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Preface
This dissertation is the final product of my PhD project Morphodynamics and Sedimentology of Estuaries with Sand and Mud at the Department of Physical Geography, Faculty of
Geosciences, Utrecht University, the Netherlands. I started my PhD in January , after
my supervisor, Maarten Kleinhans, asked me to apply for one of the PhD positions in a project on estuaries. I had enjoyed working on my master thesis with Maarten and Tjalling de
Haas and liked to continue doing research after graduation, so I did not hesitate to apply. I got
the position as one of the three PhD candidates working on the Turning the tide vici-project
financed by the Netherlands Organisation for Scientific Research.
As mentioned, my PhD is part of a bigger project, Turning the tide: dynamics of channels
and shoals in estuaries with sand and mud consisting of three PhDs, several postdocs and a PI.
Together with Anne Baar and Jasper Leuven we were the three PhDs working on this project.
Al three of us started roughly at the same time and collaborated a lot, but each targeted their
own research questions and objective.
From the start I was very enthusiastic about the project. Mostly I was looking forward
to work with the new experimental facility, the Metronome. I already worked with about
every flume in the lab during my master thesis and a lab assistantship. But this was a great
opportunity to experience everything involved with building and testing a new flume facility
and I feel privileged that me and Jasper were the first persons to work with the flume.
The past four years have been a journey; some decisions I made resulted in dead ends
and maybe looking back there was a shorter route, but I am proud that I finished and how I
finished this project. During my PhD I met wonderful and interesting people along the way
and I would like to thank some of them in particular.
First and foremost I would like to thank my promotor and daily supervisor Maarten Kleinhans. Your enthusiasm for science and teaching science has inspired me before, during and
will inspire me long after my PhD. Whenever I had a slow or less productive period, meetings
with you would always give me new energy. I have always experienced your supervising as
inspiring, helpful, supportive, stimulating and you clearly care for all your PhDs.
Secondly, I would like to thank my fellow PhD candidates and paranimfs Anne Baar and
Jasper Leuven. Besides good colleagues, I am happy that we have become great friends. Travelling part of our journeys together made us not only collaborate on certain subjects, but also
let us share ups and downs of our PhD and personal lives. Jasper, I enjoyed working with
you and it has always gone very smoothly, especially during all our experiments at the Metronome. While shovelling sand and doing measurements, we talked a lot. I learned much
from your unlimited efficiency and planning, and have great memories of the trips we made
together. Anne, my days in the office were definitely more fun when you were there. Like
Maarten, your energy is limitless and your good mood is always infectious. I am happy that
I had someone to talk to that understood the ups and downs of my PhD without explanation
and motivated me to take a break once in a while. I would like to thank you both for more
than I can explain in this paragraph.
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In addition to my fellow PhDs, I would also like to thank everybody else that worked in the
estuary research group: Wout van Dijk, Sanja Selakovic, Muriel Brückner, Marcio Boechat
Albernaz, Tjalling de Haas, Ivar Lokhorst, Harm Jan Pierik, Wietse van de Lageweg, Matthew
Hiatt, William McMahon, Jana Cox and Steven Weischer. Everybody, thanks for all the great
collaborations, discussions, ideas, drinks, diners, fun trips and conferences. Wout, thank you
for all your advice on my papers and models and your down to earth humor. Sanja, thank you
for your wise and inspiring view on life. Muriel, thank you for our discussions on models and
our lunches together. Marcio, Will, Matt, Jana, Steven and Ivar, thank you for all the fun times
and discussions. Harm Jan and Wietse, thanks for your help with the Walsoorden fieldwork
in particular, and Tjalling, thank you for a great experience during my master thesis which
in the end made me want to continue research and start a PhD. You were very supportive,
but also gave me a lot of freedom to test whatever I wanted in the experiments. Everyone,
thank you for all the great memories.
I would also like to thank all other staff of the Physical Geography department for a great
working environment and all the nice coffee breaks and lunches with different people every
day. In particular I would like to thank the technical staff of physical geography: Marcel,
Arjan, Chris, Henk, Mark and Bas that helped us during and around the Metronome experiments. In addition, I would like to thank my former but longest office mate, Sepehr Eslami, for all the nice conversations and the opportunity you gave me to do fieldwork on the
Mekong. Finally I would like to thank Daan Wesselman, with whom Anne and me organised
regular PhD meetings and activities within the department.
On a personal level, I received a lot of support from my family and friends outside the
university. First, I would like to thank my mom, to whom I can always complain without
judgement in return, and my dad, who can always make me forget about work. Mam en pap,
I can’t thank you enough for your continuous love and support. Thank you for everything
that you have done for me and continue to do for me. My brother Michiel, who’s intelligence
I always look up to and who always inspires me to think outside of the box. My grandparents,
who sparked my interest in nature and thaught me to be creative with pencils and musical
intruments. Further, I would like to thank my friends from school, Elke, Kelly, Mariëlle,
Lisa and Nikki for all the moments of distraction. I’m happy that we have always stayed in
touch since we met. Thanks to my friends from university Cindy Schrader and Karin Los.
Although we don’t see each other all the time, you are always ready for some good advice or
a board game. My final thanks go out to my partner Bas van der Meulen, who supported me
throughout the stressful times and always takes the time to calm me down, even though he
has been working on his own PhD research. Bas, I love that you always know how to cheer
me up.
This dissertation is submitted for the degree of Doctor of Philosophy at Utrecht University. The research described in this thesis was conducted by Lisanne Braat in the department
of Physical Geography at the Faculty of Geosciences between January  and January .
Lisanne Braat
Utrecht,  March 
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Summary
Estuaries, i.e. river mouths, are the transition zone between the fluvial and the marine environment, and are therefore influenced by river and coastal processes. Estuaries exist in a
large variety of shapes and sizes that are due to different boundary and inherited conditions.
However, it is unclear how these conditions influence the morphology and evolution of estuaries. In this doctoral thesis, I will specifically focus on mud (clay + silt, < μm) and its
relation to the morphodynamics and sedimentology of estuaries.
A better understanding is required about the relation between morphodynamics and mud
in estuaries. Currently, only limited studies account for mud in morphodynamics models,
which is due to model limitations, longer calculation times and several assumptions that need
to be made. In addition, there is a lack of spatially and temporally dense data of mud in the
bed. Data is often limited to bathymetry, water levels and sediment concentrations in the water column, but rarely are there measurements available of mud in or on the bed. Analogue
flume studies are even rarer because scale experiments of estuaries have never been conducted successfully due to scaling issues with tidal flow. Because of the limited morphological
studies with mud, the effect of mud on the long-term evolution of estuaries is uncertain.
The objectives of this dissertation are to; () get a better understanding about the spatial
patterns and processes of mud deposition; () understand the relation between mud deposition and preservation up to millennial time scales in the stratigraphic record; () determine
the influence of mud on estuary morphology. I will address these aims on the spatial scale of
whole estuarine systems to individual bars and temporal scales of decades to millennia. As
a secondary objective, I want to understand how these processes can be created in a model
environment, both physical and numerical. These objectives related to mud will generate a
better understanding of natural dynamics in estuaries in general.
To achieve the objective I complementary used numerical modelling, flume experiments
and field data. I applied the depth-averaged numerical model DelftD on the scale of a whole
idealised estuary and on the scale of one intertidal bar in the Western Scheldt; Walsoorden.
The numerical model includes sand and mud processes, morphodynamics and builds stratigraphy. As a second methodology, I used flume experiments in which we created complete
and dynamic estuaries with sand and a mud simulant. The experiments were conducted in a
novel periodically tilting flume, the Metronome, which prevents many scaling problems that
occurred in previous estuary experiments.
Numerical and physical models show that deposition of mud mainly occurs at high intertidal elevations. This is caused by the combination of bed elevation, velocity magnitude
and flow direction in these locations. Only mud that settles during high water slack at high
elevations has the potential to accumulate to a visible layer because these areas do not experience the strongest velocities and are dry during a large part of the tidal cycle. Areas shielded
from the peak velocities can accumulate more quickly. Mud accumulation on intertidal areas
leads to mudflats fringing the estuary and mud deposits on top of shoals. In general, the extent of mud deposit increases in the landward direction of the estuary. These results show a
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good correlation with the limited available field data and are similar to estuary facies models,
but they provide more detail and a better understanding of the underlying mud erosion and
deposition processes.
Field data and the small scale numerical model of Walsoorden indicated that thick mud
layers dominantly occur at the surface and no layers of significant thickness were discovered
in deeper stratigraphy. As a consequence, a large portion of the estuary surface might be
muddy (Western Scheldt: ∼), while only a small percentage of the estuary sediment
volume consists of mud (Western Scheldt: ∼). The thickness of mud deposits increases
towards the sides of the estuary and in the seaward direction. Although no formation of
deep clay layers was observed in the numerical model or the experiment, the significant mud
deposits at the surface affect the estuary morphology.
Due to the cohesiveness of mud, mud is more difficult to erode than sand and can therefore
stabilise intertidal areas and affects bank erosion processes. Additionally, all results show
consistently that significant shoal accretion occurs due to mud deposition. Typical shoals
formed by sand have a maximum elevation up to the mean water level, but with mud, shoals
can increase up to supratidal elevations. This has important implications for vegetation settlement and therefore salt marsh formation. Higher elevated areas can be locations where
pioneer marsh vegetation has windows of opportunity for settling due to the lower inundation rates. Due to the increase in elevation of the intertidal areas, mud has a filling effect that
leads to a reduced tidal prism and a lower tidal range further into the estuary.
Mud deposition causes self-confinement of the entire estuary. Overall, the confinement
leads to narrower and smaller estuaries in surface area and volume with higher mud supply,
but otherwise equal boundaries. It was hypothesised that mudflats in estuaries have a similar
effect as river floodplain formation: creating narrower and deeper channels. However, in
contrast to rivers, channels do not increase in depth when they get narrower by confinement.
Due to the changes in bar elevation, filling and reduction of flow over the shoals by mudflat
formation, the tidal prism decreases in the estuary. Due to the decrease in the water volume
entering the estuary during ebb, the channels do not increase in depth. The depth does not
adapt to the flow, but the tidal prism adapts to the morphology.
In short, this thesis shows the morphodynamics and sedimentology of estuaries under
the effect of mud erosion, transport and deposition processes on different time and spatial
scales. Clear differences are observed between estuaries with different concentrations of mud
and without mud, indicating that even small mud concentrations should be accounted for in
future morphological studies of estuaries. The improved understanding of mud in estuaries
and the numerical and physical models presented in this thesis will help to make the next
step in the comprehension of the complex natural dynamics of estuaries.
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Samenvatting
Estuaria, of riviermondingen, zijn de overgang van de riviervlakte naar de zee en worden
daarom beïnvloed door rivier- en kustprocessen. Er bestaan veel verschillende vormen van
estuaria en die hebben ook allemaal hun eigen grootte door verschillende condities en processes. Het is echter onduidelijk hoe deze condities de morfologie en evolutie van het estuarium beïnvloeden. In deze doctorale thesis focus ik specifiek op slib (klei + silt, < μm)
en de relatie tot de morfodynamiek en sedimentologie van estuaria.
Er is meer kennis nodig over de relatie tussen slib en de morfodynamiek van estuaria.
Momenteel word slib meestal buiten beschouwing gelaten in studies met numerieke modellen, voornamelijk veroorzaakt door de limitaties van modelleersoftware en lange rekentijden.
Daarnaast is er een gebrek aan data. De data van estuaria die beschikbaar is, is vaak gelimiteerd tot bathymetrie, waterstanden en concentraties zwevende stof. Zelden zijn er metingen
beschikbaar over slibconcentraties in de bodem. Analoge studies in stroomgoten met zand
en water zijn nog zeldzamer, omdat experimenten van estuaria nog nooit succesvol zijn uitgevoerd. Dit komt door schaalproblemen die worden veroorzaakt door de getijdenstroming.
Omdat er maar weinig morfologische studies zijn die rekening houden met slib, is het effect
van slib op de langetermijnontwikkeling van estuaria onduidelijk.
De doelen van dit proefschrift zijn om () een beter begrip te krijgen van de ruimtelijke
distributie van slib en gerelateerd depositieprocessen; () de relatie tussen slibdepositie en
preservatie te begrijpen op de tijdschaal van individuele getijdencycli tot millennia; () de
invloed van slib op estuariummorfologie te bepalen. Deze doelen zullen worden onderzocht
op verschillende ruimtelijke schalen en tijdschalen (decennia tot millennia). Daarnaast wil
ik onderzoeken hoe estuaria kunnen worden nagebootst in een modelomgeving: met numerieke modellen en analoge modellen. Deze doelen zullen helpen bij het genereren van
meer kennis over de algemene, natuurlijke dynamiek van estuaria.
Voor dit onderzoek heb ik complementair gebruik gemaakt van numerieke modellen,
stroomgootexperimenten en velddata. Voor de numerieke modellering is DelftD software
gebruikt in diepte-gemiddelde modus voor het modelleren van een compleet, geïdealiseerd
estuarium, en op de schaal van één plaat in de Westerschelde, namelijk Walsoorden. Het
numerieke model bevat zand en slib processen, morfodynamiek en bouwt stratigrafie. Als
tweede methode heb ik gebruik gemaakt van analoge experimenten in een stroomgoot (zandbak). Tijdens deze experimenten creëerden we volledige, dynamische estuaria met zand en
een slib simulant. De experimenten vonden plaats in een nieuwe periodisch kantelende bak,
genaamd de Metronoom, die ervoor zorgde dat veel schaalproblemen uit voorgaande studies
voorkomen konden worden.
De numerieke en analoge modellen laten zien dat slib voornamelijk neerslaat op hoge
getijdengebieden. Dit wordt veroorzaakt door een combinatie van bodemhoogte, maximale stroomsnelheid en stroomrichting in deze gebieden. Alleen het slib dat neerslaat tijdens
hoogwater doodtij (korte periode dat het water even niet stroomt tussen vloed en eb) op hoge
gebieden heeft de mogelijk om een sliblaag te vormen, omdat deze gebieden niet worden aan-
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getast door hoge stroomsnelheden en droogligging tijdens het grootste deel van de getijdencyclus. Gebieden die in een luwte liggen worden beschermd voor de sterkste stroomsnelheden en kunnen daar sneller dikkere sliblagen accumuleren. Slib accumulatie op intergetijdengebieden leid tot slikken aan de rand van het estuarium en slib depositie bovenop
platen. Algemeen gezien neemt de relatieve oppervlakte slib toe in de richting van de rivier.
Deze resultaten geven aan dat er een duidelijke correlatie is met de kleine hoeveelheid velddata van slib in de bodem en dat het vergelijkbaar is met beschikbare facies modellen, maar
de modelresultaten geven ook de onderliggende mechanismen weer.
Velddata en het kleinschalige model van de plaat van Walsoorden laten zien dat sliblagen vooral aan de oppervlakte voorkomen. Geen lagen met een significante dikte zijn geobserveerd in diepere stratigrafie. Als een consequentie kan een groot deel van de estuarium
oppervlakte modderig zijn (Westerschelde: ∼), terwijl maar een heel klein percentage
van het totale volume slib zal zijn (Westerschelde: ∼). De dikte van slibafzettingen neemt
toe naar de monding van het estuarium. Ondanks dat de vorming van diepe sliblagen niet is
geobserveerd kan het slib aan het oppervlak een groot effect hebben op de morfologie.
Door de cohesiviteit van slib is slib moeilijker te eroderen dan zand, daarom kunnen
getijdengebieden stabiliseren en worden bankerosieprocessen beïnvloed. Daarnaast laten
alle resultaten zien dat er significante plaatophoging plaatsvindt door slib afzettingen. Typische platen die gevormd zijn door alleen zand hebben een maximale hoogte rond NAP, maar
met slib kunnen platen ophogen tot hoogtes boven de gemiddelde hoogwaterlijn. Dit heeft
belangrijke gevolgen voor het vestigen van planten op de plaat en daarom het ontstaan van
schorren. Hoger gelegen gebieden zijn locaties waar pioniervegetatie een kans heeft om zich
te ontwikkelen door minder lange inundatie. Door de toename in hoogte van de platen en
banken heeft slib een vullend effect dat zorgt dat de getijslag afneemt net als het getijdenprisma.
Slibafzettingen zorgen voor een zelf-inperkend effect voor het hele estuarium. Algemeen
gezien zorgt het inperken door slib voor een smaller en kleiner estuarium kijkend naar oppervlakte en volume bij hogere concentraties slib. De hypothese was dat slikken in estuaria
hetzelfde effect zouden hebben als de vorming van overstromingsvlakten bij rivieren: smallere maar diepere geulen. Maar in tegenstelling tot rivieren, nemen geulen in estuaria niet
toe in diepte als ze smaller worden. Dit komt door de veranderingen in plaat en bank hoogte, vulling door slib en een afname van stroming over de platen. Doordat het watervolume
afneemt dat het estuarium inkomt tijdens eb neemt de geul niet toe in diepte. Het getijdenprisma wordt bepaald door de morfologie, in plaats van andersom.
Kortom, deze thesis laat de morfodynamiek en sedimentologie zien van estuaria onder invloed van slib erosie, transport en depositieprocessen op verschillende tijd- en ruimteschalen.
Duidelijke verschillen zijn geobserveerd tussen estuaria met verschillende concentraties slib
en zonder slib. Dit geeft aan dat zelfs als er maar een kleine hoeveelheid slib aanwezig is,
het zou moeten worden opgenomen in toekomstige morfologische studies van estuaria. De
verbeterde kennis van slib in estuaria en de numerieke en analoge modellen gepresenteerd in
deze thesis hebben een nieuwe stap gezet in de richting van een beter begrip van de complexe,
natuurlijke dynamiek van estuaria.
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Chapter 1 | Introduction
1.1

Context

Estuaries are coastal water bodies where rivers flow into the sea (Fig. .). They are the transition zone between the fluvial and the marine environment and are therefore influenced by
river and coastal processes which makes them unique. Estuaries exist in a large variety of
shapes and sizes that are due to different boundary and inherited conditions. However, it
is unclear how these conditions influence the morphology and evolution of estuaries. In
this doctoral thesis, I will specifically focus on the effects of mud, which is an understudied
boundary condition.
There are many different definitions of estuaries and its limits depending on their background, field of study and estuaries in their environment (Perillo, ). In my opinion, this
is not problematic as long as the used definition is clear. One of the most widely used definitions is the definition from Pritchard (): ”An estuary is a semi-enclosed coastal body of
water which has a free connection with the open sea and within which sea water is measurably
diluted with fresh water derived from land drainage.” This definition has a large focus on salinity. Due to this focus, the definition is useful for chemical, hydrodynamic and ecological
studies. However, the definition is of limited use for, e.g., stratigraphy and there is no clear
mention of a river. Savenije () stresses the importance of the fluvial upstream boundary and includes a tidal range, salt intrusion and a converging shape in the definition. This
interpretation of an estuary also includes tidal channels inside large deltas.
A more geologically-oriented definition is given by Dalrymple et al. (): ”An estuary
is the seaward portion of a drowned valley system which receives sediment from both fluvial
and marine sources and which contains facies influenced by tide, wave and fluvial processes.
The estuary is considered to extend from the landward limit of tidal facies at its head to the
seaward limit of coastal facies at its mouth.” This definition is useful for stratigraphic studies on
geological time scales (>> years), but is less useful for shorter time scales of for example

Figure 1.1: Examples of estuaries showing satellite images from Google Earth and bird eye view photographs.



