated relocation sites since 2002.

To deal with these problems, and to facilitate the management of the Lower Sea Scheldt, more
knowledge on the fine sediment dynamics is required. This can be obtained from in-situ
measurements and the development of an advanced numerical sediment transport model.

In the past, already many surveys have been carried out to increase the understanding of the
dynamics of fine sediment in the Lower Sea Scheldt. Also, salinity and turbidity is measured

! Uitbreiding studie densiteitsstromingen in de Beneden Zeeschelde in het kader van LTV Meetcampagne naar
hooggeconcentreerde slibsuspensies
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continuously at Prosperpolder and Oosterweel. However, none of these measurements have been
carried out in the lower 1 m of the water column.

It is expected that temporary layers of soft mud may be formed in this lower part of the water
column, which may move independently of the tidal water movement, in particular during slack
water. These layers may be remixed during accelerating tide, an indication for which is the
observation of mud clouds at the water surface during maximum ebb and flood velocities. If such
layers exist, they may contribute significantly to the siltation rate in the Deurganckdok. This would
imply that measures (for instance passive constructions) to minimize siltation in the Deurganckdok
can only be successful if the dynamics of these soft mud layers are also affected. Therefore it is
important to establish the role of these soft mud layers on the sediment dynamics in the Lower Sea
Scheldt, both from a qualitative and quantitative point of view.

The goal of the first HCBS study (2005) was threefold:

1. The primary goal of the study (and the survey) is to investigate the occurrence of near-bed
high-concentration mud suspensions (referred to as high-concentration benthic
suspensions - HCBS), their dynamic behaviour and the conditions and locations of their
occurrence,

2. The second goal is to establish fluxes of fine sediment in the river with the purpose to
calibrate a numerical 3D cohesive sediment transport model of the Lower Sea Scheldt,

3. The third goal is to establish the sediment properties required for the cohesive sediment
transport model.

The second HCBS survey aims to complete the same HCBS and flux measurements after the
opening of Deurganckdok in July 2005. The measurements are repeated under the same
(seasonal and tidal) conditions as the original HCBS survey. These are referred to as the winter
campaign. Seasonal influences were examined in September 2006, when the survey was
repeated in summer conditions, being the summer campaign.

1.3. Overview of the study

1.3.1. HCBS1 reports

The HCBS1 campaign was carried out mainly in February 2005, before opening of the
Deurganckdok. Reports of the first HCBS campaign are summarized in Table 1.1
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R. Kirby en Gems

HCBS 2 Uitbreiding Densiteitsstromingen
Deelrapport 12: The presence of HCBS layers in the Scheldt river

Report

Description
(I/RA/11283/07.087/MSA)

212

Through tide measurement Sediview winter 11 March 2008
during spring tide Transect | (I/RA/11283/07.088/MSA)

IMDC (2008h)

213

Through tide measurement Sediview winter 11 March 2008
during spring tide Transect K (I/RA/11283/07.089/MSA)

IMDC (2008i)

214

Through tide measurement Sediview winter 11 March 2008
during spring tide Transect DGD (I/RA/11283/07.090/MSA)

IMDC (2008))

215

Through tide measurement SiltProfiler 12 March 2008 during
spring tide (I/RA/11283/07.091/MSA)

IMDC (2008k)

2.16

Salinity-Silt distribution Deurganckdok summer (21/6/2007 —
30/07/2007) (I/RA/11283/07.092/MSA)

IMDC (2007y)

217

Salinity-Silt distribution & Frame Measurements
Deurganckdok autumn (17/09/2007 - 10/12/2007)
(I/RA/11283/07.093/MSA)

IMDC (2008])

2.18

Salinity-Silt distribution & Frame Measurements
Deurganckdok winter (18/02/2008 - 31/3/2008)
(I/RA/11283/07.094/MSA)

IMDC (2008m)

219

Calibration stationary & mobile equipment winter
(I/RA/11283/07.096/MSA)

IMDC (2008n)