currently active systems and morphological studies for which the sedimentary trends are
not always clear. On these shorter timescales, facies are not yet selectively removed by later
erosional processes (Hajek and Straub, ). Additionally, Dalrymple et al. () implicitly
assume that estuaries are per definition importing systems that only form under relative sea
level rise, while deltas are exporting: ”the estuary acts as a sink for sediment of both terrestrial
and marine origin” and ” the presence of a net landward movement of sediment derived from
outside the estuary mouth (averaged over a period of several years) is one of the primary features
that distinguish estuaries from delta”. However, an estuary can grow and export sediment,
while marine processes maintain dominance over fluvial processes (Fig. .). Additionally,
import and export may both occur in the same system on different time scales.
Since this thesis focuses on morphological and sedimentological processes on decennial
to millennial timescales, my practical definition of an estuary is a combination of these two
popular definitions with a stronger focus on current dominant processes and current morphology. In this thesis, an estuary is a river mouth, a semi-enclosed coastal body of water
which is the transition zone between the fluvial and the marine environment. The hydromorphodynamics are dominantly influenced by tides and waves and to a lesser extent by
fluvial processes. The boundaries of an estuary are defined as the seaward edge of the ebb
tidal delta and the upper limit of tidal flow reversal, and hence tidal facies. Landward of this
limit, where the river is influenced by tidal fluctuations but flow does not reverse, is defined
as a tidally influenced river. With this description, estuaries are defined by hydrodynamic
processes and morphological features, without knowledge about salinity or the long-term
sediment balance.
Estuaries are dynamic systems with continuously migrating bars and channels. Flow in the
estuary channels is not a simple back and forth. During flood, the system prefers other channels than during ebb, making channels ebb or flood dominant (Dutch: eb- en vloedscharen).
These channels have a natural tendency to embrace each other but do not merge. This is because the sand flux in the flood channel forms a sill, i.e. small heap of sediment, against the
ebb flux and the other way around. Only by a sand deficit, it is more likely that ebb and flood
channels will merge because these sills do not form. This behaviour was already recognised
by van Veen () and later by Ahnert () and is exclusive for tidal systems. Water level
fluctuations by the tide cause certain areas to be submerged during high tide and dry during
low tide, called intertidal areas. On intertidal areas that have a low inundation time, vegetation settling might occur. These vegetated sub-ecosystems of estuaries with salt-tolerant
species are called salt marshes.
In this thesis I focus mostly on tide-dominated estuaries (Fig. .; Dalrymple et al., ).
Estuaries can be classified as either wave or tide-dominated by the Boyd et al. () ternary (three-sided) process-based coastal classification. This classification is an expansion of
the ternary process-based classification of deltas by Galloway (). In this classification
deltas and estuaries are classified by the dominant process (tide, wave or river) that influences the morphology, but this is not done by determining a value such as wave height or
river discharge. This classification is made on the basis of the morphological expression. For
instance, wave-dominated estuaries often show barrier and/or spit formation at the mouth,
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Figure 1.2: Ternary process-based classification diagram. After Boyd et al. (1992).

while tide-dominated estuaries often contain elongated intertidal bars (Dalrymple et al.,
). More recent classifications have expanded on this morphological classification (e.g.
Townend, ; Nienhuis et al., ). In this thesis I account for the wave, river and tidal
processes as follows: The influence of waves is accounted for in chapter  and chapter , but
is always of minor influence on the sediment transport. In all chapter, the standard river discharge is only a small fraction of the tidal prism, so the estuary does not develop into a delta.
River dominated coastal systems are per definition deltaic systems (Fig. .) because a significant river supplies much sediment leading to progradation. Although the focus is on tidedominated estuaries, the transition from estuary to delta is further discussed in chapter .
The dynamics in estuaries often lead to conflicting values in estuarine management
(Fig. .). About half of the world largest and busiest harbours are located in estuaries (e.g.
Shanghai, Rotterdam, Antwerp, Hamburg, Bremen; Lloyd’s List, ) because they are important entrances for navigation to the hinterland. Because of this, they have great economic
value. To keep shipping fairways in place under large morphodynamics, dredging and dumping of sediment is a constant necessity in many of these systems. The need for larger and
bigger ships through the years significantly impacted these systems (Johnston, ; van den
Berg et al., ; Winterwerp, ; van Maren et al., b). The dredging amounts and
cost have only increased over the years and the effects of dredging often contradict nature
and safety values.


In addition to economic value, estuaries have large ecological value. Estuarine ecosystems are globally deteriorating due to human activity, while the ecosystem services are large
(Barbier et al., ). Estuaries are the nurseries for many fish and shellfish species, and salt
marshes are not only an important ecosystem but can also contribute to coastal defence (e.g.
Temmerman et al., ). In addition, the biomass and primary production (and therefore
carbon sequestration) in estuaries is very high due to the high concentration of nutrients
(Barbier et al., ). Even though the biomass and primary production is high, the biodiversity is relatively low compared to other ecosystems (Costanza et al., ). Estuaries are
harsh environments for species due to varying salinity gradients and high flow velocities.
Due to the low biodiversity, the system is very vulnerable to environmental changes.
Estuaries are often weak spots in coastal defence systems, even though densely populated
cities are located next to many estuaries in relation to the harbours. Simultaneous high tide,
storm waves and high river discharges can lead to disastrous floods. For instance, the North
Sea flood of  in the province of Zeeland in the Netherlands and the east coast of England
from Lincolnshire to Kent was a combination of spring tide and a storm surge. The aftermath
of this flood initiated the building of the Delta Works in the Netherlands and storm surge
barriers in the Thames and where the river Hull meets the Humber estuary.
Getting a better understanding of estuarine morphodynamics is of great importance to
provide better estuarine management to balance the economic, ecologic and safety values.
(a)

(b)

(c)
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Figure 1.3: Field site photographs of shipping (a, b, c, i), macrofauna (d, e, f, g, i) and marsh vegetation (b,c,h) that
are important factors in the system that need to be considered in estuary management. Shoal of Walsoorden
(a, b, c, d, e, f, g) and Hooge platen (h, i), the Western Scheldt, Netherlands. Thanks to Harm Jan Pierik (a, b, c),
Laura Coumou (e, f ), Matthew Hiatt (h) and Marcel Taal (d, g, i) for the photographs.



To improve this large-scale understanding of estuaries, we need to figure out the effect of
mud in these systems. Mud has its own set of values and problems in estuaries and in largely
understudied and generally ignored in estuary models.

1.2

Mud in estuaries

Several estuaries in the world are dealing with mud-related problems that impact dredging
maintenance and ecologically valuable areas (Johnston, ). Due to human influence mud
concentrations in estuaries have increased in many estuaries, due to e.g. dredging and land
reclamation (Winterwerp, ; van Maren et al., b; van Maren et al., ). These high
concentrations can have negative impacts by decreasing the light penetration in estuaries and
therefore affect flora and fauna and in turn primary production. In addition, large concentrations of mud can lead to rapid sedimentation in harbours (van Kessel and Vanlede, )
and to the storage of pollutants by clay particles attracting these contaminants (Ridgway and
Shimmield, ).
In contrast to the negative attributes of mud, mud is essential for a healthy ecosystem. A
muddy substrate is for example favoured by most species in estuaries (Dyer et al., b;
Singer et al., ). Transport characteristics of mud are different from sand. This raises
questions about the effects of mud on the large-scale morphology in natural systems. This
would be desirable knowledge as a control to the effect of anthropogenic influence. This
thesis contributes to this by getting a better understanding of the natural morphodynamics
of estuaries and which hydrodynamic and sedimentary processes play an important role,
especially when mud is present. Conclusions that are drawn from this thesis can influence
dredging and disposal strategies and ecologic maintenance in estuaries.

1.2.1 Mud deposition and erosion
Estuaries are typically dominantly built by sand but are fringed by mudflats and salt marshes
(Fig. .). A mudflat is a layer of mud that has deposited at the surface of an intertidal area.
These mud deposits form at low flow velocities with low critical shear stresses. However, a
mud layer can only erode under much higher flow velocities and shear stresses, this is due to
the cohesiveness of the mud (the scour lag effect; van Straaten and Kuenen, ). Due to
these mud characteristics, which differ from sand, it is expected that mud has a significant
effect on the morphology. This hypothesis will be discussed further in section ... Because
the focus of this research is on sand-dominated estuaries with mud, we disregard the effect
of fluid mud throughout the thesis.
The clay/silt ratio determines the cohesiveness of the mud because only the clay fraction
causes the cohesive behaviour. Mud is defined as the collection of silt and clay, which is
all sediment below  μm. This boundary is about the same in all popular grain size classifications, e.g. the international scale NEN-EN-ISO , the Wentworth scale and the
Krumbein phi scale. Clay minerals (< μm) consists of platy particles. Due to their large
surface, that is ionic charged, particles interact electrostatically which makes them stick together. This causes the physicochemical attraction forces between the particles. The strength


of the attraction varies with mineralogy (from low attraction to high attraction: Kaolinite, Illite, Chlorite and Montmorillonite) porosity, fluid properties (temperature, salinity, pH) and
biological influences (bioturbation, pelletisation) (Terzaghi et al., ; McAnally and Mehta, ). Typically in the field, the clay/silt ratios are fairly constant per estuary (Flemming,
) and for larger areas as for the Netherlands (van Ledden, ). E.g. for the Western
Scheldt this ratio is . (van Ledden, ; van Ledden et al., a), meaning  of the
mud is clay.

1.2.2 Sand and mud mixtures
The cohesiveness of the mud does not only depend on the clay/silt ratio, but also on the
sand/mud mixture. Mixtures of sand and mud have a different critical shear stress from pure
sand or mud beds and can also respond cohesively. In general, mixtures of sand and mud
have a higher erosion resistance and reduce erosion rates when the critical shear stress is
exceeded (Mitchener and Torfs, ). The highest values for critical erosion shear stresses
occur with - sand by weight, with a relatively strong effect observed for adding small
amounts of mud to sand (Mitchener and Torfs, ). An increase of the erosion shear stress
by mud is caused by a cagework structure that is formed of clay particles around the sand
particles (Torfs, ; Torfs, ). The threshold at which the sand particles are no longer
in contact with each other is at the critical mud content. Below this critical mud content
friction and gravity are the forces opposing particle motion and above this content, erosion
resistance is governed by electrochemical bonds (Torfs, ). Existing sediment transport
formulas (e.g. Partheniades, ; Engelund and Hansen, ; van Rijn et al., ) can be
applied for both cohesionless and cohesive sediments since a mixture can be seen as either
cohesive or non-cohesive for an amount of fines (Torfs, ; Torfs, ). This is the easiest
and most common way numerical models deal with sand and mud. The critical mud content
in literature varies between - wt due to the different clay-silt ratios discussed earlier
(Torfs, ; Mitchener and Torfs, ; Torfs, ; Houwing, ), however the critical
clay fraction for cohesive behaviour is approximately  (van Ledden et al., a). Organic
content (Young and Southard, ) and biological activity (Paterson et al., ) are often
related to mud and also influence the erosional shear stress, but this can be both positive
and negative. Compaction also contributes significantly to this relation. An overview of
experiments on sand-mud interaction is given in van Ledden et al. (a).

1.2.3 The effect of mud on large-scale estuary morphology
On a large scale, the effect of mud and sand-mud interactions on the morphology are unknown for estuaries. Cohesive sediments in estuaries may create stability and reduces the
ability to re-erode by increasing the critical flow shear stress for erosion. Related research on
deltas (Edmonds and Slingerland, ; Caldwell and Edmonds, ; Burpee et al., )
have shown that cohesion has a major influence on shape, the number of distributaries and
wetland area of deltas. Cohesion reduces the ability to re-erode resulting in more stable bars
and levees, longer and deeper channels, a more elongated planform and fewer channels due
to fewer bifurcations. River studies (Kleinhans, ; van Dijk et al., ) have shown that
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Figure 1.4: Conceptual figure of sedimentary and hydrological patterns and processes in a tide-dominated
estuary. After Dalrymple et al. (1992) and Dalrymple and Choi (2007).

mud in rivers leads to deeper channels, reduced roughness, stabilised banks and altered bank
failure style. On the basis of these studies, it is hypothesised that mud may constrain width,
depth and affect channel-shoal patterns in estuaries. We hypothesise that in general the development of mudflats has similar effects as floodplain formation in rivers.


1.3

Objectives

This PhD is part of a larger NWO (Netherlands Organisation for Scientific Research) project
with multiple PhD and post-doctoral researchers called ’Turning the Tide’. The main aim of
this larger project is to generate a better understanding of natural dynamics and response to
human interference of channels and shoals in estuaries and subsequently produce improved
forecasting tools. In the scope of this objective, my research focuses on the effect of mud
on the morphology and evolution of estuaries, addressing mud settling, the formation of cohesive mud layers, their preservation and their effect on the natural dynamics. The larger
objectives are to; () get a better understanding about the spatial patterns and processes of
mud deposition; () understand the relation between mud deposition and preservation up to
millennial time scales in the stratigraphic record; and () determine the influence of mud on
estuary morphology. I will address these aims on the spatial scale of whole estuarine systems
to individual bars and temporal scales of decades to millennia. The secondary objective of
the project is to discover how these processes can be created in a model environment, either
physical or numerical.
These aims lead to the following research questions:
) 3D patterns and processes of mud deposition and preservation
) Where and under which hydrodynamic conditions do mudflats occur?
) What is the variability and cyclicity of mud deposition on shoals?
) What parameters influence the location of mud deposits and how?
) Where do mud layers occur in the stratigraphy and how are they preserved?
) Influence of mud on estuary morphology
) How does mud influence estuary planform and channel-shoal morphology?
) How do mud layers with different characteristics affect the natural dynamics of
channels and shoals and the potential for a dynamic equilibrium?
) How does mud and other boundary conditions affect the estuary/delta transition?
) What is the effect of sand-mud interaction on sediment transport and natural
dynamics?
) Practical questions
) How can we create a dynamic estuary with mud in an experiment?
) How well does the simplified representation of mud in models work?
) What effects of mud are certain and less certain if we compare two different approaches?


For the general aim, it was hypothesised that gradual erosion of gentle slopes and erosion
by sudden bank collapses are balanced by a stabilising effect of mud layers. Until now, models and experiments failed to replicate natural dynamics of channel-shoal interaction. In
numerical models mud is often ignored (e.g. Hibma et al., ; van der Wegen et al., ;
van der Wegen, ; Guo et al., a; Guo et al., b; Guo et al., ; Dam et al., )
and the few estuary experiments that exist showed limited dynamics in general and tended to
be exclusively ebb dominated (as reviewed in Kleinhans et al., ). It is hypothesised that
the inclusion of mud and new insights in numerical modelling and experiments can generate
realistic dynamics of channels and shoals in estuaries.

1.4

Approach

The methodology applied in this thesis is a combination of field data, laboratory flume experiments and numerical modelling on different spatial scales and timescales (Fig. .). The
spatial scales are either on the full size of an estuary to understand large-scale effect of mud
(chapter , chapter  and chapter ) or on the scale of one shoal for more detail (chapter ).
Timescales that were studied were on the full formation time scale of an estuary from a flat
bed over centuries to millennia, and one shoal on a time scale of two decades. In this thesis
numerical modelling, flume experiments and field data are used parallel to each other. One
method is not used in support of the other, e.g. experiments are not used to validate the
model. In this way, the strengths and weaknesses of all methods are considered equally and
compensate each other when they are combined to derive insights.
Numerical modelling was carried out in DelftD, a state-of-the-art modelling package.
DelftD contains several modules that can be implemented, one of which is the sand-mud
bed module (van Ledden and Wang, ; van Kessel et al., ). This module was studied and implemented in a DelftD morphodynamic model including both fluvial and coastal
processes. The module includes bed content tracking with an active layer concept and storage
layers. In addition, sand-mud interaction in the bed is implemented. In chapter , numerical modelling is used to model an idealised estuary. In chapter  numerical modelling is
used in a case study of the shoal of Walsoorden in a real-world estuary, the Western Scheldt,
Netherlands.
Flume experiments were carried out in a novel tidal facility called the Metronome, based on
smaller pilot studies (Kleinhans et al., ; Kleinhans et al., b; Kleinhans et al., ).
A series of about  pilot experiments were carried out in the Metronome with a range of
condition to test this novel setup (supplementary materials in Braat et al., ; Leuven et
al., a) and were used to choose settings for the control/reference experiment (Leuven
et al., a). Three experiments are discussed in chapter  with two different mud supply
concentrations and a control experiment without mud.
Field data was used at several stages during the modelling and experimental study with
data from literature. A separate coring field study was also carried out next to the modelling
case-study of the shoal, for which also additional data was supplied by Rijkswaterstaat. The
data that is used mostly originates from Dutch estuaries because they were not only most easy



to access, but also the Dutch estuaries are possibly the most extensively monitored estuaries
in the world and also include historical data.

1.4.1

Current state of modelling research

It has been difficult to include multiple grain sizes in numerical models and calculate for
long durations of morphological evolution in the past. Due to the rapidly improving computational power of computers, morphological calculations of long time scales have recently
become possible. However, short-term computations (months-years) are still much more
common due to the higher level of detail that can be achieved and their relevance to engineering questions (e.g. Le Hir et al., ; Brown and Davies, ; Robins et al., ;
McCann et al., ).
When different developers started to implement multiple grain sizes in their modelling
software, the possibility to include mud fractions was also implemented at the same time
(as reviewed in Le Hir et al., ). However, these implementations are not widely used
and mud is still typically ignored in morphological calculations. The majority of the studies
that include mud are focused on sediment concentrations in the water column and therefore
short-term (e.g. Le Hir et al., ; van Kessel et al., ), but studies that include mud in
long-term morphological research are almost non-existent (Fig. .). It is hypothesised that
this is due to longer calculation times and due to uncertainties in the mud parameterisation.
The secondary objective is, therefore, to search for the right mud parametrisation and validate
if the simplifications of mud-related processes are acceptable. So far, nobody has looked at
the effect of mud specifically, which requires controls with only sand.
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Figure 1.5: Time scales and spatial scales of different physical and numerical models and models of estuaries
cited in this thesis (only considering peer-review, full articles on estuaries). Red dots are the models that relate
to the chapters in this thesis. Blue triangles are models without sediment, yellow dots are models with sand
and brown dots are models that include mud.



A model advancement that was included with the possibility for multiple grain sizes is
sediment tracking in the bed. Partly made possible by the use of the active layer concept
(Armanini, ; Le Hir et al., ). Sediment tracking in the bed is necessary for good
morphological predictions with different grain sizes. By keeping track of sediments in the
bed, the model builds the stratigraphy of the model. The already rare morphological models
that include morphological grain sizes never discuss the stratigraphic results except for delta
studies (e.g. van der Vegt et al., ). The stratigraphic results are discussed for one of the
models in this thesis in chapter .