2.20

Through tide measurement Sediview DGD during average
tide Spring 2008 — 19 June 2008 (I/RA/11283/08.081/MSA)

IMDC (2008t)

2.21

Through tide measurement Sediview DGD during average
tide Spring 2008 —26 June 2008 (I/RA/11283/08.082/MSA)

IMDC (2008u)

222

Through tide measurement Sediview DGD during neap tide
Summer 2008 — 24 September 2008
(I/RA/11283/08.083/MSA)

IMDC (2008w)

2.23

Through tide measurement Sediview DGD during spring tide
Summer 2008 — 30 September 2008
(I/RA/11283/08.084/MSA)

IMDC (2009a)

2.24

Through tide Measurement Sediview on 10/12/2008 during
neap tide - Deurganckdok (transect DGD)
(I/RA/11283/08.085/MSA)

IMDC (2009€)

2.25

Through tide Measurement Sediview on 02/12/2008 during
spring tide - Deurganckdok (transect DGD)
(I/RA/11283/08.086/MSA)

IMDC (2009f)

2.26

Through tide Measurement Sediview on 06/03/2009 during
neap tide - Deurganckdok (transect DGD)
(I/RA/11283/08.087/MSA)

IMDC (2009i)

2.27

Through tide Measurement Sediview on 12/03/2009 during

IMDC (2009n)

neap tide - Deurganckdok (transect DGD)
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IMDC NV i.s.m. WL|Delft Hydraulics, HCBS 2 Uitbreiding Densiteitsstromingen
R. Kirby en Gems Deelrapport 12: The presence of HCBS layers in the Scheldt river

Report Description

Analysis of Siltation Processes and Factors April 2006 — IMDC (20090)
4.20 March 2009 (I/RA/11283/08.098/MSA)

1.4. Structure and content of the report

This report is the summary report on the behaviour of HCBS layers in the Beneden-Zeeschelde,
aiming at summarising and interpreting the measurements and model results. The first chapter
provides an introduction, followed by background information on HCBS (Chapter 2). An overview
of previous studies, and measurements/studies carried out within the HCBS and Deurganckdok
campaigns, is given in Chapter 3. The large scale sediment transport patterns and processes are
analyzed in Chapter 4, followed by a more detailed analysis on the longitudinal and temporal
variation of the mud concentration in the lower Sea Scheldt (Chapter 5). The exchange
mechanisms of water and sediment between the Scheldt and the Kallo and Deurganckdok
harbours are analysed in Chapter 6. Chapter 7 focuses on the near-bed sediment concentrations
and the occurrence and dynamics of HCBS. The results are summarised in Chapter 8.
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flow velocity, and therefore decreasing capacity conditions. Highly concentrated suspensions that
are transported from the sea into the Rotterdam Waterway during storm conditions will, therefore,
become saturated at a certain point. The concentration profile then collapses, and HCBS is formed
(Winterwerp and van Kessel, 2003). This HCBS propagates into the harbour docks, after which it
becomes immobile, and consolidates. This plays an important role for sedimentation in the docks
close to the Calland-Beer channel. Further upstream, in the Rotterdam Waterway near the Botlek
harbour, recent and detailed measurements (de Nijs et al., 2009) indicate that the concentrations
are typically below capacity conditions. Therefore the role of sediment-induced density currents for
sediment import into the dock is only minor: sediment is mainly transported into the dock by
salinity-induced density currents. It does, however, probably play a role in the transport and
deposition of sediment in the dock itself.
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3. OVERVIEW MEASUREMENTS