1.4.2 Current state of experimental research
Physical flume experiments that simulate an entire landscape are rare for estuaries. This is in
contrast with the high number of experiments for meandering rivers (e.g. Friedkin, ; Tal
and Paola, ; van Dijk et al., ), braided rivers (e.g. Ashmore, ) and deltas (e.g.
Smith, ; Hoyal and Sheets, ; Grimaud et al., ). Not only estuary experiments,
but tidal experiments, in general, are rare. By the author’s knowledge, since the new millennium only a few tidal experiments are conducted, mostly focusing on individual tidal channels, networks or tidal basins (Tambroni et al., ; Stefanon et al., ; Vlaswinkel and
Cantelli, ). The only full estuary experiments that are known are from the th century.
These experiments were done by Reynolds (), Reynolds (), and Reynolds ().
Despite the uniqueness of these experiments, these estuary experiments suffered from scaling problems like scour holes, limited sediment mobility and ebb flow much stronger than
the flood. The strong ebb and weak flood led to a short tidal excursion length and not enough
power to transport sediment in the flood direction. Since then, similar experiments have not
been carried out until the recent development of a new method to simulate tidal systems: the
periodic tilting mechanism.
By tilting a flume periodically, you force the flow in two directions instead of forcing the
water level fluctuations up and down. Achieving sediment mobility in ebb and flood flow is
difficult due to low water depths and unscaled grain size. Grain size cannot be scaled down
similar to the rest of the experiment, because that sand would become cohesive clay with
different transport characteristics. In river experiments, it is common to increase the gradient
of the slope to solve the problem of gaining the right sediment mobility in the flume. For tidal
experiments, this was never possible, because then only the ebb flow would be increased.
The novel solution to this is the tilting mechanism that tilts the entire flume periodically to
generate the tides.
Pilot studies in small flumes have been published on small estuaries (Kleinhans et al.,
b) and tidal basins (Kleinhans et al., ; Kleinhans et al., ) and showed promising results. A bigger flume was built in this project to support a longer tidal excursion
length more suited for estuaries rather than tidal basins. This setup was used in chapter  of
this thesis.
Even though experiments of estuaries are limited, the study on the effect of mud has been
researched for deltas, rivers and bedforms (Whipple et al., ; Peakall et al., ; Hoyal
and Sheets, ; van Dijk et al., ; Schindler et al., ; Malarkey et al., ; van de


Lageweg et al., ). Compared to models, experiments include fine sediment more often than in numerical modelling. Studies on the effect of mud use different simulants to
represent the mud. Common methods are clay (Schindler et al., ), silt or silica flour
(Peakall et al., ; van Dijk et al., ), stabilizing polymers (shale stabilizing polymer
and extracellular polymeric substance; Hoyal and Sheets, ; Malarkey et al., ), charcoal (Whipple et al., ) and nutshell (van de Lageweg et al., ). Although all these
methods are able to simulate fine sediment transport and deposition, using actual clay and
polymers has been considered as the only method that provides cohesive properties. Different types of clay provide a different cohesive strength, though even the lowest cohesive
strength is already too strong for small-scale experiments because it cannot be scaled and
is therefore only used in the real-scale bedform experiments. Polymers are typically used in
very small amounts and are therefore typically mixed in the initial bed and not supplied later.
Additionally, because polymers tend to percolate in the bed, they are difficult to use when
simulating a combination of cohesive and non-cohesive sediment (Kleinhans et al., a).
Therefore, in this thesis nutshell is chosen to simulate mud / fine sediment. This material
developed cohesive properties due to the degradation of the organic material the longer it
was in the flume during the experimental tests.

1.5

Thesis outline

Chapter  describes a numerical modelling study in DelftD on a full estuary scale on a
timescale of two millennia. In this chapter, the effect of mud on the large scale morphology
of estuaries is described over the full development of an estuary starting from a sandy flat
bed. Multiple scenarios are analysed by which also the relative effect of mud concentration,
sediment source, wave, tides and discharge is analysed and the effect of the transition from
estuary to delta.
Chapter  addresses the effect of mud on estuary morphology in flume experiments. This
chapter also focuses on the large scale estuary over time scales that include the full development of an estuary from a flat sandy bed. This study focuses in more detail on the tidal prism
reduction effect of the mud and the effect of mud deposition of bars.
Chapter  attends to a smaller scale case study of the shoal of Walsoorden in the Western
Scheldt. In this chapter the effect of mud on the morphology of the shoal is described and the
preservation potential of mud layers. This study is partly a field study and partly a numerical
modelling study in DelftD.
Chapter  brings the effect of the three-dimensional view of mud layer distribution and
preservation from chapter  back to the estuary scale. This chapter used the model from
chapter  in combination with coring field data from the Western Scheldt to better understand the sedimentary fill of estuaries in the fluvial-to-marine transition zone.
The chapters , ,  and  are all published peer-reviewed papers or submitted to be published of which the main findings are synthesised in chapter . In this last chapter, all research
approaches are combined to answer the main research question and suggestions are provided
for future research.
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Chapter 2 | Effects of mud supply on
large-scale estuary morphology and
development over centuries to millennia
Alluvial river estuaries consist largely of sand but are typically flanked by mudflats
and salt marshes. The analogy with meandering rivers that are kept narrower than
braided rivers by cohesive floodplain formation raises the question of how largescale estuarine morphology and the late Holocene development of estuaries are
affected by cohesive sediment. In this study we combine sand and mud transport
processes and study their interaction effects on morphologically modelled estuaries on centennial to millennial timescales. The numerical modelling package
Delft3D was applied in 2-DH starting from an idealised convergent estuary. The
mixed sediment was modelled with an active layer and storage module with fluxes
predicted by the Partheniades–Krone relations for mud and Engelund–Hansen for
sand. The model was subjected to a range of idealised boundary conditions of tidal
range, river discharge, waves and mud input. The model results show that mud is
predominantly stored in mudflats on the side of the estuary. Marine mud supply
only influences the mouth of the estuary, whereas fluvial mud is distributed along
the whole estuary. Coastal waves stir up mud and remove the tendency to form
muddy coastlines and the formation of mudflats in the downstream part of the
estuary. Widening continues in estuaries with only sand, while mud supply leads
to a narrower constant width and reduced channel and bar dynamics. This selfconfinement eventually leads to a dynamic equilibrium in which lateral channel
migration and mudflat expansion are balanced on average. However, for higher
mud concentrations, higher discharge and low tidal amplitude, the estuary narrows and fills to become a tidal delta.
Published as: Braat, L., van Kessel, T., Leuven, J. R. F. W., and Kleinhans, M. G. (). Effects of mud supply
on large-scale estuary morphology and development over centuries to millenia. Earth Surface Dynamics , ,
–. DOI: ./esurf---.

2.1

Introduction

Sandy river estuaries with continuously migrating channels and bars have great and often
conflicting economic and ecological value. These estuaries are typically dominantly built
of sand, but mud and salt marshes also form significant parts of these systems. Mud plays
a critical role in ecological restoration measures and harbour maintenance, but it is rarely
taken into account in numerical morphological models. Due to human interference, mud
concentrations have increased far above the desired values in many estuaries (Winterwerp,
; van Maren et al., ). Mud problems arise from pollutants attached to clay particles,
mud deposits covering benthic species, rapidly siltating harbours and channels and changing
hydrodynamic and morphodynamic conditions by higher resistance against erosion. This
raises questions about the effects of mud on large-scale estuary morphology in natural alluvial
systems as a control for cases with human interference.


In rivers, the formation of cohesive floodplains with mud and vegetation causes river channels to be narrower and deeper than in systems with only sand given otherwise equal conditions (Tal and Paola, ; Kleinhans, ; van Dijk et al., ; Schuurman et al., ).
This results from a dynamic balance between floodplain erosion by migration of channels and
new floodplain formation by mud sedimentation and/or vegetation development. The effective cohesiveness may change an unconfined braided system into a dynamic self-confined
meandering system or even a straight, laterally immobile channel without bars (Makaske et
al., ; Kleinhans and van den Berg, ). Here we investigate whether mud has similar
effects on large-scale planforms that develop over centuries to millennia in estuaries. We
especially need more knowledge about where mud deposits occur and how they influence
the evolution of the estuary over long timescales. We first quantify mudflat properties in two
Dutch estuaries and then review approaches to mud modelling.

2.1.1 Spatial pattern of mudflats in estuaries
In this study we use data from two Dutch estuaries, the Western Scheldt estuary and the
Ems-Dollard estuary. The Western Scheldt is a mesotidal to macrotidal estuary with a semidiurnal tide and is located in the southwest of the Netherlands (Fig. .f). The estuary has a
tidal prism of  ×  m and maximum channel velocities are on the order of –.m s−
(Wang et al., ). The freshwater discharge is on average  m s− from the Scheldt River.
The Ems-Dollard is a mesotidal estuary with a semi-diurnal tide and is located at the most
northern part of the border between Germany and the Netherlands (Fig. .f). The estuary
has a tidal prism of  ×  m and maximum channel velocities are on the order of  m s−
(Dyer et al., a). Freshwater input comes from the Ems River with an average discharge
of  m s− . We use these estuaries because they are relatively well documented, although
bed composition data are rather scarce compared to bed elevation scans. The disadvantage
of data from a well-studied estuary is that anthropogenic influences are usually considerable,
so we only look at the general patterns and properties of the mud. Here we combine independent measures of mud content in surficial sediment: () a bed sampling dataset of the
Western Scheldt (Fig. .a; McLaren, ; McLaren, ), () probability of clay in the
GeoTOP map (v.) of interpolated borehole data in the top  cm of the bed (TNO, )
(Fig. .b and e), where clay is defined as more than   lutum (< μ m) and less than  
silt (< μ m) (Vernes and van Doorn, ), () yearly Western Scheldt ecotope maps of
Rijkswaterstaat (), in particular the mud-rich areas above the low water level (Fig. .c),
that are based on aerial photographs, and () the sediment atlas of the Waddenzee (Rijkswaterstaat, ) drawn from bed sampling in  (Van Heuvel, ), which includes the
Ems-Dollard (Fig. .d).
Data from the two estuaries indicate that mud deposits on the sides of the estuary that
are then shielded from the strongest tidal flow (Fig. .a–e). Large fractions of mud are
also found on bars, which is in general agreement with the estuarine facies description of
Dalrymple and Choi (). The hypsometric curves indicate that most of the mud is deposited on the intertidal areas (Fig. .h and i), yet significant mud fractions are also found in
channels. Additionally, larger mud fractions occur in the single-channel upper estuaries and
cover a large part of the width of the estuary (Fig. .a, d and g). To summarise, –  of
the lower estuary cross section is typically covered by mud with higher fractions up to about
half the cross section in the single-channel upper estuary.
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Figure 2.1: Mud in the bed of the Western Scheldt and the Ems-Dollard. (a) Percentage of mud in the top 10 cm
of the bed (McLaren, 1993; McLaren, 1994), (b) GeoTOP map (v1.3) of probability of clay in the top 50 cm of the
bed (TNO, 2016) and (c) an indicative morphodynamics map of the Western Scheldt (Rijkswaterstaat, 2012).
(d) Fraction of mud in the top 10 cm of the bed (Van Heuvel, 1991; Rijkswaterstaat, 2009) and (e) GeoTOP map
(v1.3) of probability of clay occurrence in the top 50 cm of the bed (TNO, 2016). (f ) Surface mud distribution
along the Western Scheldt from the three datasets. For the ecotope data only the low dynamics muddy class
was used. (g–h) Cumulative and normalised hypsometric curves of surface area related to bed elevation. Plot
includes the (cumulative and normalised) distribution of mud relative to the total area with reference to figure
panels for the mud datasets. Dotted lines indicate high and low water levels during spring and neap tide at the
mouth.

2.1.2 Past and novel modelling approaches for sand–mud mixtures
In past long-term morphological modelling of estuaries, sand and mud were always considered separately, partly because the interactions between sand and mud are complicated.
Models used either sand (e.g. van der Wegen et al., ) or sand and mud without interactive
transport (e.g. Sanford, ). However, sand and mud interact, which affects the erodibility (see van Ledden et al., a, for review). Such interactions include dominant mud with
some sand that behaves as mud, but for lower mud fractions there is mixed behaviour (van
Ledden et al., a). In particular, mixed sediments increase erosion resistance and decrease erosion rates when the critical shear stress is exceeded compared to pure sand (e.g.
Torfs, ; Mitchener and Torfs, ). This behaviour is highly sensitive to small amounts
of mud, and the highest critical shear stresses for erosion occur with - wt  sand (e.g.
Mitchener and Torfs, ).
Over the past decade, mixed sediments have been implemented in several modelling software packages (van Ledden et al., b; Waeles et al., ; van Kessel et al., ; Le Hir
et al., ; Dam et al., ). Long-term morphologic calculations are rare due to computer


limitations and lack of spatially and temporally dense data of mud in the bed. For deltas,
on the other hand, long-term morphologic development by numerical modelling (Edmonds
and Slingerland, ; Caldwell and Edmonds, ; Burpee et al., ) showed large effects of mud on plan shapes, patterns and dynamics with fairly simplistic sediment transport
processes. In particular, cohesion reduces the ability to re-erode, resulting in more stable bars
and levees and longer and deeper channels. Physical experiments produced similar results
for deltas (Hoyal and Sheets, ) and for river meandering (van Dijk et al., ). However, the sensitivity of the numerical models to parameters such as erodibility and settling
velocity indicate that the value of long-term modelling exercises with the current state of the
art is to develop generalisations and trends rather than precise hindcasts and predictions of
specific cases.
Past long-term morphological modelling studies of estuaries that did not include mud
showed channel bar patterns that are similar to those in nature (Hibma et al., ; van der
Wegen and Roelvink, ; van der Wegen et al., ; Dam et al., ). Cases in which
boundaries eroded unhindered (van der Wegen et al., ) developed towards a state of
decreasing morphodynamic activity as size and depth continued to increase and morphodynamic equilibrium was not reached. Most models, however, including the few models
with mud, assumed prescribed planform shapes with non-erodible boundaries (Lanzoni and
Seminara, ; Hibma et al., ; van der Wegen and Roelvink, ; Dam et al., ;
Dam and Bliek, ) allowing equilibrium in some cases. However, to obtain a dynamic
equilibrium of planform shape and dimensions in which bank erosion on average equals
sedimentation, the formation of cohesive mudflats needs to be incorporated in models with
erodible banks. Regardless of the fact that most natural estuaries are in disequilibrium as
they continuously adapt to changing boundary conditions and anthropogenic influences, it
is of interest to know whether these systems could develop a morphodynamic equilibrium
and on which variables this depends most.
The objective of this research is to determine the effects of mud supply on equilibrium
estuary shape and dynamics. This fills a gap in the literature by combining millenniumscale
morphological modelling of estuaries and the effects of sand–mud interaction. We examine
estuary formation from idealised initial conditions and a range of boundary conditions and
run models for  years in order to study tendencies towards dynamic equilibrium. We
hypothesise that mud will settle into mudflats flanking the estuary that resist erosion and
thus self-confine and narrow the estuary and reduce channel-bar mobility and the braiding
index. As a result we expect that self-formed estuaries develop a dynamic balance between
bank erosion on the one hand and bar and mudflat sedimentation with resistant cohesive
mud on the other hand.

2.2

Methods

The methodology was to set up an idealised scenario loosely inspired by the Dyfi, i.e. Dovey,
estuary in Wales and to vary the most relevant boundary conditions. These include mud
concentration supplied at the upstream boundary, mud supplied at the coastal boundary,
surface waves, river discharge and tidal amplitude. There is a host of other initial conditions,
boundary conditions and other variables that can be tested, such as other tidal components
and other initial valley shapes. For example, the application of certain tidal components can
lead to a change in the import or export tendencies of tidal systems (Moore et al., ), as


can river inflow (Guo et al., ). However, our aim is to isolate the effects of mud, which
requires the simplest possible conditions without non-linear interactions between imposed
tidal components. Furthermore, we tentatively assume that the model is sufficiently sophisticated to reproduce the general behaviour found in nature of the phenomena under investigation, which will be discussed later. We chose the Dovey estuary as inspiration because direct
human influences are relatively low compared to the Western Scheldt and the Ems-Dollard.
Even though the system is still very natural, there is enough information about bathymetry
and hydrodynamic data to develop the model and complementary model studies (Brown and
Davies, ). Furthermore, it is one of the sandy estuaries in the UK that is included in the
dataset of Prandle et al. () that we will use later in the discussion.

2.2.1 Numerical model description
We used the modelling package DelftD version .., which is a process-based modelling system that consists of several integrated modules (Lesser et al., ). This modelling
system is state of the art, open source and widely used and tested. It includes the possibility to use both sand and mud in the calculations. The depth-averaged version of DelftD
with parameterisation of spiral flow was used to keep the computational time for long-term
simulations below  month. Furthermore, we excluded the effect of salinity and temperature on the hydrodynamics, as it was assumed that the effect of density differences would be
limited in -DH and in well-mixed shallow estuaries. Auxiliary tests in -D with five layers and salinity confirm the assumption of well-mixed conditions. Furthermore, the estuary
Richardson number (as defined by Fischer, ) is . and the Rouse number is < .,
further supporting the assumption of a well-mixed estuary for salinity and suspended sediment. The effects of the Coriolis force, organisms and wind are ignored for generalisation
and simplicity. Hydrodynamics were calculated by solving the depth-averaged shallow water
equations (Eqs. .–.):
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where η is water level with respect to datum (m), h is water depth (m), u is depth-averaged
velocity in the x direction (m s− ), v is depth-averaged velocity in the y direction (m s− ),
g is gravitational acceleration (m s− ), C is the Chezy friction parameter (m. s− ) and vw is
the eddy viscosity (m s− ).
The SWAN module was used to implement the effect of short waves. We used two-way
coupling between the flow and wave module with an interval of  h. At four stages during
every tidal cycle, SWAN calculated the wave conditions from the current situation of the
morphological model. The waves enhanced turbulence and bed shear stress by wavedriven
currents in the morphological model. The sediment transport was only affected by the enhanced bed shear stress by the the wave–current interaction and not by enhanced turbulence.
A recently developed module for mixed sediments incorporates the effect of bed composition on erosional behaviour and hence morphology (van Kessel et al., ; van Kessel et al.,


Table 2.1: Sediment characteristics applied in the default model. Variation in settling velocity will later be discussed as one of the sensitivity parameters.
Sediment property
Sand
Settling velocity
Median grain size
Specific density
Dry bed density
Mud
Settling velocity
Critical bed shear stress for sedimentation
Critical bed shear stress for erosion
Erosion parameter
Specific density
Dry bed density

Symbol

Value

Unit

ws
D
ρs
ρdry

4.4 × 10−
3 × 10−
2650
1600

m/s
m
kg/m
kg/m

ws
τ crit,sed
τ crit,ero
M
ρs
ρdry

2.5 × 10−
1000
0.2
1 × 10−
2650
1600

m/s
N/m
N/m
kg/m /s
kg/m
kg/m

). This module is a partial implementation of van Ledden () and Jacobs et al. ()
and tracks spatial and temporal bed composition for multiple grain sizes of sand and mud
with erosional characteristics depending on bed composition. In this paper we only used one
sand fraction and one mud fraction (Table .) and applied a uniform roughness.
Cohesive sediment, i.e. mud, is defined as the mixture of the clay (< μ m) and silt (– μ
m) fractions with cohesive behaviour caused mainly by physico-chemical forces between the
clay particles. This cohesive behaviour causes complex processes that influence the erosion
and deposition of sediments. In the model we distinguish two erosion modes. Above a critical mud content (pm,cr ) of the bed, cohesive particles cover sand particles so they are not in
direct contact, which limits erosion for both sand and mud (Torfs, ; Torfs, ). Below
this critical mud content, friction and gravity oppose sediment transport for sand. The critical mud content was chosen to be at a mass fraction of ., which depends on site-specific
silt-clay ratios because only the clay fraction is cohesive (McAnally and Mehta, ; van
Ledden et al., a). This value is higher than found in flume experiments (.–., Torfs
; .–., Torfs ; .–., Mitchener and Torfs  but was based on silt-clay
ratios of Dutch tidal systems (.–.; van Ledden et al., b).
When the bed is defined as non-cohesive (pm < pm,cr ), a traditional sand transport equation was used. Here we chose the Engelund and Hansen transport equation (; Eq. .):
qs = √

.U
gC Δ D

(.)

where qs is sediment transport (m m− s− ), U is the magnitude of the flow velocity (m s− ),
Δ is the relative density (ρs −ρw )/ρw and D is the median grain size (m). This equation does
not distinguish between suspended and bedload transport, but considers total transport.
The Partheniades-Krone formulation was used to calculate the erosion rate of mud (Partheniades, , Eq. .):
Em = MS(τ cw , τ cr,e )
(.)
where Em is the erosion flux of mud (kg m− s− ), M is the erosion parameter (kg m− s− ),
S is the erosion or depositional step function, τ cr,e is critical shear stress for erosion (N m− )
and τ cw is the maximum bed shear stress due to currents and waves (N m− ).


When the bed is cohesive (pm > pm,cr ), the mud and sand fluxes are proportional to
the mud and sand fraction. The erosion rate of mud is calculated by the Partheniades-Krone
formulation (Partheniades ; Eq. .) similar to the non-cohesive regime. The erosion
rate for sand, on the other hand, was based on the entrainment of mud because sand particles
are included in the cohesive matrix (Eq. .). In this way sand can only be eroded when mud
is eroded. Bedload transport was assumed to be zero in the cohesive regime.
Es = Em

(.)

The advection-diffusion equation further describes the suspended sediment following from
the Partheniades-Krone formulation. Sand and mud behave independently in suspension
and segregation will occur with low concentrations (Torfs et al., ). For simplicity we
assumed a constant settling velocity of . mm s− for mud, ignoring the fact that settling
velocity depends on flocculation influenced by concentration, residence time, salinity, pH,
turbulence and biochemical effects (e.g. Mietta et al., ). The settling velocity is typical for
fluvial mud (.–. mm s− , Temmerman et al., ), which we supply in the default run,
and is relatively low for marine mud. Deposition of mud is determined by the concentration,
settling velocity and the step function similar to Eq. .. However, many studies show that
deposition is continuous, and a threshold for deposition is therefore absent (short review in
Sanford, ). This is approached in the model by setting a very high critical shear stress
for sedimentation (Table .).
Divergence of sediment fluxes for bedload and the erosion-deposition difference for suspended sediment cause bed level changes. To track the mud and sand fractions in the bed,
a bed module was used with a mixed Eulerian-Lagrangian approach (van Kessel et al., ;
van Kessel et al., ) similar to Le Hir et al. () and Sanford (). An active Lagrangian layer of  cm was used in which sediment exchange occurs with the water column.
This active layer had a constant thickness and moved through the vertical framework with
bed aggradation and erosion. Below the active layer we used several vertically fixed Eulerian
layers to store bed composition in the vertical (Table .). The advantage of Eulerian bed
layers is that artificial mixing by vertically moving layers is prevented. The advantage of a
Lagrangian active layer is that the thickness is constant, which is desired because strong bed
armouring is prevented and the thickness affects the timescales of the system (van Kessel et
al., ).
To speed up morphodynamic calculations, the bed level change in each time step calculated from the divergence of sediment fluxes and the erosion-deposition difference for suspended sediment was multiplied with a morphological factor of  (Table .). Extensive
studies showed reasonable results up to a morphological factor of , though it is recommended not to go above  (Roelvink, ; van der Wegen and Roelvink, , Fig. A.).
Using a morphological factor is an efficient way of speeding up long-term morphodynamic
calculations that is widely used (Roelvink, ; van der Wegen and Roelvink, ; Le Hir
et al., ; Dam et al., ).
When the water level changes during a tidal cycle, flooding and drying of the intertidal
area occurs. To prevent complicated and time-consuming hydrodynamic calculations with
very small water depths, a threshold is set for drying and flooding (Table .). When the
water depth is below this threshold the velocity is set to zero. Since the velocity in dry cells
is zero, there is no sediment transport in dry cells, even when considerable erosion occurs in
a wet cell next to it. Therefore, dry beach and bank erosion was implemented to drive lateral


Table 2.2: Parameters for processes and numerics
Parameter
symbol unit
value
Time step
dt
min
0.3
Spin up time at cold start
min
1.44 × 10
Threshold depth drying/flooding
m
0.08
Min water depth for bed level change
m
0.05
Erosion adjacent dry cells
0.5
Morphological factor
Morfac
400
Transverse bed slope parameter
α
0.2
Transverse bed slope parameter
β
0.5
Eulerian bed storage layer thickness
m
0.1
Active layer thickness
m
0.1

bed lowering. A user-defined factor (Table .) determines the fraction of the erosion flux
that is assigned to the adjacent dry cells.
The transverse bed slope effect is a very important parameter for bar dimensions and behaviour in morphological models that is often used as a calibration parameter (Schuurman
et al., ). In estuary models the transverse bed slope effect is often set to be much stronger
than the advised default settings to prevent unrealistically steep banks and narrow bars and
channels from forming(van der Wegen and Roelvink, ). The reason for this is unclear,
but unravelling this is beyond the scope of the present paper so we use settings similar to
earlier studies (van der Wegen and Roelvink, ). We used the transverse bed slope predictor of Koch and Flokstra () as extended by Talmon et al. ():
f(θ) = αθ β

(.)

where θ is the shields parameter, D is median grain size (m), H is the water depth (m) and
α = ., which is much lower than the default of . for rivers, and β = ..
We chose the Engelund-Hansen transport formulation because other relations, in particular van Rijn (), van Rijn et al. (), and van Rijn (a), resulted in higher bars
and much deeper and straight channels with sudden (up to  ◦ ) sharp bends, which would
require transverse bed slope parameters that differ by  orders of magnitude from the theoretical value in estuarine settings (van der Wegen and Roelvink, ). Furthermore, changing
bed slope parameters does not fix the channel pattern issues. For long-term morphological
modelling Engelund-Hansen, produces more realistic morphologies. The disadvantage of
our method is that the present code for sand-mud interaction with Engelund-Hansen does
not yet incorporate a gradual transition in critical shear stress for erosion between the cohesive and non-cohesive regime. Additionally, mud would ideally erode proportionally with
sand in the non-cohesive regime as sand erodes with mud in the cohesive regime, but this is
not yet implemented for Engelund-Hansen and is therefore also not described in this method
section. These issues are beyond the scope of the present paper and require further research
and model code development.

2.2.2 Model schematisation
The modelled domain is  by  km of which  by  km is sea area (Fig. .). The grid
is rectilinear with a resolution that varies between  by  and  by  m. Cell size
increases from the initial estuary shape to the sides and offshore to increase resolution in regions of interest and to decrease computation time. The initial bathymetry is in the shape of


an idealised funnel-shaped estuary. This exponential shape was also found in previous modelling research (Lanzoni and Seminara, ; Canestrelli et al., ; Lanzoni and D’Alpaos,
) and obtained from field data (Savenije, ). The estuary is  km wide at the mouth
and decreases exponentially to a channel of  m width over  km. The bed level linearly
increases in elevation from - at the mouth to  m at the upstream boundary and  to  m
on dry land (van der Wegen and Roelvink, ). The sea has a maximum depth of  m.
van der Wegen and Roelvink () argued that initial bathymetry does not greatly affect the
dynamic equilibrium shape because dry cell or bank erosion is allowed in the model and the
model will therefore develop a self-formed (alluvial) estuary shape. However, initial shape
affects the time needed to form the equilibrium planform shape and the size of the ebb delta
in the absence of waves and littoral transport, which is the default situation in our idealised
estuary. We therefore started with a funnel shape to save calculation time and decrease the
size of the ebb tidal delta. The shape is given as
(

W = Wmouth e

−x
Lb

)

(.)

,

where Wmouth =  m is the width of the estuary at the mouth , Lb = . m is the
e-folding distance over which the width of an exponential channel is reduced by a factor of
e and x is distance from the mouth (m). The shapes of modelled estuaries are characterised
by the funnel-shape parameter (Davies and Woodroffe, ) calculated as e-folding length
normalised by mouth width at that point in time (Eq. .). Lower values of the characteristic
funnel length indicate stronger funnelling in the sense of more rapid narrowing from the
mouth in the landward direction. In this way estuary shape is normalised by estuary size.
Sb = Lb /Wmouth

(.)

Three open boundaries are used: two cross-shore water level boundaries and one upstream
discharge boundary. At the water level boundaries an M tide is prescribed with a default
tidal amplitude of . m and a phase difference of  ◦ ( min between the two cross-shore
boundaries over  m), resulting in alongshore tidal wave propagation as for the Dovey estuary. The western boundary is closed, because three open sea boundaries created instabilities in the corners of the model. The chosen tide is exactly cross-shore and therefore the
water level boundary

discharge boundary

Figure 2.2: Initial bathymetry with model boundaries and cross section (red line) for analysis. Initial depth
increases linearly upstream and width decreases exponentially (Eq. 2.8). Coordinates are defined at the coastline
with the channel centreline and mean sea level (MSL) as origin.



closed boundary does not affect the tide. With these simple conditions tidal asymmetry in
the estuary is entirely caused by basin geometry and river flow and not by prescribed overtides. For generalisation purposes and simplicity we exclude the known effects of imposed
multiple tidal constituents on residual transport and morphology (Guo et al., ). Discharge is prescribed as a constant value through time of  m s− over the inflow cross
section. However, the partitioning of discharge between the upstream grid cells of the river
at the boundary varies sinusoidally through time from one side to the other to simulate weak
upstream ”meandering” perturbations with a period of  years to trigger bars if the selfformed channel aspect ratio would allow bars (Schuurman et al., ).
In some model scenarios waves were imposed at all sea boundaries including the closed,
offshore boundary parallel to the coast. Waves have a  s peak period and a significant wave
height of . m. This is the highest possible significant wave height for which no coastal
erosion occurs. The effects of the added waves keep mud in suspension in the sea area because
of the enhanced bed shear stress (Eq. .), which prevents the formation of a muddy coastline
and meanwhile causes no significant sand transport outside the estuary. The addition of
waves prevents instabilities at the boundaries that were due to the deposition of marine mud
(Fig. A. in the Appendix). Due to the choice for Engelund-Hansen as sediment transport
formulation, sand stirring is excluded. Only indirect sand transport effects occur because
the enhanced bed shear stress influences the currents.
The initial bed composition in the entire domain is   sand. In some scenarios mud
was supplied to the estuary at the discharge boundary and/or the sea level boundaries. Mud
was supplied as a constant concentration, which means that the mass of mud transported into
the model depends on the hydrodynamic conditions. For sand supply we used equilibrium
conditions at the boundaries, meaning that the capacity of the flow to transport sand (Eq. .)
at the boundary determined the sand supply rate, which prevents erosion and deposition at
the boundaries.

2.2.3 Scenarios
The model was run for  scenarios of boundary conditions on the same initial conditions.
One run constituted  hydrodynamics years and  morphological years and took about
 days in real time on one desktop core. Multiple scenarios were computed at the same time,
so parallel computing was not necessary. The runs with waves took much longer and were
therefore terminated at  years.
We varied fluvial mud input concentration to assess the primary effect on the shape and
size of estuaries. The effects of the source of mud were tested by comparing scenarios with
fluvial input, marine input, both marine and fluvial input at the same time or no mud input.
We further examined the effects of waves, river discharge and tidal range. To assess the sensitivity of the model we varied uncertain numerical and process-related parameters: critical
mud content for cohesive behaviour, active layer thickness and settling velocity (Table .).
The model scenarios were analysed by studying the bathymetric changes, mud deposits and
geometry of the final bathymetry. These results are compared to each other. In the discussion
we compare model results to the data of natural estuaries presented above.
About  pilot models led us to select the model settings and boundary conditions presented in this paper. For example, we evaluated different initial bathymetries to test their effect
on time to equilibrium. We found that the model could both erode and fill the initial basins
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settling velocity
ms−
. × −
. × −
. × −
. × −
. × −
. × −
. × −
. × −
. × −
. × −
. × −
. × −
. × −
. × −
. × −
. × −
. × −
. × −
. × −
. × −
. × −
. × −
. × −

waves
−
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
yes
yes
yes
no
no
no
no
no
no

default, fluvial mud input
larger mud input concentration
smaller mud input concentration
no mud, only sand
marine mud input
fluvial and marine mud
no discahrge
smaller discharge
larger discharge
no tide
much smaller tide
smaller tide
larger tide
fluvial mud + waves
marine mud + waves
no mud + waves
fluvial and marine mud + waves
smaller critical mud fraction for cohesive behaviour
larger critical mud fraction for cohesive behaviour
smaller active layer thickness
larger active layer thickness
smaller settling velocity for mud
larger settling velocity for mud

Table 2.3: Overview of all model scenarios and runs to examine sensitivity to mud-related parameters.

for otherwise equal conditions, meaning that the initial shape is only of limited influence
on final equilibrium. Moreover, we found that an exponential shape close to the equilibrium size saves considerable computation time and reduces the size of the ebb delta, which
then, in turn, has a smaller effect on the incoming tide. Pilot runs with alternative sediment
transport formulations confirmed the findings of van der Wegen et al. () and led to the
choice for the Engelund-Hansen transport equation and a transverse bed slope parameter of
. (Table .). Furthermore, pilot runs showed that initial random bed perturbation was
unnecessary to trigger bar development. Finally, to test the assumption that the estuaries
are well-mixed, the default run was restarted in D after  years with salinity and five
sigma layers. These results indicated well mixed conditions and some influence on sediment
transport but limited influence on large-scale morphology.

2.3

Results

Here we first describe the general development towards equilibrium of the default scenario
with fluvial-fed mudflats. Secondly, we study the hydrodynamics and sediment transport
in more detail for the equilibrium condition of the default scenario. Then we describe and
compare trends in all scenarios, focussing on mud supply, mud source, the effects of waves,
river discharge and tidal amplitude. Finally the mud parameter sensitivity runs are presented.
Figures with detailed results for scenarios with hydrodynamic variables are shown in the
Appendix.

2.3.1 General development
The final morphology of the default scenario (run ) after  years with a fluvial mud supply concentration of  mg L− is a self-confining bar-built estuary flanked by mudflats with
migrating channels and bars (Fig. .d and i). The width of the final morphology decreases
exponentially in the upstream direction, similar to the initial condition but with self-formed,
freely erodible banks.
During the first stage of the development the mud enters the system by river discharge,
which is rapidly distributed over the whole estuary within the first few years. The upstream
part narrows immediately while narrowing at the mouth starts after about  years and
continues for roughly  years (Fig. .b and c). After  years the sand within the estuary
is redistributed and the ebb delta starts to form. The ebb delta continues to prograde as sand
and mud are supplied constantly, whilst coastal sediment transport is absent. Since we are not
interested in the evolution of the ebb tidal delta and littoral processes are not well modelled
in this set-up, the area downstream of the coastline is excluded in further analyses.
Within the first  years the upstream part of the estuary starts meandering and the downstream part starts braiding. Meanders grow and migrate downstream, while bifurcations
develop and chute cut-offs occur. Within  years, an initial bar pattern has developed
throughout the estuary, and the channel pattern is characterised by mutually evasive ebb
or flood-dominated channels (Fig. .b and c). The bars continue to migrate downstream
throughout the simulation as an effect of the fluvial discharge and sediment input. After
about  years the bar channel pattern appears to have reached a dynamic equilibrium
with channels approximately  m deep, bars elevated to the mean water level and a linear
sloping bed level (Fig. .(a–d).


Morphodynamic equilibrium in which average bank erosion equals sedimentation, is indicated by a net bed level change fluctuation around zero (Fig. .j). This means that there
is no net accumulation or erosion in the estuary, so there is no net import or export of sediment. Furthermore, we observe that the absolute bed level changes approach a constant
value (Fig. .e). Net bed level change is determined by summation of the elevation change
of each cell multiplied by the area of the cell, while the absolute bed level change uses the
absolute value of the change in elevation. The initial changes in which the estuary adapts to
the boundary conditions (like width and depth adaptation) happen within centuries, while

Figure 2.3: Results of the default scenario (01) with a fluvial mud supply of 20 mg L− , 3 m tidal range and
150 m s− river discharge. (a–d) Bathymetry and (f–i) mud fraction in the top layer of the bed after 50, 150,
500 and 2000 years. (e) Morphodynamic activity expressed by absolute bed level change over time between
the original coastline and the upstream boundary; (j) net bed level change over time between the coastline
and the upstream boundary, positive is net accretion and negative is erosion. The ages of the maps (a–d) and
(f–i) are indicated with blue dashed lines in pannels (e) and (j). A video of the model is available on YouTube:
https : //youtu.be/HAekaeP Y.



the dynamic behaviour of bars and channels continues throughout the simulation, as also
shown by the constant non-zero value approached in Fig. .e. If the mean of the absolute
bed level changes approached zero, then the bathymetry would become fixed. It could be
argued that the lowering in Fig. .e indicates that a true equilibrium was not reached and
will not be reached because the river continues to import sand and the ebb delta continues
to grow in the near absence of littoral processes. However, for our purposes and timescale
of interest, Fig. .j indicates that the equilibrium planform geometry of the channels, bars
and mudflats in the estuary was reached after about – years.

2.3.2 Hydrodynamics and sediment transport
Tidal water levels and velocity vary along the estuary: at the seaward boundary the tide is a
symmetrical M, while further into the estuary the tide becomes asymmetrical (Fig. .). At
the mouth the water level rapidly increases from low to high water and slowly decreases from
high to low water. There is no phase lag anywhere along the estuary between water level and
velocity since slack water occurs exactly at high and low water. The tidal range decreases further into the estuary mainly by a decrease in the low water amplitude (Fig. .a). Likewise,
flood velocities are reduced while ebb velocities remain about constant (Fig. .b, e and f).
Additionally, the duration of the ebb flow is longer than the flood (Fig. .g), which is similar to the current Dovey estuary. In the Dovey, the flood phase takes  h and the ebb phase
 h near Aberdyfi (Brown and Davies, ), which is similar to the green line in Fig. .b.
The ebb flow increases in relative velocity and duration further upstream because the contribution of the river increases in this direction. The tidal excursion length is a little over  km.
The location of the  ppt isohaline is  km upstream of the estuary mouth during high tide,
which was inferred from the D restart of the default scenario with salinity. In the Dovey
estuary the  ppt isohaline is around . km and also well mixed (Baas et al., ). We
consider this to be in good agreement because the model discharge is larger and the spit is
ignored.
These hydrodynamics might suggest that the estuary is still an exporting system and not
in equilibrium. However, spatial variation is very important. We observed flood-dominant
velocity amplitudes over shallow areas, like bars and mudflats, and ebb-dominant velocity
amplitudes in the channels (Fig. .h) so that flood discharge and ebb discharge balance
except for the net river inflow. In more detail, flood-dominant velocity amplitudes occur
especially above mudflats (Fig. .) which typically occur at higher elevations (Fig. .). We
observe that the lower estuary evolves from a system with very strong ebb-dominant peak
velocities to a system which is only slightly ebb dominant (Fig. ., black squares). Both
high and low areas show this trend, but high areas are typically less ebb dominant. When
more mudflats build up in the system these areas change from ebb to flood-dominant peak
velocities over time.
SPM (suspended particulate matter) levels reach the highest local concentrations of  mg
l− between  and  h after high tide with a typical mean concentration similar to the input
concentration of  mg L− . The mean SPM levels of the Dovey are comparable and estimated to be  mg L− (Painting et al., ). The typical non-dimensional shear stress (Shields
number) of the model is .. Over the whole model run,  m of sediment is imported
into the estuary of which  m of mud is imported and  m of sand is exported.



In the final stage of the model, net sediment transport is in the ebb direction for bedload
transport and suspended transport, i.e. of sand and mud (Fig. .d). Notably, the amount
that is transported through the mouth (solid line) is equal to the sediment input from the
river (dotted line). This shows that there is no net deposition or erosion in the estuary in
agreement with Fig. .d, meaning that the estuary is in equilibrium.
The river discharge is about . of the maximum tidal flood discharge and contributes to
the ebb flow. Therefore the volume of water flowing through the mouth during ebb is always
slightly higher than in the flood direction (Fig. .c). Because the tidal prism is calculated as
the product of velocity, duration, and cross-sectional area and because of the ebb dominance
through duration and velocity amplitude asymmetry, the cross-sectional flow area is larger
for the flood flow; otherwise there would be a large imbalance in tidal prism going in and
out of the estuary.