3.1. Historical measurements

Before 2002, suspended sediment measurements in the lower Sea Scheldt were relatively
fragmented and their results not widely disseminated, with the exception of the studies from 1991
to 1998 titled ‘Sediment transport and sedimentation processes in the Scheldt’ (Wartel and
Francken 1995, 1997a, 1997b, 1998a-g) and (Wartel et al., 1998) and research by IMDC in
Fettweis et al (1994) concerning sediment transort on the “Drempel van Zandvliet a. Detailed
analyses on measured datasets include the work of Verlaan (1998, 2000) on the sources of
sediment in the Scheldt Estuary. The origin of the fluvial Scheldt sediments has been analysed in
more detail in the PhD thesis of Wartel (1972) and in a report by IMDC (1993). The seasonal
variation of Scheldt sediments in the main part of the river has been studied by IMDC in view of the
construction of new port infrastructure along the river and was published by Fettweis et al. (1997
and 1998a) and was studied on the mud flats. by IMDC-IN (1998), Fettweis et al (1999b) |,
Temmerman et al. (2005) and Chen et al. (2005) The behaviour of the turbidity maximum in the
Scheldt has been analysed by Peters (1972), Wartel and van Eck (2000). Additionally, dedicated
studies have been carried out on sedimentation in some of the tidal harbour basins, such as the
study by Sas and Claessens (1988) on sedimentation processes in the Kallo access channel, the
access channel to Zandvliet-Berendrecht (Fettweis and Sas, 1994) and Deurganckdok (Fettweis et
al 1999a).

3.2. New measurements

An extensive measurement campaign was carried out in 2002 for the study of density currents in
the framework of LTV (‘studie densiteitsstromingen in het kader van LTV’) by IMDC (WL Delft-
IMDC, 2002). These consisted of shipborne ADCP and CTD through-tide measurements on 5
June and 12 June 2002, near Waarde, Deurganckdok, Kallo, and Qosterweel. Additional long-term
measurements near Lillo, Kallo, Oosterweel, Petroleum-steiger and Schelle, including water levels,
flow velocity, salinity, and turbidity, were done in May and June 2002.
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The study on density currents in the framework of LTV was extended from 2005 onwards, with
specific focus on the new container dock Deurganckdok. Large-scale measurement campaigns
were carried out consisting of simultaneous through-tide ship borne ADCP and CTD
measurements, long-term moorings, and deployment of measurement frames. The first campaign
was the HCBS1 campaign, carried out in February 2005, to document the hydrodynamics and
sediment dynamics in the lower Sea Scheldt before construction of the Deurganckdok.
Simultaneous ship borne measurements were carried out near Schelle, Kallo, Liefkenshoek,
Deurganckdok and Zandvliet (Table 3.2), and a frame was deployed near the Deurganckdok and
Boei84 (Table 3.3), from February to June 2005. The second HCBS campaign, in 2006, aimed at
documenting the hydrodynamics and sediment dynamics in the lower Sea Scheldt after opening of
the Deurganckdok. Shipborne measurements were carried out in March and September near
Schelle, Liefkenshoek, Deurganckdok and Waarde (Table 3.2). Two frames were deployed: one
on the sill of the Deurganckdok and another on the location of the future CDW (Table 3.3). The
HCBS3 campaign measured inside the Deurganckdok, and consisted of through-tide ship borne
surveys (Table 3.2) and continuous salinity measurements (Table 3.3), between February 2006
and April 2007.

Throughout the different campaigns, from 2005 onwards, salinity, sediment concentration, flow
velocity and water levels were continuously measured at several locations along the Scheldt.
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3.2.1. River surveys

Simultaneous ship borne measurements were carried out at several locations along the Scheldt.
The ship borne measurements can be either ADCP tracks, or point measurements. ADCP tracks
are continuously repeated (usually throughout a tidal cycle), where the flow velocity and
backscatter is sampled approximately every 20 minutes. The backscatter is converted into
sediment concentration using Sediview. The point measurements are repeated throughout a tidal
cycle at a number of locations along a transect. At each location CTD and SiltProfiler
measurements are carried out. The CTD records salinity and temperature profiles, and the
attached OBS (Optical Backscatter Sensor) measures sediment concentration profiles.
Additionally, the rapid SiltProfiler also measures the sediment concentration. The rapid SiltProfiler
is especially accurate in high concentration areas such as near the bed.