Figure 2 4: Hydrodynamics of the last day after 2000 years. The left panels show temporal variation in 1 day
and the right panels show spatial variation along the estuary. (a) Water level, (b) streamwise flow velocity in
the deepest channel with negative velocity towards the sea, (c) instantaneous discharge through the cross
section and (d) cumulative sediment transport through the cross section showing no net difference between
the upstream boundary and the coastline. (e) Maximum peak velocity for ebb and flood, (f ) ebb and flood
duration, (g) peak ebb and flood velocity ratio and (h) spatial pattern of peak velocity ratio showing flooddominated shallow areas. The solid lines in panels (e) and (g) are based on streamwise velocity and the dotted
line is based on velocity magnitude showing the effects of bends at 10 km.



flood dom.

all lower estuary
above mudflats
above -1 m
below -1 m

1
ebb dom.

peak velocity ratio

1.5

0.5
0

500

1000

time

1500

Figure 2.5:
Flood-ebb
peak velocity ratio over
time for the first 5 km
of the default estuary
(run 01) integrated over the
total area (black squares),
the area above mudflats
(brown circles) and areas
above (cyan triangles) and
2000 below (blue triangles) the
-1 m bed level.

2.3.3 Effects of mud supply
We will now compare other scenarios (runs ,  and ) with the default run (). In most
scenarios mud accumulates on the flanks of the estuary where the velocities are low and in
the upper estuary where it covers a relatively large fraction of the width (Fig. .f, g and h).
Locally, mud accretes on bars that are rather stable (e.g. Fig. .g and h; on the ebb delta).
The initiation of mudflats proceeds through the positive feedback identified in the model
description: once mud starts settling somewhere, the mud fraction in the bed rapidly increases beyond the critical mud fraction for mud-dominated behaviour. As a consequence,
the critical shear stress for sand erosion equals the entrainment threshold of mud (Eq. .).
The mud-dominated mixed sediment thus becomes more difficult to erode and more rapid
aggradation of mud is likely to occur.
Migration rates of channels decrease considerably due to the addition of cohesive material (Fig. .a–h). Bar splitting and merging related to chute cut-offs and avulsion are also
reduced with increasing mud concentrations. In Fig. .a–d channels move through a cross
section at the mouth through time. The experiments with a larger supply show slower and
less movement of the channels. For example, a large bar forms in the mouth after about
 years in the scenario with only sand (Fig. .a) and in the scenario with a mud supply
of  mg L− (Fig. .d). In the run with mud, the bar is covered with mud and becomes
fixed, while the large bar in the scenario with only sand migrates about  km. Absolute bed
level changes also indicate that mud input decreases dynamics (Fig. .y–II), because there
is less bed level change per time step.
The mudflats have a strong effect on the final shape of the estuary (Fig. .). Firstly, an
increase in fluvial mud input concentration leads to stronger self-confinement of the estuary.
By depositing mud on the sides of the estuary, the banks become more stable and limit (further) erosion due to increased critical shear stress. Self-confinement of estuaries is clearly
observed when the models with mud supply are compared to the control run without mud
(Fig. .a). The runs with mud are narrower and have a smaller surface area due to filling of
the initial bathymetry, while the sand run has expanded in size. Consequently, the braiding
index lowers with increasing mud concentration (Fig. .e–h). In contrast, estuarine surface
area continues to increase over time for the control run with only sand (Fig. .q). After
the initial rapid change, the increase in area and width is linear, driven by dynamic channels and bars and is unhindered by bank stability. This suggests that there is no equilibrium
shape under these conditions as is also reflected in the absolute and net bed level change
(Fig. .y and III). The absolute bed level change does not approach a constant value and the


net bed level remains negative, demonstrating the sand-only estuary to be a continuously
exporting system.
For estuaries with fluvial mud, higher concentrations lead to narrower (Fig. .i–l and
Fig. .i–l) and smaller (Fig. .q–t and Fig. .) estuaries. Moreover, in some places the
width of the estuaries with mud supply is narrower than the initial width, supporting the
finding that the initial bathymetry is of limited influence because the system is able to fill
and to expand (see methods). Furthermore, tidal bars become higher with increasing mud
concentrations, which results in an increased average bed level (Fig. .a–d). Mud is deposited almost nowhere in the channels and therefore does not limit bed erosion by cohesion
(Fig. .). As a result we infer that the shallower channels in increasingly muddy estuaries
mainly result from the decrease in estuary width and concurrent reduction of intertidal area,
tidal range and tidal currents (Fig. .).
With larger mud concentrations, a larger area of the estuary is covered with mudflats
(Fig. .m–p). The mud cover maps (Fig. .e–h) indicate that although the distribution
of the mud is quite similar for different concentrations, the overall mud cover over the estuary length increases with mud input concentration (Fig. .m–p). In general, more mud

Figure 2.6: Effects of mud supply concentration (runs 03, 10, 01 and 09). The left column shows the final bathymetry of model runs after 2000 years and the right column shows mud fractions in the top layer of the bed.
Runs with (a,e) 0 mg L− , (b,f ) 5 mg L− , (c,g) 20 mg L− (default) and (d,h) 50 mg L− fluvial mud supply
concentration.



leads to wider mudflats on the side and seems more likely to deposit mud on mid-channel
bars. The maximum fraction of intertidal area shifts from the middle estuary to the lower
estuary for increasing mud concentration. At the same time mud increasingly deposits on
lower elevations as seen in the strong increase in cumulative area just above the mean water
level (Fig. .).
The estuaries with mud are shorter than the estuary with only sand. The length of the estuary is defined as the distance between the mouth and the limit of tidal influence (where tidal
range reaches zero in Fig. .q–t). Estuaries are shorter for scenarios with mud compared
to the scenario with only sand, but mud concentration seems of limited impact. Mud supply concentration has some effect on the funnelling of the estuary, although the temporal
variation in the funnel shape is less for higher concentrations (Fig. .m–p). In general,
funnel-shape strength first decreases and then increases again. This has to do with the order
of widening and narrowing of different parts of the estuary. The width of the mouth always
decreases at the start of the run, but after about  years that can change into widening or
continue (Fig. .i–l). This narrowing at the start increases the funnel parameter. Upstream,
the estuary width initially increases, which also decreases funnelling. The e-folding length of
the scenario without mud supply is not the shortest compared to the other scenarios, but the
run without mud results in a larger estuary. For a longer convergence length, the funnelling
parameter can be the same if the estuarine mouth is bigger.

2.3.4 Difference between fluvial and marine mud supply
Estuaries develop very differently when mud is imported from the sea rather than from the
river under the assumption that the mud characteristics are the same (runs ,  and ; Fig.
A.–A.). This scenario could, for example, occur when upstream mud supply is obstructed
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Figure 2.7:
Hypsometric
curves of the final bathymetry after 2000 years.
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elevation.
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Figure 2.8: Hydrodynamics and morphology along estuaries with different mud supply concentrations after
2000 years. From left to right (columns): model with only sand (03) and mud supply concentrations of 5 (10), 20
(default, 01) and 50 mg L− (09). (a–d) Minimum, mean and maximum bed elevation, high and low water level
and minimum and maximum initial bed level, (e–h) braiding index and (i–l) estuary width defined as the initial
width, maximum reach over the whole scenario run, the width of wet cells in the model, width defined by a
threshold value that is used to mask the cells that are around the dry-wet cell threshold. (m–p) Intertidal area
and mud cover as a percentage of the total area, (q–t) tidal range and (u–x) peak ebb and flood velocities.

by the construction of a dam, but it is of higher importance in our understanding of sediment provenance. For marine mud, the mudflats form only in the lower estuary up to  km
upstream from the mouth because mud can only occur in regions where there is significant
flood flow to transport the mud upstream. For fluvial mud, on the other hand, mudflats form
along the entire length of the estuary. Mud supply from both boundaries simply has a combined effect with mud distributed along the whole estuary and the highest mud cover near
the mouth.
Estuaries are narrower with fluvial mud supply compared to the marine mud supply and
the sand-only control run. In the case of marine mud supply, the estuary decreases in width
near the mouth, but upstream width and bed level are similar to the estuary without cohesive
sediment. In the first  years the width at  km from the mouth decreases and is partly
taken in by mudflats, but returns to the initial width after  years. On the other hand,
estuary width increases at  and  km from the mouth. For the scenario with both mud from
the sea and the river, the estuary mouth is narrower than for only marine or fluvial mud.


The total estuary area continues to increase for the scenario with marine mud supply because the upper estuary widens similar to the run without mud. Likewise, the estuary does
not confine itself by cohesion and therefore does not reach equilibrium. The estuaries that
include fluvial mud supply eventually reach a constant area over time and do reach equilibrium.
The estuary with fluvial mud supply shows stronger funnelling due to more narrowing
between  and  km than between  and  km from the mouth. The estuary with marine
mud supply shows an opposite trend with stronger narrowing near the mouth, leading to a

Figure 2.9: Hydrodynamics and morphodynamics over time for estuaries with different mud supply concentrations. From left to right (columns): model with only sand (03) and mud supply concentrations of  (10), 
(default, 01) and 50 mg L− (09). (a–d) Bathymetry of the cross section at the mouth plotted over time, (e–
h) mud fraction in the top layer of cross section at the mouth, (i–l) estuary width at 1, 4 and 8 km from the
mouth, (m–p) funnel-shape parameter, (q–t) estuarine surface area, (u–x) intertidal area and mud in the bed
relative to the total area, (y–II) absolute bed level change and (III–VI) net bed level change.



lower convergence. The length of the estuary is shorter for scenarios that include fluvial mud
supply, and the tidal range and flood velocity along the estuary decrease faster.
Not all mud settles in the estuary, but a lot is transported out of the estuary or never enters
the estuary from the seaward boundary. Part of this mud is deposited at the coastline and
part is transported out of the model domain. Because mud is supplied as a concentration
depending on the discharge, a much larger volume of mud is supplied to the system when
the sea supplies mud. This large volume of mud causes significant deposition at the coast
and affects morphology at the mouth. We consider this an artefact due to the lack of littoral
processes.

2.3.5 Effects of hydrological boundary conditions: river, tide and waves
Changes in the boundary conditions in the form of tidal amplitude and discharge did not
seem to alter the location of the mudflats but only the size (runs , , , , , ,  and
; Fig. A.–A.). More and larger mudflats formed with higher discharges. An optimum
in mudflat size occurred for increasing tidal amplitude. With lower amplitudes there is less
intertidal area and therefore less space for mudflats, and with higher amplitudes the higher
velocities prevent deposition. There is a balance between the tidal flow and fluvial flow into
the estuary. When the river discharge becomes larger, tidal damping occurs under the influence of increased river discharge by friction (Horrevoets et al., ). Therefore, the limit
of tidal influence is further downstream, decreasing the tidal prism and therefore tidal velocity. This means that the excess width can be filled until the appropriate width-depth ratio
of the river to this point. When the river has less influence, the tidal intrusion is larger with
higher velocities. This balance influences the morphology: relatively stronger tidal influences
lead to larger estuaries when the more river dominated estuaries decrease in size, fill up and
eventually evolve into deltas.
More specifically, no river discharge leads to large tidal meandering channels in the lower
estuary with a filled upper estuary. On the other hand, larger discharges lead to a transition
from filled estuaries to a delta. In addition to a change in the river-tide balance, increased
discharge means more sediment input at the equilibrium boundary condition used for sand.
Mud is also supplied as a concentration, and mud volumes therefore increase with higher
discharges. As a result the system rapidly expands the ebb tidal delta, fills the estuary and
transforms into a delta for the highest discharges. This means that the balance between fluvial
discharge and sediment supply and the tide and tidal sediment export is changed.
The estuary shape scales with discharge, but size does not. Lower discharge leads to stronger
funnelling of the estuary. On the other hand, size hardly changes with discharge despite the
fact that larger discharges result in more vigorous channel migration and faster dynamics.
We only observe a sudden transition in size from estuary to delta between a discharge of
 and  m s− . Adversely, tidal amplitude has a strong effect on the size of the estuary.
In fact, a tidal amplitude of less than  m leads to closure of the estuary and formation of a
muddy delta. The larger flow velocities with higher tidal range keep mud in suspension so
that less mud settles in the estuary, in turn leading to less self-confinement. Systems with
lower tidal amplitudes are therefore more likely to develop deltas rather than equilibrium estuaries. Further it is observed that larger tidal ranges lead to larger tidal meanders and bigger
channels. An additional effect is that higher velocities due to increased tidal amplitude cause
enhanced shifting of the channels, which prevents the settling of mud on the bars sufficiently


to change the erosional behaviour and prevent the positive feedback of mud from having an
influence. This effect is also caused by waves.
Waves (runs , ,  and ; Fig. A.–A.) prevent mud deposition at the coastline,
prevent instabilities in the sea area and cause widening of the mouth. This especially leads to
a limited influence of marine mud supply, though it is supplied  km further upstream with
waves. For example, the run with marine mud supply and waves is very similar to the run
without mud supply with waves. Because of the widening of the mouth by waves, tidal range,
water levels and flow velocities increase, especially flood velocities. Additionally, widening at
the mouth leads to a very strong funnel shape. Due to the waves there is generally little mud
cover in the lower part of the estuary. In nature, waves form spits and may even largely close
off estuaries, but this does not occur in the model because the effects of short waves on the
sediment dynamics is limited to the stirring of sediment. The results therefore strictly apply
only to estuaries with limited wave influence and to inner estuaries more generally where
wave action is limited.

2.3.6 Effects of sediment transport parameters
The sensitivity to active layer thickness (run  and ), assessed by doubling and halving
the active layer, did not lead to different large-scale trends in mudflat formation and estuary shape and dimensions. A different active layer thickness leads to a different pattern, but
the large-scale characteristics of the pattern are the same. Likewise, the critical mud fraction
(run  and ) that determines cohesive and non-cohesive behaviour had no significant effect on large-scale morphology. Initially there are slightly more dynamics in the run with
the higher critical mud fraction, but this effect can be disregarded after some time. On the
other hand, the order of magnitude of the settling velocity (run  and ) had a considerable
effect: a  times slower settling velocity resulted in an estuary with more similar geometry
to the run with only sand, while  times higher settling velocities developed a delta due to
larger sedimentation rates. This means that similar trends can probably be found for lower
settling velocities with higher mud concentrations or by the addition of biotic effects on apparent cohesion. Furthermore, an increased tidal range with higher settling velocities might
show similar results to the current settling velocity and tidal range. We predict that changing mud characteristics, such as settling velocity, erosion parameter and critical shear stress
for erosion, would not affect the general trends and conclusions but would lead to slightly
different equilibria.
We did not test the combined effect of changing the proportions of clay and silt, whereby
the settling velocity and critical shear stress for erosion would probably be inversely correlated and have opposite effects, reducing the effects of these parameters. Additionally, we
ignore consolidation, which especially affects the layer thickness and erosion characteristics
of mud layers. With this in mind, we expect that the migration of deep channels eroding
deep, old mud layers is overestimated. Additionally, we assume that the time in which thick
mudflats develop is also overestimated and the critical shear stress of very recently deposited
mud in reality is also overestimated due to the fluff characteristics of mud when it is still submerged. To summarise, we expect that most uncertainties are related to timescale, but we do
not expect large differences in the general pattern and trends.



2.4

Discussion

The most important findings from the results are summarised in Fig. .. Mud supply leads
to self-confinement (Fig. .d, blue) of the estuary by the development of mudflats on the
sides (Fig. .d, brown). We observed that larger mud supply concentrations leads to narrowing and filling of the estuary towards a dynamic equilibrium, while the estuary without
mud supply continued to widen and grow in size (Fig. .d and g, blue). Furthermore, we
observe that mud raises the bed level, decreases the length, increases mudflat size, decreases
dynamics and increases funnelling (Fig. .a). Marine mud supply causes the development
of a muddy coast and in this model only influences the mouth of the estuary. However, these
effects might be overemphasised due to uncertainties in wave transport and chosen settling
velocities. Narrowing of the mouth strongly decreases the funnelling of the estuary, but is of
little influence when waves are included. In scenarios with larger fluvial mud supply, larger
flow discharge plus fluvial mud supply and lower tidal amplitude sediment filled the initial
estuary shape and a delta developed (Fig. .). By this we mean that the deltaic channels had
only negligible tidal flow and were much smaller than the initial estuary. These results suggest a rather sharp transition from a narrow equilibrium estuary with significant tidal action
to an extending river-dominated delta.
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Figure 2.10: Most important large-scale morphological parameters after 2000 years as a function of the varied
boundary conditions: fluvial mud supply concentration, tidal range and fluvial discharge. (a–c) Funnel-shape
parameter, (d–f ) mouth width (in blue colours) and mudflat width (brown colours) at the mouth and (g–i) total
area (blue colours) and mud-covered area (brown colours). The data indicated in light blue and light brown are
more conservative estimates as high mudflats (higher than 0.5 m below high water level) are masked from the
estuary shape from which area, width and funnel shape are calculated. Light grey areas indicate models in the
transition from estuary to delta. Dark grey indicates models that evolved into a delta.