Most ship borne surveys were carried out near the Deurganckdok. In 2002, as well as the HCBS1,
and both HCBS2 campaigns, the flow velocity distribution was measured near the K-transect, just
downstream of the Deurganckdok. During all surveys 2 tidal cycles were measured, with a one-
week interval in 2002 but at two consecutive days in the HCBS1 and HCBS2 campaigns. Also,
point measurements were obtained during the HCBS1 campaign as well as both HCBS2
campaigns. The location Liefkenshoek is just upstream of the Deurganckdok. Here, measurements
were carried out in February 2005 (HCBS1), March 2006 and September 2006 (HCBS2). During
the HCBS2 campaign, ADCP as well as SiltProfiler / CTD measurements were carried out,
whereas only ADCP measurements were carried out during HCBS1.

Other measurements in the river are more fragmented and often without SiltProfiler/CTD. The most
downstream location, Waarde, was surveyed in 2002 (with ADCP and CTD), and during HCBS2
(only ADCP). During HCBS1, the most downstream measurement location was Zandvliet, but this
location was only measured during HCBS1 (ADCP only). Upstream of the Deurganckdok, several
measurements were carried out near Kallo (see the next section), Oosterweel, and Schelle. ADCP
and CTD measurements were carried out at Oosterweel in 2002 only. ADCP measurements were
carried out near Schelle during the HCBS1 and both HCBS2 campaigns.

3.2.2. Measurements Kallosluice

Extensive measurements were carried out near the Kallosluice (in the access channel to the lock
as well as on the adjacent Scheldt) in 2002 and during the HCBS1 campaign (2005) to determine
exchange mechanisms and sediment transport. For this purpose transects were navigated in the
Scheldt, and in the locks, supplemented with point measurements. The 2002 campaigns were
carried out at 5 and 12 June, and cover a full tidal cycle. The salinity and temperature were
measured using a CTD. Only velocity was measured with the ADCP; backscatter was not
converted to sediment concentration. In the 2005 measurements, the SiltProfiler was also
deployed, and ADCP backscatter was converted into sediment concentration. However, in 2005 no
full tidal cycles were measured at one location or transect, because different transects were
measured consecutively (with each transect being measured for several hours).

3.2.3. Measurements Deurganckdok

In addition to the DON frame measurements (next section), several long-term moorings have been
deployed in the Deurganckdok, measuring the salinity and turbidity at several locations in the dock.
Additional ship-based surveys were carried out, measuring the tidal variation of the longitudinal
salinity distribution and the tidal variation of the cross-sectional flow velocity and sediment
concentration patterns. Dedicated campaigns with the INSSEV device were carried out to establish
the role of flocculation. SiltProfiler measurements were carried out throughout a tidal cycle at 15
locations at the entrance of the dock. The bed level of the Deurganckdok is regularly measured
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with a dual-frequency echo sounder, occasionally supplemented with density measurements of the
mud deposit in the Deurganckdok.

3.2.4. DON frame measurements

Two large measurement frames, each equipped with 2 EMC current meters, 2 OBS sensors, a
pressure sensor, an ALTUS echo sounding device, and an ARGUS sediment concentration array,
was deployed during several measurement campaigns in and in the vicinity of the Deurganckdok.

The ARGUS consists of 96 backscatter infrared laser sensors, embedded in a stainless steel rod,
measure the vertical structure of the suspended sediment concentration. The ALTUS is a high
frequency acoustic altimeter that precisely quantifies (with an accuracy of 2 mm) changes of
bottom elevation.