2.4.1 Comparison to real estuaries
Model conditions fall within the parameter space of natural estuaries (Fig. .; Table .;
Prandle et al., ; Leuven et al., ). The model has typically larger discharges than the
small UK estuaries, but discharge and tidal amplitude falls well within the range of estuaries
worldwide.
Several aspects of the bar patterns are further indications that the numerical models reproduce important emergent phenomena of real estuaries. For example, we observe ebb- and
flood-dominated channels that are unique for tidal systems (van Veen, ; Ahnert, ).
Typical bar dimensions obtained from the models are in good agreement with natural estuaries from a large dataset (Leuven et al., ); for example, tidal bar length is approximately
 times the partitioned bar width (maximum bar width devided by barb channels). Furthermore, bar length approximates the local width of the estuary. Bars without mud are generally
longer and wider for this model study and relative to the local estuary width. The bars in the
models are also slightly bigger with marine mud supply rather than for fluvial mud supply.
The braiding index is strongly related to estuary width as found for natural estuaries (Leuven
et al., ) and in agreement with the relation between tendencies to form floodplains in
rivers and the resulting relation between channel aspect ratio and bar pattern (Kleinhans,
; Kleinhans and van den Berg, ; Schuurman et al., ).
The completed model runs show that mudflat characteristics and behaviour are broadly
comparable to natural estuaries. Spatial trends in the field data, shown earlier (Fig. .),
generally agree well with the model results. We observe similar depositional areas of mud on
the sides of the estuaries in the form of mudflats (Fig. .a–e and Fig. .e–h). In the centre
of the lower estuary there is little mud compared to the mudflats on the sides. However, some
mud is observed on some of the bars in the Western Scheldt (e.g. Fig. .c) as in some model
scenarios (Fig. .h). Comparison of the observed and modelled hypsometries (Fig. . and
Fig. .g and h) shows that mud is deposited at comparable elevations, mostly at intertidal
areas and more specifically around the mean water level. We observe a strong increase in
mudflats with the strongest increase is cumulative area.
The fluvial mud scenarios have relatively large fractions of width covered by mudflats in
the upper estuary as in the single-channel upper estuaries in the Netherlands. Indeed, most
mud is deposited in the middle and upper estuary where the estuary consists of only one
channel. This is also clearly observed in the McLaren () and McLaren () dataset
of the Western Scheldt (Fig. .a). The tidal river contained more mudflats than the lower
estuary (Fig. .f). Note that Fig. . underestimates the modelled mudflat surface shown
in Fig. . because many cells are inactive in the computation because they increased in
elevation.
Typically in the model, marine mud does not settle much or far in the estuary. This is not
what is observed in the Western Scheldt. Verlaan () studied the marine versus fluvial
distribution of mud through the estuary. He found a sharp increase in mud fraction in the
bed between Lillo and Saeftinghe from  to , which is far upstream in the narrow singlechannel system. This might be a consequence of the assumption that settling velocities for
fluvial and marine mud are the same, while the settling velocities of marine mud are typically
significantly higher due to flocculation. Marine macrofloc settling rates might be as high as a
few mm s− (Mietta et al., ; Leussen, ). It is also a likely possibility that the Western
Scheldt is not comparable to our modelled system considering marine mud deposits because



the salinity intrusion of the Dovey and Western Scheldt is incomparable. Mud deposition
data from the Dovey estuary are unavailable although mudflats and muddy marshes are easily
observable on aerial imagery (Leuven et al., c).
In the model we observe sharp transitions between areas without mud in the bed (<)
and areas with very high mud fractions (–). This is also observed in the Western
Scheldt according to Van Ledden (). More gradual transitions of mud are expected for
ws × c/M >> , where ws is fall velocity, c is concentration and M is the erosion parameter
(Van Ledden, ). All the model scenarios have ratios below , which is in agreement with
conditions in the Western Scheldt and probably in agreement with conditions in the Dovey
given the clearly observable sand-mud transitions on imagery.
In the Western Scheldt the fluvial mud supply varies between  ×  and  ×  kg
−
yr at the Rupple mouth (Taverniers, ). In the model the mud input is  ×  kg
yr− . The mean discharge of the Scheldt, about  m s− , is about  higher than the
default model scenario, while the sediment input is at least  higher. This higher mud load
might explain why the Western Scheldt has more mud deposits. In the field case, mudflats
occur more on bars than on the sides compared to the models. We partly attribute this to
the embankment and limited space to form mudflats and partly to spatially and temporally
varying mud characteristics in the Western Scheldt.
The default scenario shows that the velocity amplitudes are flood dominant in shallow
areas and ebb dominant in the channels (Fig. .h). This is in general agreement with most
earlier findings about tidal asymmetry (e.g. Speer and Aubrey, ; Friedrichs and Aubrey,
; Wang et al., ; Moore et al., ) including model studies on the Dovey (Robins
and Davies, ; Brown and Davies, ; Brown and Davies, ). Our findings generalise these earlier trends because the estuary is self-formed. Several bathymetries tested
in previous research are strongly simplified or arbitrarily chosen and might not represent a
realistic state of an estuary, meaning that flood or ebb dominance could be the result of the
imposed combination of initial conditions and boundary conditions. In contrast with our
results, these case studies found higher flood peak velocities upstream (Brown and Davies,

Figure 2.11: (a) Bar length versus partitioned bar width and (b) bar length against local estuary width. Model
results plot in the same range as the data of the natural estuaries (Leuven et al., 2016).



; Robins and Davies, ). This is attributed to more intertidal area upstream that
promotes flood dominance Moore et al. (), Brown and Davies (), and Robins and
Davies (). The default model showed stronger ebb-dominant peak velocities in the landward part (Fig. .g), which is caused by a higher river discharge in our model that causes
ebb asymmetry.
Over time, the model evolved from a net exporting system to a dynamic equilibrium with
balanced import and export (Fig. .e and j). As more intertidal area and mudflats formed in
the estuary, these areas gradually transformed from ebb- to flood-dominant peak velocities
(Fig. .). The mudflats particularly show much stronger flood-dominant peak velocities
and a faster change over time than the intertidal area in general. This is because mudflats
are significantly higher and have an elevation near the high water level, while typical sandy
shoals only have a maximum height between the low and mean water level. This matches
well with the sediment budget of the model that shows a net import of sediment resulting
from mud import and sand export. This trend is also observed, most likely for the same
reason, in the Western Scheldt on the basis of separate sand and mud balances (Cleveringa
and Dam, ). Mud trapping is very efficient as the import is significant even though the
duration asymmetry and peak velocity asymmetry are ebb dominant in most of the estuary.
This again shows that the spatial variation in ebb and flood asymmetry is very important
for understanding whether the estuary will grow or fill. Moreover, representation of tidal
asymmetry by width-averaged velocity ratios are insufficient and misleading in the presence
of significant mud deposits. Due to mud deposition, the elevation of intertidal flats increases,
which is therefore essential to change an estuary from exporting to importing or towards an
equilibrium system.
Even though the tidal asymmetries in the model are comparable to many estuaries, waves
are largely simplified. Different processes caused by waves promote flood dominance (e.g.
Bertin et al., ; Nahon et al., ; Wargula et al., ). We expect that the inclusion
of more wave processes on sediment transport would lead to faster development towards
equilibrium by stimulating flood-directed transport. If the waves are very strong, we expect
filling of the estuary by generation of a spit, and the estuary might never have been ebbdominant in the first place. However, in the absence of waves, the continuous enlargement
of estuaries with only sand might be as expected.

2.4.2 Transition from estuary to delta
The parameter space of Prandle et al. () suggests that tides and river flow are sufficient
conditions to explain the bathymetry of an estuary, with longer tidal reaches with larger river
inflow (Fig. .). This trend is not reproduced in the idealised model scenarios that typically
have a tidal reach of – km in length, but plot far above the line of  km in Fig. .. Likewise, the trend is not clear in the dataset (Fig.  in Prandle et al., ). Rather, we observe
the opposite trend: shorter estuaries or even deltas form with larger river discharges, and
longer estuaries form in higher tidal ranges. Possibly, longer estuaries form for larger total
flow from the combination of tide and river. We found much stronger effects of mud supply, suggesting that the tide-discharge parameter space needs to be extended with sediment
supply.
As the model runs cover transgressive and regressive trends as effects of tides, river, waves
and sediment supply on morphology we attempted to position the results in the traditional
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ternary classification diagrams for deltas of Galloway (). An expanded version of this
classification system includes all coastal environments, in which larger river influence leads
to delta development and low or absent river influence leads to lagoons, strandplains and
tidal flats (Dalrymple et al., ; Boyd et al., ). Qualitatively our results also show that
for higher river discharge the estuarine system transitions to a deltaic system (Fig. .c–i) by
filling of the estuary. Note that the width did not decrease because a small tidal basin north
of the river mouth affected the automated calculation of the width of the system (Fig. A.a).
We also observed a transition to deltas when the tidal range was decreased (Fig. .b–h) so
that the relative power of the river increases in qualitative agreement with the classification
diagram.
However, the most important findings of this research are more difficult to relate to these
diagrams. We found that an increase in mud supply concentration leads to confining and
filling of the initial estuary shape (Fig. .a–g), leading to a decrease in total area and width
at the mouth, while the mud-covered area and mudflat width at the mouth increased and is
more delta-like. Orton and Reading () found that smaller grain size leads to narrower
channels in deltas and a tendency to avulse rather than have migrating channels. We observe
similar behaviour in the model scenarios but here this is related not merely to grain size but
to the supply rate.
Alternatively, Dalrymple et al. () and Boyd et al. () developed a classification
system with a fourth dimension based on the evolution of coastal systems by defining it as
a progradating or transgressive system on the basis of sea level rise and sediment supply.
This system disregards the possibility of an equilibrium without progradation and without
transgression through combinations of sediment supply but otherwise similar hydrodynamic
conditions. The models with different fluvial mud supply concentrations lead to distinct different morphologies but would plot on the same coordinates in these diagrams. Additionally,
sea level rise is an ambiguous and qualitative variable in their conceptual figure, because it affects the hydrodynamic conditions of the primary ternary diagram. To conclude, the model
results for estuaries qualitatively fit in the ternary plots of Dalrymple et al. () and Boyd
et al. () for deltas when sea level rise is ignored and sediment supply is considered the
only variable on the fourth axis.


2.4.3 Large-scale equilibrium of estuary shape and dimensions
Estuaries with fluvial mud supply evolve into large-scale morphodynamic equilibrium (where
absolute bathymetry change is constant, Fig .c, net bathymetry change is zero, Fig .d, and
net export equals import, Fig .d) with dynamic channels and bars, but in the absence of
mud they expand continuously by bank erosion due to channel migration. This agrees with
the continuously exporting estuaries in the numerical models of van der Wegen et al. ()
and with the physical experiments of Kleinhans et al. () with perpetually expanding tidal
basins in cohesionless sand. After a rapid adjustment of basin size and bar and channel pattern the experiments developed to near equilibrium but never attained equality of sediment
import and export. Our scenario without discharge is similar to these experiments and shows
the same evolution, including the rapid adjustment and continuous erosion in a low dynamic
state (Fig. A.d–VI). In braided rivers, such unhindered bank erosion leads to a ‘threshold
channel’ (Parker, ) with an equilibrium width related to the upstream flow discharge
and the threshold for sediment motion. This theory was earlier suggested to be valid for tidal
basins (Kleinhans et al., ). However, unlike rivers, estuaries are not limited by discharge
because tidal prism can continue to increase as the estuary enlarges, leading to a potentially
positive feedback only limited by friction. In other words, estuaries may expand to much
larger systems because the tidal prism adapts to the estuary size and flow velocities and entrainment rates will not decrease with basin size unless opposed by cohesion. This proved to
be the case in the models with mud. From this we conclude that development to an equilibrium shape for estuaries requires some form of apparent cohesion from mud, from species
with sediment-binding effects and from non-erodible valley walls.
This explains why previous studies found large-scale equilibrium in estuaries: these imposed a fixed estuary shape and size in D simulations (e.g. Lanzoni and Seminara, ;
Schuttelaars and de Swart, ; Todeschini et al., ) or imposed non-erodible boundaries in -DH (e.g. Hibma et al., ; van der Wegen and Roelvink, ).
The novel model applications and results open up possibilities to incorporate the effects of
species on flow and sediment transport (van Oorschot et al., ), in which species and species density depend on substrate and salinity, and to unravel the effects of initial conditions
inherited from early Holocene systems from the effects of boundary conditions (Townend,
).

Table 2.4: Ranges of conditions in mixed estuaries at temperate zones (Prandle et al., 2005) compared to values
for the modelling results.
Parameter
Tidal amplitude
Velocity amplitude
River discharge
Depth at the mouth
Tidal intrusion length
Age
Fall velocity



Unit
m
m s−
m s−
m
km
yr
mm s−

Range
1–4
0.5–1.25
0.25–3000
1–20
2.5–100
100–15000
0.5–5

Model
1.5
0.5–1
100
2
15
2000
0.25 (mud), 41 (sand)

2.5

Conclusions

The size and shape of alluvial river estuaries depend strongly on the supply of mud, because this determines the mudflat formation that protects erodible estuarine boundaries
against erosion. This was concluded from a series of idealised morphological model runs
for medium-sized estuaries with sand and varying concentrations of mud, a range of tidal
amplitudes and river discharges and limited littoral processes. Estuaries with mud supply
may develop a dynamic morphological equilibrium. On the other hand, estuaries with only
sand in the bed and banks expand perpetually with a positive feedback between tidal prism
and sediment export. This means that freely developing estuaries self-confine their size and
reduce channel and bar dynamics with increasing fluvial mud supply. Within centuries they
attain a large-scale equilibrium with balanced sediment import and export. Higher mud
supply concentrations result in shorter, shallower, narrower and generally smaller estuaries with increasing mudflat area and stronger funnelling that may develop into tidal deltas
depending on the littoral conditions. Spatial patterns of mudflat development in estuaries
depend strongly on whether the mud originates from the sea or the river: marine mud only
influences the lower estuary with these model conditions, while fluvial mud deposits along
the entire system in qualitative agreement with field data. The effect of marine mud supply
is even smaller when waves are included, even though mud is transported further upstream.
Tidal range and river discharge have opposing effects on the balance between mud deposition
and erosion. For higher fluvial mud concentrations, relatively high river discharges and low
tidal amplitudes, estuaries transition into prograding deltas. These general trends are similar
to the effects of floodplain formation and erosion on the width and bar pattern in rivers.
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Chapter 3 | Effects of estuarine mudflat
formation on tidal prism and large-scale
morphology in experiments
Human interference in estuaries has led to increasing problems of mud, such as
hyper-turbidity with adverse ecological effects and siltation of navigation channels and harbours. To deal with this mud sustainably, it is important to understand
its long-term effects on the morphology and dynamics of estuaries. The aim of this
study is to understand how mud affects the morphological evolution of estuaries.
We focus on the effects of fluvial mud supply on the spatial distribution of mudflats and on how this influences estuary width, depth, surface area and dynamics
over time. Three physical experiments with self-forming channels and shoals were
conducted in a new flume type suitable for tidal experiments: the Metronome. In
two of the experiments, we added nutshell grains as mud simulant, which is transported in suspension. Time-lapse images of every tidal cycle and DEMs for every
500 cycles were analysed for the three experiments. Mud settles in distinct locations forming mudflats on bars and sides of the estuary, where the bed elevation is
higher. Two important effects of mud were observed: the first is the slight cohesiveness of mud that causes stability on bars limiting vertical erosion, although the
bank erosion rate by migrating channels is unaffected. Secondly, mud fills inactive areas and deposits at higher elevations up to the high water level and therefore
decreases the tidal prism. These combined effects cause a decrease in dynamics in
the estuary and lead to near-equilibrium planforms that are smaller in volume and
especially narrower upstream with increased bar heights and no channel deepening. This trend is in contrast with channel deepening in rivers by muddier floodplain formation. These results imply large consequences for long-term morphodynamics in estuaries that become muddier due to management practices, which
deteriorate ecological quality of intertidal habitats but may create potential area
for marshes.
Published as: Braat, L., Leuven, J. R. F. W., Lokhorst, I. R., and Kleinhans, M. G. (). Effects of estuarine mudflat formation on tidal prism and large-scale morphology in experiments. Earth Surface Processes and Landforms
, , –. DOI: ./esp..

3.1

Introduction

Estuaries are tidally influenced coastal bodies of water that are connected to a river system
supplying freshwater and sediments. Estuaries occur in a wide variety of planform shapes
and shoal patterns, which are caused by inherited initial conditions and changing boundary
conditions. However, it is still unclear how these conditions contribute to the evolution of
estuaries and therefore a full understanding of their behaviour is still lacking. Understanding
these natural dynamics is relevant for ecology, economy and flood safety, since intertidal
areas are important ecological habitats and estuaries often have important shipping fairways
to inland harbours that are located in densely populated areas. Many estuaries are heavily


managed to balance these values, but there is a need to increase our understanding of the
natural dynamics to improve management strategies.
Alluvial estuaries are typically flanked by mudflats and salt marshes (Dalrymple et al.,
; Dalrymple and Choi, ). Mud has different erosional and depositional characteristics than sand and can, therefore, affect the morphology of estuaries. Recently, the interest
in estuarine mud has increased, because many estuaries have been dealing with increased
negative effects of mud (e.g. fluid mud, siltation of channels and harbours, higher turbidity reducing light penetration, the attraction of pollutants; Ridgway and Shimmield, ;
Dijkstra et al., ; van Maren et al., a; van Maren et al., ). On the positive side,
mudflats are very productive areas for flora and fauna, though vulnerable because of their low
biodiversity (Costanza et al., ). Only very few studies consider the decadal to centennial
effects of mud on the morphology of the estuary. Studying these long-term trends might give
better insights in more sustainable or more efficient management strategies and the prediction of the long-term morphological behaviour may improve by accounting for mud. For
example, if we can determine how tidal channels migrate over time in relation to the amount
of cohesive mud in the system, we can perhaps better manage causes of hyper-turbidity and
dredge more sustainably by migrating the shipping route in accordance with the natural trend
of the estuary.
Previous research on the long-term morphodynamics of estuaries has mostly been conducted by numerical modelling (e.g. Lanzoni and Seminara, ; Hibma et al., ; van
der Wegen and Roelvink, ; van der Wegen et al., ; Moore et al., ; van der Wegen and Roelvink, ; van der Wegen, ; Dam et al., ; Braat et al., ), whereas
only few studies use physical experiments (Reynolds, ; Reynolds, ; Reynolds, ).
Also, long-term field data are scarce and limited to decades rather than centuries. For such
long timescales, only numerical modelling studies are available, but these may suffer from
weaknesses such as neglected processes, numerical effects, imperfect transport predictors
and the need for calibration of physics-based parameters (Baar et al., ). Additionally,
these studies rarely include mud because this has only become possible very recently (Le
Hir et al., ; van Kessel et al., ; Dam and Bliek, ; Braat et al., ). Therefore,
complementary to numerical models, additional approaches are necessary, such as physical
models that form the entire landscape on scale within one flume.
Experiments with self-forming estuaries are rare, especially compared to the large number
of delta experiments (e.g. Smith, ; Hoyal and Sheets, ; Grimaud et al., ), meandering river experiments (e.g. Friedkin, ; Tal and Paola, ; Braudrick et al., ;
van Dijk et al., ) and braided river experiments (e.g. Ashmore, ), and even compared to the few tidal channel and inlets experiments (Tambroni et al., ; Stefanon et al.,
; Vlaswinkel and Cantelli, ; Kleinhans et al., ). Physical experiments with lightweight sediment have been conducted for filling of deltas and river floodplain (e.g. Peakall
et al., ; van Dijk et al., ; Hoyal and Sheets, ). Peakall et al. () describes
the necessity of cohesive fines in experiments to maintain a meandering planform. This was
later explained by two effects: Braudrick et al. () found that filling of floodplain by suspended sediment reduces the tendency to form chute cut-offs that are the onset of braiding.
van Dijk et al. () found that adding cohesive sediment reduced erosion rates and increases bank strength, while overbank sedimentation and lateral accretion on point bars led
to a reduction in chute cut-offs. The resulting reduction of width to depth ratio reduces the
tendency to braid and leads to alternate bars associated with the onset of meandering. Hoyal


and Sheets () found that cohesive deltas show stronger channelisation, narrow channels,
slower channel migration rates and therefore a more complex coastline. With these results
in mind, we hypothesise that cohesive sediment deposits in estuaries will also reduce the
tendency to form new channels, increase bank strength and limit the migration of channels
similar to rivers and deltas.
The objective of this study is to identify the effects of cohesive sediment supply on the
shape and development of estuaries. We specifically focus on the effect on large-scale parameters that determine landward tidal penetration, bar pattern and large-scale dynamics, such
as width, depth and depth distribution, surface area, volume and cumulative erosion and deposition over time.

3.2

Methods

The results presented in this paper are derived from three experiments. The initial and
boundary conditions of these experiments were based on the experience gained from 
exploratory experiments with varying initial and boundary conditions. In the three experiments that are presented here, we changed the cohesive sediment supply to systematically
explore the effects of this changing boundary condition. In this paper we will present an
experiment with only sand, an experiment with a low mud supply and an experiment with a
high mud supply. The experiment with only sand is also presented in Leuven et al. (a),
where estuaries with growing forced tidal bars are shown to determine a non-ideal estuary
planform, which serves as a reference experiment for this study.