The first campaign was the HCBS 1 campaign, during which one frame measured in February
2005 (downstream of the Deurganckdok) and March 2005 (near Buoy 84), reported in IMDC report
2.7 The frame also measured in March 2006, during the HCBS2 campaign, on the location of the
envisaged CDW (IMDC report 8.1). During the Deurganckdok campaigns, two frames were
deployed simultaneously: one on the location of the envisaged CDW, and one the sill of the
Deurganckdok. Simultaneous surveys were carried out in April-May 2006 (IMDC report DGD 2.6),
July-November 2006 (IMDC report DGD 2.7) and February — March 2007 (IMDC report DGD 2.8).
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4. LARGE-SCALE SEDIMENT TRANSPORT PATTERNS IN THE
SCHELDT ESTUARY

4.1. Introduction

One of the aims of the HCBS campaigns was to establish the sediment fluxes through the Lower
Sea Scheldt. Therefore, the sediment transport patterns and processes are analysed in this
chapter.

Sediment is transported upstream in the lower reaches of the lower Sea Scheldt (i.e. Verlaan
(1998, 2000) and sediment is transported downstream at Schelle. As a result, sediment converges
somewhere between Antwerpen and Boei84 (see for example the sediment fluxes computed with
the 3D mud model in (Figure 4.1). This large-scale transport of sediment is probably the result of

e Tidal asymmetry
¢ Gravitation circulation

¢ Residual flow

On a smaller time- and spatial scale, the sediment transport is additionally influenced by
* Wind-generated water level setup and setdown

e Secondary flow patterns

o Local wind- and ship-generated waves

o Relocation of dredged material

In this chapter, the relative contribution of these processes will be determined using the
measurement results of the HCBS field campaign, and using numerical models developed for the
3D mud project. First, the source and composition of sediment is reviewed (section 4.2). The effect
of tidal asymmetry on sediment transport is determined based an analysis of water levels, currents,
and sediment concentrations, in section 4.3. The effect of gravitational circulation and residual flow
is analysed in section 4.4. The more local contribution of water level setup and setdown, secondary
flow, and local waves are described in sections 4.5-4.7. Effects of dredging and relocation are
analysed in section 4.8, and a summary of the main processes is given in section 4.9.
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velocities, but different slack tide conditions whereas a phase difference of 2 = and % = produce
an asymmetry in the flow velocity. The implications for sediment transport are elaborated below for
an asymmetry of the flow velocity and for the slack tide period. Note that we use the phase
difference of water levels, and not currents, and assume a more or less standing tidal wave.

4.3.2.1. Maximum flow asymmetry

An asymmetry of maximum flow velocity results in a net transport of sediment because sediment
transport scales with * to v (where u is the current velocity), providing sufficient sediment is
available to be eroded. For ¢, —2¢, = Yan - %n, sediment will be transported in the direction of the

ebb current (as long as the shear stress exceeds the critical shear stress for erosion), whereas
sediment will be transported in the direction of the flood current for ¢, —2¢, = 1%n - 1%=. If the

amount of (fine) sediment is limited, an asymmetry in maximum flow velocity does not necessarily
lead to a residual transport of sediments because all sediment is then already entrained at lower
flow velocities. Furthermore, the contribution of the maximum flow asymmetry increases with the
critical shear stress for erosion, and therefore it is especially important for sand transport.

4.3.2.2. Slack tide period asymmetry

In the absence of asymmetries in maximum flow velocities, sediment may be transported by an
asymmetry in HW and LW slack periods, because sediment transport does not increase linearly

with flow velocity. A short HW slack period and a long LW slack period occurs from ¢, —2¢, = -Yan

to Yan, and a short LW slack period and a long HW slack period occurs from ¢, —2¢, = %47 to 1Vam.
Sediment transport does not increase linearly with flow velocity because:

1. The sediment concentration increases linearly with the cubed flow velocity (However, in
starved bed conditions, which is more common for fine sediment, the sediment concentration is
determined by the amount of sediment available rather than the flow velocity).

There is a critical velocity threshold for erosion

The concentration profile is not vertically uniform, depending on the mixing time and the settling
velocity.

As a result, the vertical concentration profile and/or the sediment concentration magnitude during
ebb differs from that during flood, while the ebb and flow velocities may be equal. The resulting
residual transport of sediment is known as the settling lag effect.

When the flow velocity is insufficient to keep sediments in suspension, particles will settle, but will
still be transported by the waning current. In the case of a short HW slack period and a long LW

slack period (¢, —2¢, = -Van to %an), sediment is entrained at the beginning of the ebb, and rapidly

vertically mixed. During the long waning stage of the ebb, sediments are still in suspension and
transported in the ebb direction. At the end of ebb, most sediment has settled from suspension.
During the first part of the subsequent flood, the currents are too weak to erode, or to vertically mix
sediments. Sediments are eroded/ fully mixed only during the second part of the flood, and begin
to settle from suspension at the final stage of the flood. However, before sediment has fully settled
from suspension, the flow has already reversed and ebb currents are strong. This has the following
implications:

@) More sediment may be transported during peak ebb currents than during peak flood
currents, because the water column is already fully mixed at the beginning of peak ebb
currents.
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sand). The net direction of sediment is therefore difficult to predict when ¢, —2¢,= 1%n - 0, and
when ¢, —2¢,= Ve - 7.

4.3.3. Tidal asymmetry in the lower Sea Scheldt

4.3.3.1. Methods

The tidal asymmetry in the lower Sea Scheldt is mainly analyzed using the 3D mud model. The
model is used rather than observations because (1) flow velocity measurements are mainly
positioned outside the main channel of the Scheldt while the interest here is on the flow velocities
in the channel, (2) the model provides a vertical profile of flow velocities, and (3) the model
provides continuous time series. The water levels and flow velocities are reproduced very
accurately by the model, and therefore the use of model results does not have any drawbacks.

The computed flow velocity (time series length of 3 months) is analyzed in the time-domain, by
computing the maximum flow velocity profiles during ebb and during flood and by computing the
magnitude and the direction of the residual flow velocity (see app. A). The water levels are
analyzed in the time domain by computing the ratio of the rising water period T and the falling
water period T, and by computing the time that the water level is above average water level
(Th-nm) @nd below average water level (Th«m). Additionally, the water levels and flow velocity
profiles are analyzed in the frequency domain using harmonic analysis (see e.g. Pugh, 1987). The
vertical tide (water levels) and the horizontal tide (flow velocities) is harmonically analyzed for 17
tidal constituents (the diurnals Q1, O1, P1, and K1, the semi-diurnal constituents N2, M2, L2, S2,
and K2, the quarter diurnal constituents (first overtides) 3MS4, MN4, M4, and MS4, and other
higher harmonics 2MN6, M6, 2MS6, and M8). The flow velocities are analysed in x- and y direction
and subsequently transformed in a major flow direction and minor flow direction with tidal ellipses
(Xu, 2000).

4.3.3.2. Water level
The analysis of the water levels reveals that

1) The period of rising water Ty is shorter than the period of falling water Te, (Tg < Tep). The Tg/ Ty
ratio is 0.88 near the land van Saeftinghe (stab): see appendix C. Location Ivs2 is too close to
the downstream model boundary, which is a cross-sectional varying combination of water level
and discharge, and therefore the water levels are not reliable. The Tq / T, ratio decrease in the
downstream direction, to 0.86 near the Deurganckdok, 0.84 near Kallo, and 0.76 near Schelle.
This is consistent with Claessens and Belmans, 1984 (cited by Fettweis et al., 1998), who
observed a T/ T, ratio decrease of 0.88 at the mouth to 0.75 at Schelle.

2) The period that the water levels are above mean water level (T-.m) is shorter than the period
that the water levels are below mean water level (T<um).