3.2.1 Experimental setup and scaling
The experiments are conducted in the recently built flume, the Metronome, of  by  m
in size, which drives tidal flow by periodic tilting of the entire flume (Fig. .; Kleinhans
et al., b). Until now, it has always been difficult to study estuaries with physical models (Hughes, ; Kleinhans et al., ), due to scaling problems caused by tidal flow in
addition to general scaling issues (Paola et al., ; Kleinhans et al., a). Older tidal
experiments without the periodic tilting mechanism had a tendency to exclusively form ebb
dominated, sediment-exporting systems (as reviewed in Kleinhans et al., ). Furthermore, these experiments suffered from low sediment mobility and bar-forming tendencies
were often overwhelmed by a significant number of scour holes and small bedforms, probably due to hydraulic smooth conditions (Kleinhans et al., a). The recently developed
Metronome flume prevents these scaling issues by obtaining appropriate hydraulic similarity and sediment mobility, and therefore sediment transport similarity, in agreement with
proven scaling methods that are required to obtain morphologic similarity (Peakall et al.,
; Paola et al., ; Kleinhans et al., a). In particular, we solved a classic scaling
conflict between sediment friction and sediment mobility by using a coarse sediment to prevent hydraulic smooth conditions and associated scour holes (Kleinhans et al., a) and at
the same time increasing the Shields mobility number to similar values as found in nature by
driving the periodic flow by periodic flume tilting (Kleinhans et al., b) as explained below in detail. Pilot set-ups of this system have already been used in studies on tidal basins and
ebb- and flood dominant channels (Kleinhans et al., ; Kleinhans et al., b; Kleinhans
et al., ), and the Metronome has also already been proven to be a more effective method
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Figure 3.1: The Metronome: (a) the flume drives the flow by periodic tilting of the entire 20 by 3 m flume.
Upstream input is river discharge and mud and downstream waves are generated. (b) Overhead imagery of the
initial conditions with estuary mouth on the left and river on the right.

of producing dynamic estuaries compared to solely vertical water fluctuations (Kleinhans et
al., b; Leuven et al., a). Previous morphodynamic experiments showed that tidal
bars scale similarly as tidal bars in natural systems: the length to width ratio and their correlation with local estuary width is in accordance with natural systems (Leuven et al., a).
However, the formation of cohesive tidal flats flanking non-cohesive channels within one
experiment is novel in the experiments presented here.
The most important scale issue is that of sediment mobility. In scale-experiments where
the spatial dimensions of the system are reduced, the sediment often has a similar grain
size as in nature, while the water depth is much smaller leading to a lower velocity and
therefore lower sediment mobility. If sediment is scaled down similarly to water depth the
physiochemical sediment properties would change; sand would become strongly cohesive
clay. Therefore, it is common practice in river experiments to increase the slope of the flume
to counteract the unscaled grain size to create realistic sediment mobility and as a result realistic transport rates (Peakall et al., ; Kleinhans, ). The problem in tidal experiments
is that water and sediment should be transported in two directions and therefore an increased
slope would only favour ebb-related transport. By using the novel tilting method of the Met

ronome, this is avoided. During ebb flow, the flume is tilted seaward while during flood the
flume is tilted landward. With this method we obtain peak Shields numbers of .-. for
sand, which is well above the beginning of motion and close to that of small natural estuaries, obtaining sediment transport similarity while maintaining subcritical flow (Kleinhans
et al., b). In theory, decreasing the density of the sediment is also a possibility to reduce
most of these scaling issues. However, using, for example, plastic sediment is unfavourable
for experiments with mud or vegetation and leads to practical problems of cost and waste
treatment. The tilting method is based on several pilot studies in smaller flumes (Kleinhans
et al., ; Kleinhans et al., b; Kleinhans et al., ) and a more extensive description,
operation and technical information of the flume can be found in Kleinhans et al. (b).

3.2.2 Boundary and initial conditions
The tilting amplitude of the metronome is  mm resulting in a maximum slope of .
mm− (or .) and tilts with a period of  s for the experiments with only sand and the
experiment with a high mud supply. The experiment with a low mud supply was subjected to
a slightly lower tilting amplitude of  mm, but the same period. Tilting amplitude and period
were chosen so that sediment mobility was ensured for correct scaling and the tidal excursion
length was shorter than the length of the flume (see Kleinhans et al., b, for description
and comparison to natural systems). These values for tilting amplitude and period were chose
on the basis of pilot tests with a range of tilting amplitudes and periods (see supplementary
Fig. S and S for the results of these pilots). The mean water level was set . m above
the flume floor and -. m elevation relative to the land surface. The resulting water level
amplitude of the experiments is .- cm which is less than half the typical water depth of
 cm, a similar ratio as natural systems (Savenije, ). Upstream we add a river discharge
of  Lh− during ebb, and downstream we generate waves with a paddle during flood with
a frequency of  Hz and  cm amplitude (supplement of Leuven et al., a). The river
discharge alone is not strong enough to transport sand in the flume in absence of tilting
(supplementary Fig. Sb). However, when tilting is applies without river discharge a closed,
short tidal basin develops (supplementary Fig. Sc), showing that a minor river discharge
is essential to develop an elongated estuary. The experiment starts with a bed thickness of
 cm that consists of only sand with an exponential widening shape of  cm deep (bottom
Fig. .). The initial shape decreases from  m width at the mouth of the estuary to . m at
the river end with a characteristic e-folding convergence length of  m. The bottom of the
flume is covered with artificial grass. If scours develop that reach the bottom of the flume,
the roughness of the grass prevents further erosion in this location. The basin area in which
the ebb delta can expand during the experiment is  m long. Water levels in the flume are
controlled by a weir at the end of the flume while pumps constantly add water to the sea
basin. This weir compensates for the tilting of the flume by maintaining a horizontal water
level (constant head) in the sea between the end of the flume and the front of the ebb delta
at all times. Because the ebb delta grows the compensation of the weir is adjusted during
the experiment. Water flowing out of the flume is recirculated. The total duration of each
experiment is , tidal cycles.
The experiment with the low nutshell supply had a slightly lower tilting amplitude than
the other two experiments. Instead of  mm, this experiment used a tilt of  mm. This was
due to an accidental software update of the Metronome during the period the experiments
were carried out, which was only discovered after the experiment was finished. Based on


pilot studies focussed on amplitude variations, we do not expect that this error influences
the main outcomes of this study. However, we expect that the resulting estuary might be
slightly shorter and smaller. The effect of tilting amplitude on estuary length is indicated by
pilot experiments shown in supplementary Fig. S. The length of the estuaries is proximately
constant throughout the experiments, in contrast to estuary width.

3.2.3 Sediment characteristics
To simulate mud in the experiment we used nutshell grains (as used in Baumgardner, ;
Ganti et al., ; van de Lageweg et al., ; Baar et al., ). Pre-wetted nutshell was
added to the system during ebb with the river discharge. We conducted an experiment with
a low concentration of  ml nutshell per cycle (. g/L) and an experiment with a high
concentration of  ml nutshell per cycle (. g/L). In total  kg and  kg of nutshell was
supplied to these experiments over , cycles. However, not all nutshell deposited in the
estuaries, but also a large part was transported out of the estuary and settled in the ebb delta.
Throughout the paper, we will refer to these experiments as the experiments with low and
high mud supply concentration.
The nutshell was chosen to simulate mud because it is light-weight with a dry density of
 kgm− and therefore travels in suspension, and because it is only slightly cohesive.
To test the exact cohesive effect of nutshell over time, we conducted bank erodibility tests
with the method of Friedkin () and the exact same setup as van Dijk et al. () and
Kleinhans et al. (a). Sediment samples created in the lab were subjected to a flow of
 L/h under an angle of  degrees. Pictures were made every  seconds to track the
volume of the sample over time and to measure the erosion rate. The samples that were tested
were x cm with a triangular corner cut off of x cm. The samples were made of a
combination of / sand and / nutshell on top and were kept under similar circumstances
as in the Metronome for a variable number of days. To create similar circumstances the
samples were almost fully submerged with recirculating water flow with approximately the
same amount of anti-algae and chlorine that was used in the Metronome. As other authors
suggest, the nutshell is indeed non-cohesive if subjected to experimental condition for only
a short time (as mentioned by Ganti et al., ). However, mud deposits became more
difficult to erode due to slight decomposition over time and perhaps fungal development,
as in natural estuaries where the critical shear stress for erosion increases over time due to
consolidation and biofilm development (Torfs et al., ).
Sand in the experiments has a median grain size of . mm with a D of . mm and
a D of . mm (see for design Kleinhans et al., b). The sand mixture was prepared by
wet sieving which completely removed any fines below . mm. There was no sand supply
upstream. The nutshell has a grain size of . mm. Preliminary test with the nutshell indicated that coarse nutshell (.–. mm) not only settles with low velocities but also deposits
when the grain size is larger than the water depth on bars. We hypothesise that this effect
might be the cause for the different point bar deposits for nutshell and silt in van de Lageweg
et al. (), where nutshell deposited dominantly on the downstream half of the point bar,
while the silt deposited in the upstream half. A much smaller nutshell grain size was used for
the estuary experiments and solved this difference between the silt and nutshell behaviour.
This means that we are simulating a finer fraction than in the river experiments by van de
Lageweg et al. ().



3.2.4 Data collection and analysis
Time-lapse images were collected using  AVG Mako (G-C) colour cameras on the ceiling. All images have a resolution of  by  pixels with a footprint of about . m
resulting in a pixel resolution of approximately . mm. The images were taken every tidal
cycle when the bed was horizontal. Pre-processing of the images included: debayering of the
original Bayer images, noise removal, lens correction (vignette and distortion), geometric
rectification, colour, contrast and brightness correction after which the images were stitched
together. The water was dyed blue with food colouring to get an impression of water depth
from the top view photographs. Additional images were obtained every  to  tidal
cycles when we temporarily drained the experiment. This way the nutshell was classified
more easily, compared to the images with water. Mud was classified per pixel only based on
colour thresholds in the images without water.
A digital Canon SLR camera was used to collect oblique photos of the experiment. These
photos were used to make digital elevation models (DEMS) by structure from motion software Agisoft PhotoScan (version ...) and were referenced with  ground control
points along the sides of the flume at a  m interval. In the analysis of the DEMs unaffected
areas of the flume were masked and the ebb delta was excluded unless stated differently.
Particle image velocimetry (PIV) on floating plastic particles was used to obtain surface
water velocities in the entire flume at  phases (every . degrees) of the tidal cycle. Ten
images were taken every phase with a sampling frequency of  Hz. The MPIV Matlab toolbox was used to calculate the velocities from the floating particles. PIV measurements were
performed every  to  cycles in the experiment without nutshell up to cycle 
and at the end of the experiment with a low input concentration of nutshell. There are no
PIV measurements during the experiments with nutshell because the removal of the plastic
particles influenced the mud deposits. During pre-processing of the PIV images, lens correction was done before the velocities were calculated from the displacement of the particles, but
geometric rectification and stitching of the velocity data from different cameras were done
afterwards due to memory issues. Additionally, the tilt of the Metronome was not taken into
account, but since discontinuities are barely visible in the stitched images, we assume that
the projection errors are negligible.
During post-processing, the peak velocity ratio was calculated from the ratio between the
maximum ebb and flood velocities. To make the colour-scale more readable we took the
negative reciprocal (−/x) of the values between  and - so that ebb dominant would be
negative and flood dominant positive. If only flood or only ebb flow was measured, no ratio
was calculated and therefore plots as zero. For example, highly elevated shoals sometimes
flood and drain in the same direction, because maximum high water does not occur at exactly
the same time as slack water.

3.3

Results

We will first describe the general evolution of the estuary in several phases. This is followed
by an analysis of the location of mud deposits and the effects of the mud in the estuary.



3.3.1 General estuary evolution
The development of the experimental estuary exists of four phases. In the first phase of the
experiments, the exponentially converging channel starts to develop a channel-shoal pattern. This pattern develops within approximately  tidal cycles resulting in an alternate
bar pattern (Fig. .a-c). At the same time, the ebb delta starts to form and continues to
grow throughout the experiment. Sand is collected in the middle of the flume, caused by a
lack of sediment input upstream and downstream and an estuary planform that does not exactly fit the imposed hydrodynamic conditions (Fig. .). At the end of this phase, the estuary
contains one big meandering channel with sills between bends (cycle , Fig. .a-c).
In the second phase, the estuary widens rapidly by outward and downstream migration
of tidal meanders (Fig. .). In some places, there is little lateral widening over time and
in some places, there is a large lateral extension of the tidal meanders. The width generally
decreases in the upstream direction even though there local areas that are wider (Leuven et
al., a). In addition, the bed profile changes to a more linear profile by reworking of the
initial bulge (Fig. .). Although there is some downstream bend migration, this is limited
to the initial phase of the experiment. The widening of the estuary favours the formation of
multiple channels and bars across the estuary. Small flood channels that end on bars, named
barb channels, increase in size and develop into connected ebb and flood dominated channels
(Leuven et al., a, cycle , Fig. .d-f, ). After about  tidal cycles these multiple
channels become clearly visible as a weakly braided pattern (Fig. .g-i).
In the third phase from cycle , the first effects of the mud are observed on the estuary
width (Fig. ., .j-l). The first mudflats start forming in the upper part of the estuary and
slowly spread further downstream. They, however, settle rarely in the lower estuary due to
the large reworking of sediment in the area and constantly migrating channels and bars.
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Figure 3.2: Time series of digital elevation models of the experiments without mud (left column), with a low
mud supply (middle column) and a high mud supply (right column).
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In the fourth phase and final state, the morphology after , tidal cycles for the three
experiments is a self-formed, freely-erodible, bar-built estuary with migrating channels and
bars (Fig. .II-IV). The experiments approach dynamic equilibrium from cycle , (Fig.
.v-x), because we see a levelling of the cumulative sedimentation and erosion (Fig. .). In
the final state, the width of the estuary generally decreases in the upstream direction (Fig. .)
and the bed profile increases linearly (Fig. .). The typical resulting channel depth at the
mouth is  cm and average bed levels are  to . cm at the mouth of the estuary (Fig. .).
Typical velocity amplitudes are .–. ms− (Fig. . and .), with maximum velocities
occurring in the deepest channels downstream (Fig. .). However, width-averaged velocity
amplitudes are lower downstream than upstream.

3.3.2 Mudflat characteristics
The experiments with mud supply resulted in estuaries with self-formed mudflats. The nutshell particles settle on the highest elevations of intertidal areas and form mudflats (or ’nutflats’). The mudflats occur on bars and flank the estuary (Fig. . and Fig. .). The flats can
be recognised by an orange to brown colour which is related to the time the mud has been
in the system. We observe mud deposits on all types of bars, for example, mid-channel bars
(Fig. .a, b and e), scroll bars (Fig. .c) and sidebars (Fig. .d and e). On the bars, mud
first settles at the highest locations after which the flat spreads to lower elevations if it can
grow in size.
The mud supplied upstream is self-distributed throughout the whole estuary, but mostly
settles in the upstream regions (Fig. .). Initially, mud only deposits upstream, which results here in relatively high percentages of mudflats (Fig. .). For the experiment with high
mud supply, the fraction upstream of  m after only a few hundred cycles is already approx-
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bility

mo
threshold sand

threshold mud mobility

bility

mo
threshold sand

threshold mud mobility

Figure 3.7: Scatter plot of elevation plotted against maximum surface velocity. Colour intensity and histograms
on the sides indicate the velocity and elevation distribution. Still water level is at -0.005 m. Dotted lines indicate
the critical threshold of motion for sand and mud. (a) Experiments with only sand at cycle 8863, (b) experiment
with low mud supply at cycle 14975.



Figure 3.8: Spatial distribution of mud (classified in orange) in the estuary with: (a) only sand, (b) a low mud
supply and (c) a high mud supply at cycle 9355.

imately . Over time the mudflat area increases upstream and gradually extends more
downstream as well, which is especially clear in Fig. .b, where the front between low and
high percentages of mud moves downstream over time. In this experiment, a large volume
of mud settles in the lower estuary, but the coverage is still less than  of the estuary width
(Fig. .).
For the experiment with a higher mud supply, we observe that mudflats are, as expected,
larger and more abundant, as high as . m , compared to  m for the experiment with
low mud supply (Fig. .). Relatively this is a mud coverage of  of the surface area for the
experiment with high mud supply and  for the experiment with low mud supply, which is
consistent with the fact that the high mud supply is five times larger than the low mud supply.
Additionally, the downstream spreading occurs faster (Fig. .). After about  cycles the
upstream part is so dominated by mud that it also deposits in the channels (Fig. .). This
means that the relative mud cover approaches  (Fig. .).
Initially, mud only deposits at high elevations between -. and -. cm near the observed
high water level, mostly on bars (Fig. ., dotted lines). Over time this lower knick point in
Fig. . (dotted lines) becomes weaker and decreases to about -. cm for the highest supply.
We hypothesise this is due to different kind of deposits later in the experiments (e.g. filling
of abandoned channels). However, the majority of the mud is still located between -. and
-. cm.

3.3.3 Mud preservation
To understand which areas in the estuary are influenced most by mud, we investigated which
mud deposits are most stable. The age of mud could be estimated by combining the mud
maps to indicate the stability of the mudflats (Fig. .). We assume that mud was not eroded
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Figure 3.9: Detailed photographs of mud deposits in the experiments. a) Mudflat with high water, b) mudflat
with low water, c) scrollbars, d) mudflat on the side, e) mudflat on a bar and on the side and f ) cross-section of
a channel with steep banks, indicating cohesive nature of the nutshell deposits.
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Figure 3.10: Mud cover relative to the estuary width along the estuary for (a) the experiment with a low mud
supply and (b) the experiment with a high mud supply. Colours indicate different moments in time. The relative
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and redeposited between two images. From this data we can see that some upstream bars
show a pattern: first, a small flat develops and then this mudflat expands in the upstream
direction and to lower elevations. In the middle of the estuary, the mudflats are very stable
in location and size, and some locations have been stable since the beginning of the experiment (for about , cycles). Downstream, the mudflats are much younger in age (about
 cycles) due to larger dynamics of the channels. A small remnant of old mud remained
at  m (Fig. .a). This is a remnant of a larger mudflat that has disappeared due to the
downstream migration of the biggest channel. Other analysis showed that mud deposits initially at a lower range of elevations as well but is only preserved at high elevations for a long
time since older mud deposits occur at higher elevations, which is consistent with our explanation based on velocities and water levels. This is in contrast with rivers, where mud will
never deposit at larger depths due to unidirectional flow, except in closed residual channels.
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3.3.4 The effect of mud on morphodynamics
Bank erosion and erosion rates
The channel banks showed steep cliffs at the edges of bars that were subjected to erosion,
which is evidence that the nutshell has some cohesive properties. We observed preferential
erosion of sand over the nutshell at the bar margins (Fig. .f). Sand was eroded from bar
margins by undercutting of the mud layer on top of the flat after which the mud eroded by
small collapses. This is in contrast with the gentler sloping sandy bar margins.
The Friedkin () erosion tests were used to determine the exact effect of the mud on
bank erosion. In this case, it behaves as non-cohesive, light-weight sediment as for example
plastic sediments that are transported more easily than sand. However, when we added a thin
mud layer on top of a sand sample, we observe that after several days the grains stick together
and form a mat. This mat becomes stronger over time and changes the erosion mechanism
of the samples. Instead of slumping sand, we now observe oversteepening and collapsing (as
in Fig. .f).
Despite this difference, there were no significant differences in the erosion rate of the
samples with and without mud layer and between different sample times (Fig. .). Co