The first (T < Te) is consistent with a phase lag ¢, —2¢, of 1%n (see Figure 4.7) whereas the
second (Tp-nm i shorter than T,«,m) is typical for a phase lag of O (or 2n). Hence, the phase lag
should be somewhere between 1%n and 2r. This is consistent with the phase lag ¢, —24,
computed with the harmonic analysis: ¢, ,,, — 24, ,,, increases in the upstream direction from 360°
or 2r (Land van Saeftinghe, see ¢, ,,, — 24, ,,, in the lower right of (Annex-Figure B-2) and (Annex-

Figure B-23) to 320° or approximately 1%n near Kallo (Annex-Figure B-11). At the upstream model
boundary near Schelle the phase lag is 290° or nearly 1%n. (Annex-Figure B-12) The decreasing
phase lag in the upstream direction indicates a shift from maximum flow asymmetry near the
Dutch-Belgian border, to dominantly slack tide asymmetry further upstream. Also, the phase
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Annex-Figure B-2: Water levels and flow velocity parameters at station sta 5. See page C9 for a
description

) to (Annex-Figure B-2). Consequently, the tidal asymmetry schematised in (Figure 4.7) and
(Figure 4.7) can be applied to the Scheldt River. This implies that:

1) The flood currents should be higher than the ebb currents (T < T, see (Figure 4.6) and
(Figure 4.7). This results in a residual transport of sediment in the flood direction.

2) The flood currents peak at the end of the flood, and the ebb currents at the beginning of the
ebb (slack tide asymmetry because Thpm < Thenm, S€€ (Figure 4.6) and (Figure 4.7). This
promotes a residual fine sediment transport in the ebb direction.
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during neap tides) is also observed at long-term measurement stations Lillo, Hoboken,
Boerenschans, Oosterweel left bank. Buoy 84 and Buoy 97 are always flood-dominant, but the
current velocity peak occurs at the end of flood only during spring tide. Station Oosterweel is
strongly ebb-dominant. However, measurement stations are not very suitable for analysis of ebb-
or flood dominance because they are usually placed out of the main channel, and are therefore
influenced by the local bathymetry. Along the K-transect, for instance, the model results show a
strong increase of the flood dominance from the main channel (Ka) towards the flats on the inner
bend (Kf).

4.3.3.4. Sediment dynamics

From the M2-M4 asymmetry in combination with model results and field observation, it is
concluded that there is a flood —dominant maximum flow asymmetry in the downstream part of the
lower Sea Scheldt, and a slack-tide period asymmetry with a long slack tide period at LW and a
short period at HW at spring tides upstream of Antwerp. A longer LW slack tide period than HW
slack tide produces a net residual transport of fine sediment in the ebb direction (see the previous
section). Both mechanisms promote a residual transport of sediment in opposite directions, but
establishing which mechanism is more important for residual transport is more difficult. Possibly,
with only tidal asymmetry as the dominant sediment transport mechanism, sediment convergence
(and therefore an ETM) is to be expected in the lower Sea Scheldt.

4.4. Gravitational circulation and residual flow

When a river flows into an estuary, it produces a residual flow velocity. Without any density effects,
the vertical residual velocity profile is more or less logarithmic. However, fresh water is less dense
than salt water. When an estuary is not permanently fully mixed, a relatively larger part of the fresh
water flowing into an estuary is therefore transported downstream in the upper layers. The upper
layer is relatively fresh water, separated from more saline near-bottom water by a halocline. In
partly mixed estuaries, salt water may be entrained in the less saline surface layer. Continuity then
requires that salt water is transported upstream in the bottom layer. This upstream-directed bottom
flow is less pronounced in strongly stratified estuaries (because salt water entrainment rates are
lower) or in fully mixed estuaries (Dyer, 1994). Vertical gravitational circulation (also known as
estuarine circulation) is therefore the deviation of the residual flow velocity profile from a
logarithmic flow velocity profile, caused by fresh water flow. If a fresh-water induced gravitational
circulation exists, it produces a seaward transport of water and suspended sediment in the upper
layer of the flow, and a landward transport of suspended sediment near bottom. This has two
important implications:

1) The sediment concentration is higher near bed than near-surface, and therefore a residual
flood current near the bed and a residual ebb current near the surface result in a residual
transport of sediment in the flood direction.

2) The near-bed flood currents are higher (and last longer) than the near-bed ebb currents. And
since the sediment transport scales with a certain power of the flow velocity (usually 3 or 4),
this also results in a residual sediment transport in the flood direction.

In the Lower Sea Scheldt, the residual flow velocity peaks at 0.2 m/s (see upper right panel of
(Annex-Figure B-21) to (Annex-Figure B-23). The residual flow is always highest near the surface,
and directed in the downstream direction. The direction of the residual flow rotates from surface to
bottom (see lower right panel). At some locations the direction of the residual flow near bottom is
almost normal to surface flow (the K-transect, see (Annex-Figure B-4) to (Annex-Figure B-46). This
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is a combination of secondary flow and gravitational circulation. The direction of the residual flow
near the bed never is in the upstream direction. Upstream of Liefkenshoek (Kallo and Schelle, see
(Annex-Figure B-11) and (Annex-Figure B-12), the direction of the residual flow is uniform, and
directed downstream. But, even though the fresh water flow does not produce an upstream
directed residual flow, its interaction with the oscillating tidal currents may still produce an
upstream-directed transport of sediment. During the flood, the balance of the barotropic pressure
gradient of the tidal wave and the density-driven pressure gradient results in reduced near-surface
flow velocities and an increased near-bed flow velocity. The result is that the near-bed flood
velocities are higher than the near-bed ebb flow velocities, such as illustrated in the top left of
(Annex-Figure B-2) and (Annex-Figure B-23). Although the difference in flow velocity may be
small, it may substantially contribute to a net transport of sediment because most sediment is
transported near the bed. Therefore, although the effect of fresh water flow on the hydrodynamics
is low, it may result in an upstream-directed sediment flux in the downstream reaches of the Sea
Scheldt. Further upstream, the flow velocity profilies do not seem to be influenced by density
differences. Therefore here the residual fresh water discharge will probably result in a downstream-
directed transport of sediment.

An Estuarine Turbidity Maximum (ETM) forms when two residual sediment transport fluxes
converge. The analysis of the residual flow velocity and tidal asymmetry indicates that the ETM
between the Deurganckdok and Antwerp is probably a combination of downstream transport by
residual flow (and possibly slack tide asymmetry). Sediment is probably transported upstream by
the flood-dominant maximum flow asymmetry and density-driven flow. The exact location of the
ETM is then determined by the upstream decrease in tidal flow asymmetry, the upstream increase
in slack tide asymmetry, and the seasonally varying strength of the fresh water discharge.

4.5. Secondary circulation

The centripetal acceleration needed to keep the flow in a circular path increases with the flow
velocity whereas the lateral total pressure gradient is constant over depth. Therefore the surface
layer (with high flow velocities) is deflected towards the outer bend while the bottom layers are
deflected towards the inner bend (e.g. Jansen et al., 1979). A high vertical velocity gradient,
caused by stratification, will therefore lead to a stronger secondary circulation. The sediment
concentration is generally highest near the bed, and therefore this curvature-induced near-bed flow
from the outer bank to the inner bank results in concentration peaks near the inner bank.

However, Winterwerp (2006) showed that secondary flow patterns may also be in the opposite
direction. Due to bathymetric effects, the flow velocities during the flood are higher in the inner
bend than in the outer bend. Differential advection of salinity then results in higher salinities in the
inner bend than on the outer bend, creating a transverse salinity gradient. This transverse salinity
gradient creates a secondary circulation with a near-surface flow towards the inner bend and a
near-bed flow to the outer bend. Such a reversal of secondary circulation cells could then result in
highest sediment concentrations in the outer bend, rather than the inner bend.

Near the Deurganckdok at the K-transect, the left bank is the outer bend and the right bank the
inner bend of the Scheldt. During the ebb, the concentration peak is on the inner bank (Kd in
Figure 4.10) and the right hand side of Figure 4.11. However, during the flood, the sediment
concentration peak is on the opposite bank (Ka in (Figure 4.10) and the left hand side of Figure
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