hesive blocks that end up at the toe of the bank by collapses are immediately removed due to
excess basal capacity as observed in similar experiments with cohesive silt (Kleinhans et al.,
a) and in the field (Rinaldi and Darby, ). The transport capacity in the channel
is so large that the type of erosion does not affect the erosion rate in this setup. Cohesive
blocks are transported as a whole and destroyed rapidly. Even though we do not observe
decreased bank erosion with nutshell, we observe that cohesive mats prevent erosion of mud
particles with lower velocities under a more gradual slope in the estuary experiments. This
suggests that the mild cohesion may reduce channel initiation and incision on bar tops in the
experiments, but does not directly confine the estuary laterally.
Bar accretion by mud deposition
Bar accretion is caused by mud deposition on bars. In the experiment without mud supply,
the bars are > mm below the initial dry estuary margin and are therefore submerged during
high tide. In contrast, the bars in the experiment with mud are - mm higher due to the
mud deposits on top of the bars (Fig. .). The bar accretion can be as high as  mm. This
is clearly visible in Fig. . where the cumulative surface area below  to -. cm is constant
for the experiment without mud but changes for the experiments with mud. Moreover, the
increase in elevation of the bars is visible in Fig. ., where the t percentile of the elevation
is higher for the experiments with mud. Visual observations also confirmed that the top of
the mudflats on bars changed from intertidal to supratidal (supratidal bar visible in Fig. .a
and b). This is also contributed to the decrease in tidal prism and tidal range which we will
discuss later.
Because mud only settles at very low velocities and shear stresses (Torfs et al., ), the
places for deposition are different than for sand (dotted lines in Fig. .). During ebb flow,
mud is supplied to the system and spreads downstream by river discharge. Mud settling occurs mainly during slack tide due to near zero flow velocities (below the critical threshold
of mud mobility; Fig. .), which occurs near maximum high and maximum low water. At
mean and low water levels the flow is concentrated in the channels and mud deposits cannot be preserved here due to high peak velocities (Fig. .b). Fig. . also shows that peak
velocities below the mud mobility threshold only occur at high elevations. Everything that
deposits during low water slack is immediately washed away again during the next flood,
while deposits during high water slack are more likely to preserve. During high water, bars
are flooded and velocities slow down. Mud settles at these high elevations during slack tide
because the water depth is shallow and cannot be re-suspended during mean and low water
levels.
Peak velocity ratios indicate that mud deposits during high water can be related to flood in
the lower and ebb in the upper estuary (Fig. .d). Upstream, the river has a larger influence
and therefore ebb asymmetry is observed for peak velocity over a large area. Around the tidal
bars in the lower estuary, peak velocity asymmetry is flood-dominated (Fig. .d). Duration
asymmetry was less pronounced and is therefore not shown. Longer flood durations were
observed in small barb channels that terminate on their landward end, however, clear patterns were hard to identify. It is known that duration asymmetry is especially important for
fine sediments, so we assume that most mud is deposited during high water slack following
the flood, with exception of the most upstream areas. Peak velocity and duration ratios could
not be determined in areas where the flow was unidirectional and for supratidal areas.
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Mud confines the estuary shape
Deposition of mud on bars and on the sides confines the estuary shape and therefore decreases the width and surface area, especially upstream where there is more mud present
(Fig. . and .). The effect on widening downstream is limited because less mud is deposited in this part of the estuary. Not only the width of the estuary is confined by mud, but also
the total reworked surface area (maximum values in Fig. .). Even though the specific tidal
meandering leads to a wider estuary mouth of . m for the experiment with the high mud
supply compared to . m and . m of the other experiments (Fig. .), the surface area of
that experiment is smaller than the experiment with only sand (Fig. .a and c). The total
estuary area without mud increases up to  m , whereas the area of the experiments with
mud cover an area of only  m (Fig. .). Surprisingly, the estuary with the high mud supply is roughly the same size as estuary with low mud supply. This is probably caused by the
difference in the geometry of the mouth, which is barely affected by mud and narrower for
the experiment with low mud supply. However, we cannot exclude the possibility that this
is due to the software error that led to reduced tilting amplitude in the experiment with low
mud supply. We expect that under the correct tilting the experiment would have been slightly
larger than the experiment with the high mud supply, but still smaller than the experiment
with only sand due to the confinement and filling mechanism.
Mud decreases estuary dynamics
Mud decreases the dynamics of channels and bars. Channels initially migrate and shift rapidly within the estuary (Fig. .), but when mudflats develop the lateral widening of the
estuary at the mudflat comes to a halt (Fig. .e and f). In the cross section of the low mud
supply, a mudflat developed on the bottom side and for the high mud supply on the top side of
Fig. .e and f. The migration in the experiment without mud is sometimes so fast that not
enough DEMS were made to follow the channel displacement in the time-stack (Fig. .d).
Observations with a higher temporal resolution from the overhead imagery for sand only
show that channels remain active and rework bars in specific zones over the entire length of
the experiment (Leuven et al., a).


The width changes of the estuary in Fig. . also shows decreasing dynamics due to mud.
For all experiments it holds that initially the estuary largely widens (wider spaced lines) and
the widening rate decreases over time (closer spaced lines) as the estuary dimensions get
closer to equilibrium conditions (Fig. .). This decrease in change is more pronounced for
the experiments with mud because the mud has confined the estuary, which is then also
sooner close to equilibrium with reduced dynamics (Fig. .).
The addition of mud significantly decreases erosion rates within the estuary. Without mud
the estuary exported . m of sediment in total and with mud only approximately . m
(Fig. .). The export is essentially continuous and there are no clear signs of net import.
All data so far suggest that the created system is an exclusively exporting system, however
visual observations confirmed landward sand movement during flood. This transport was
apparently not enough to counteract export. Variations in the general trend of the lines in
Fig. . are due to inaccuracies of the DEMs. Similar to the analysis of the surface area, the
experiments do not show any evidence of decreasing sediment export for higher mud concentration. Both experiments  and  have similar exported sediment volumes and surface
areas (Fig. .), even though the shape of the mouth is especially different. Due to the tilting
amplitude error, the export in the experiment with low mud supply may have been slightly
smaller than expected.

Figure 3.14: Timestacks: Bathymetric evolution of a cross section at 7 m over time for the experiment with (a)
only sand, (b) a low mud supply, and (c) a high mud supply. Cross sections increase over time. Shallow areas
in (b) and (c) are mudflats that prevent the channel migrating in that direction. The temporal resolution of the
DEMs in (a) is too low to track the fast channel migration.

3.4

Discussion

In this section, we will first describe the two effects of mud that impact the morphological
evolution of the system. Next, we will discuss the implications of our findings on the understanding of natural systems, followed by a discussion of the novelty and contribution of this
research to the current state of physical experiments simulating estuaries and experiments
with mud.

3.4.1 Cohesive effect of mud
Two effects of mud were identified to cause morphological differences between estuaries with
and without mud. The first effect is the minor apparent cohesion that increases over time


because nutshell grains stick together the longer they are in the experiment. The grains form
a mat-like structure. These cohesive effects cause small cliffs to form and lead to different
bank erosion processes that include oversteepening and mass failures (Rinaldi and Darby,
) in contrast to more gentle slopes and gradual erosion for sand. However, auxiliary
bank erosion tests did not show a significant effect on erosion rate (Fig. .). Small effects
on the erosion rate are visually observed under low velocities on more gentle slopes.
Apparent cohesion can also be created by vegetation (Tal and Paola, ). Roots and
extracellular polymeric substances (EPS) can stabilise banks similar to cohesive sediment.
However, it is still unclear whether vegetation and mud together provide significant cohesion in tidal systems or only reduce the flood storage as discussed below (de Haas et al.,
). On the one hand, vegetation and mud might settle in the same locations and therefore an additional strengthening effect might be limited. On the other hand, vegetation also
reduces flow velocities by creating friction, which might increase significant amounts of mud
deposition and more vegetation settling. Further investigation and experimentation of mud
in combination with vegetation is part of our future work.

3.4.2 Filling effect of mud
The second, perhaps more important effect of mud is to fill space and reduce the tidal prism
and the possibility for bar splitting. The results showed that mud deposits further increase the
elevation of areas that are already relatively high in elevation. For example, sandbars become
higher when mud is supplied to the system (Fig. .). This result agrees with earlier work
by numerical modelling of mud in estuaries (Braat et al., ). Like the cohesive effects,
this deposition contributes to confining the estuary but additionally limits the tidal prism
(Fig. .). The prism is reduced because less water can flow through a cross-section because
part of the cross section is now filled with mud. This effect is clearly visible in the upstream
part of the estuaries where most mud is deposited. In Fig. . the local tidal prism for the
experiment with only sand continues to grow up to a local tidal prism of . m passing
the  m cross-section. For the experiment with low mud supply, we also observe a growth
in tidal prism, but less strong. The prism at  m grows up to . m . For the high mud
supply experiment, we even observe a reduction of the tidal prism over time in the upper
part of the estuary. The final local tidal prism at  m is . m and only  compared
to the tidal prism for only sand. Wobbles in these lines can be correlated to individual bends
that influence the width of the estuary.
A surprising insight from these experiments is therefore the different effect of mud sedimentation in rivers and estuaries. In contrast with rivers where floodplain sedimentation
causes the channel to deepen to accommodate the same river discharge through a crosssection (Tal and Paola, ), in estuaries the tidal prism adapts to the decrease in crosssectional area. With a decrease in tidal prism, sediment transport also decreases.
In addition to the filling mechanism water level decrease also contributes to tidal prism
decrease over time. Because we do not have measurements of water levels, we could only
visually observe a decrease in tidal range with time. A fixed high and low water level was
assumed along the flume and in time to calculate tidal prism and is, therefore, an overestimation. The prism-reduction effect we describe is therefore probably stronger than visualised
in Fig. .. Tidal prism was calculated along the flume which we define as local tidal prism:
the volume between low and high water upstream of this point (Fig. .). In addition to the
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Figure 3.15: Locally defined tidal prism along the estuary at different moments in time for: (a) the experiment
with only sand, (b) the experiment with a low mud supply, and (c) the experiment with a high mud supply. (d–f )
Zoomed in on the upstream region of the estuaries. Tidal prism increases in the upstream region with high mud
supply.

decrease in tidal prism by the filling effect of mud, we assume the water level decreases by
increased friction in the estuary due to the filling and the development of more complicated
bars and channels. According to Dalrymple and Choi (), this means that the estuary
becomes more hyposynchronous: the friction of the bottom increases and the convergence
is less strong leading to a stronger decrease in tidal range towards the tidal limit. This is
in accordance with the positive feedback identified by de Haas et al. (): the formation
of shoals simulates the deposition of more mud leading to a growth of supratidal areas (reduction of intertidal area) further stimulating the growth of new intertidal areas, ultimately
increasing friction and reducing tidal prism. This mechanism predicts that, with enough
sand and mud available, all estuaries eventually fill up (de Haas et al., ).

3.4.3 Implications for understanding natural systems
The depositional patterns of mud match the classical patterns described by Dalrymple et al.
() and Dalrymple and Choi (). Mudflats are flanking the estuary and are depositing
on bars, while the seaward part is largely free of mud citepdalrymple. In addition, when
the results are compared to data from real-world estuaries we notice that for many real-world
estuaries the relative extent of mudflats is larger upstream, similar to our experiments: Western Scheldt (McLaren, ; McLaren, ), Ems-Dollard (Van Heuvel, ), Dovey (Baas
et al., ), Severn (Allen, ) and the Salmon River estuary (Dalrymple and Choi, ).
This trend was also observed in numerical models (Braat et al., ; Lokhorst et al., ).
Since the field data supports the experimental results, the experiment can help us understand
how the mudflats in the system are formed. Bars in estuaries are mostly built by sand, only


when they get more stable, mud starts settling on top of the bars. The preferential settling
of mud upstream is not due to supply location, because the mud is transported through the
whole estuary and also ends up in the ebb delta. Less mud deposits downstream are due to
the larger velocities and larger dynamics in the lower estuary. We expect that a marine supply
would lead to a similar spatial distribution between the mouth and the upper tidal limit.
When bars increase in elevation because of mudflat accretion, they can change from intertidal to supratidal due to the filling effect and decrease in water level. This has important s
for marsh formation. These areas could potentially be a starting point where pioneer marsh
species can find their window of opportunity (Cao et al., ; de Haas et al., ). This was
recently also concluded in a numerical modelling study of estuaries with mud and vegetation
(Lokhorst et al., ). An important question related to vegetation and mud settling is if
the vegetation supports mud settling, or the other way around, or both. Showing that we
can create mudflats in these experiments partly solved this chicken-or-egg problem. At least
vegetation is not necessary for extensive mudflats and to increase the elevation of tidal bars.
In the Western Scheldt, the elevations of bars have been increasing over the past years and
are often considered an undesired consequence of dredging and dumping (Cleveringa, ;
de Vet et al., ). However, this study shows that this trend can also partly be attributed to
changes in mud supply either by natural or anthropogenic changes.
Besides the increase in bar height, the results showed that mud supply also influences the
width, size and dynamics of the estuary morphology. Due to the filling mechanism and reduction in tidal prism, the estuary becomes more confined. The reduction in width and size
was also observed in numerical models with mud (Braat et al., ). Similar to the experiments, the dynamics of channels and bars also decreased in models with mud compared
to estuaries with only sand. Observing the same trends with both methods strengthen the
certainty of these findings.
However, some differences are also observed between the models and the experiments.
The models (Braat et al., ) show predominantly deposits on the sides, while in the experiments most deposits are on bars instead of on the sides. This probably relates to the
balance between the initial and boundary conditions. In the model, there is initial import
into the system, while in the experiments the estuary is mostly exporting, despite the filling
mechanism discussed earlier. Because the experiments are widening over time, mud is rarely
deposited on the sides. An alternative hypothesis is that varying discharge is necessary to
form flats on the sides, as seen for floodplain formation in river experiments (van Dijk et
al., ). The initial horizontal bed is not flooded during high water for mud to deposit as
overbank deposits. We expect that the confining effect of the estuary would be greater if this
type of deposit would be formed. This could be achieved, by for example adding spring and
neap tides. Other similarities with river experiments were found in strengthening of banks,
decrease in meandering and a decrease in chutes (van Dijk et al., ). However, since the
prism adapts to the cross sections, we do not observe deeper channels as for rivers where the
discharge through the cross-section is forced.
The numerical models indicate that confinement of the estuary by mud can lead to a dynamic equilibrium (Braat et al., ), but we did not find such equilibrium in the experiments yet. Although, the equilibrium for experiments with mud is probably closer than for
only sand (Fig. .). We hypothesise that the experiments could also reach an equilibrium
if filling continues and friction would further increase, decreasing the tidal prism and tidal
amplitude. If this is true, this would have important implications for estuary management.


Since altering the system by dredging might constantly bring the estuary out of equilibrium.
If the equilibrium dimensions of an estuary are known, bringing the estuary closer towards
these dimensions will likely decrease the dynamics and will make maintenance of the shipping channel easier, while bringing the estuary out of equilibrium will only increase dynamics
and will make maintenance of the shipping fairways more difficult.
While high mud concentrations are often seen as negative because of fluid mud, decreasing
light penetration and silting up of harbours; some mud is important for ecology. Muddy
areas are often the most biologically active areas of the estuary and an important part of the
ecosystem (Costanza et al., ). These ecosystems can be largely affected by changes in mud
supply concentration. The results show that if mud were absent, intertidal flats are lower and
might drown species that prefer high intertidal or supratidal regions. Many benthic species
also prefer a muddy substrate (Bouma et al., ). Results also suggest that if mudflats are
absent the estuary will expand faster which might affect surrounding areas if there are no
dikes bordering the estuary.

3.4.4 Novelty of mud in tidal experiments
The results showed an improvement in the methodology of conducting tidal experiments.
Continuous dynamics were obtained with dynamic ebb and flood dominated channels that
are typical for tidal systems. These channels were already described by van Veen () and
are essential for natural estuarine behaviour. It has been somewhat difficult to maintain dynamics in experiments in the past (Kleinhans et al., ; Vlaswinkel and Cantelli, ),
but these experiments show dynamic channels without any extra trigger or irregular forcing. This is because the Metronome was successful in achieving sediment mobility along
the whole estuary in both flow directions.
Of additional interest is that the shape and patterns are self-formed. Until now, the shape
of the estuary was often imposed especially for numerical models (Hibma et al., ; van
der Wegen and Roelvink, ), but also for experiments (Tambroni et al., ). The final shape of the estuary is a self-formed exponential shape with some deviations (Fig. .).
It is widely accepted that an exponential shape is the natural equilibrium planform of most
natural estuaries (Lanzoni and Seminara, ; Savenije, ). However, observations in
natural systems show that the width of estuaries can be rather irregular than ideal exponential Leuven et al. (c). The locations where the estuary is wider than ideal are locations
where bars occur in natural systems, which is consistent with observations in the experiments Leuven et al. (a). These bars are intertidal areas and because flow velocity on the
bars is low, they are also the places where mud is likely to settle when available. Therefore,
the outline of the estuaries is a relevant indicator for the locations of mudflats, which also
translates into predictable depth distributions Leuven et al. (b).
Idealised experimental studies like this are useful to get an understanding of the main processes that are involved in the morphological evolution of estuaries. These processes are hard
to isolate from field data, and data is generally sparse. However, detailed results should be
interpreted with caution as details in the natural morphology might be hampered by scale
effects, such as the occurrence of scour holes (Kleinhans et al., a) or are influenced by
processes that were neglected, such as additional tidal components, inherited hard substrates,
and salinity. These effects cannot presently be accounted for in large-scale system experiments.


A side effect of solving the mobility scaling problem with the tilting flume is that the water
level variations are now caused by the flow instead of flow caused by water level variations.
This means that the water level is no longer a simple function of the tides but a complex result
of local friction and the wave of water going through the system as the flume tilts, while the
typical phase relations for estuaries between flow and water level are lost (Kleinhans et al.,
b).
Using nutshell as a proxy for mud also imposes limitations. The cohesive properties could
not exactly be simulated at scale, because the degradation of the mud was poorly constrained
because it depends on the temperature of the room, water, possibly inundation duration and
the total time it has been in the flume. As a consequence, we believe that the cohesiveness
of recently deposited nutshell was too low while it was too high for nutshell that had been
in the flume for over , cycles. Since these older deposits were rarely subjected to large
velocities, the effect on the final results was minimal, although perhaps the bars in the centre
of the estuary might have been over-stabilised.
On the other hand, numerical models often also apply similar simplifications, such as ignoring multiple tidal components, multiple grain sizes, salinity and three-dimensional velocity calculations, especially for large time scales. Even though scaling issues are absent, there
are uncertainties in the physical representation of processes in models. To quantify these
uncertainties and assess their effects, more studies with analogue experiments are desirable.
The contribution of the present experiments is to complement the approach of numerical
modelling.

3.5

Conclusions

The aim of the present research was to examine the effects of mud on the shape and dynamics
of estuaries. Experiments in a novel tilting tidal flume, the Metronome, show that mudflat
formation confines the morphology of the estuary. The main effect of mud is that it deposits
in areas that would not be filled with sand otherwise and therefore decreases the local tidal
prism, which, in turn, reduces the migration of channels and the large-scale widening of
the estuary. As a result, the estuary becomes more confined as the width remains smaller,
especially upstream, and total surface area of the estuary remains smaller with mud compared
to only sand. Cohesive effects are surprisingly minor compared to the important role of
cohesive floodplains on river patterns.
The second major finding was that mud increases the elevation of the bars and can transform bar surfaces from intertidal to supratidal. Bars and channels migrate slower and the
estuary exports less sediment when mud is added to the system. Mud has a non-uniform
spatial distribution along the estuary: more mud deposits upstream and therefore more morphological effects of the mud are observed upstream than downstream. In more detail, we
found that mud is mostly deposited at intertidal bed elevations but preservation over time
increases for higher elevations.
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Chapter 4 | Tidal bar accretion by mud
flat sedimentation
Mud plays a pivotal role in estuary ecology and morphology. The effects of mud
are often ignored in morphodynamic studies due to longer computational times
and limited spatial information of mud. This study aims to understand the spatial
distribution of mud layers in tidal bars, their formative conditions and preservation potential, and the effects on the shape and elevation of tidal bars. We use
complementary numerical modelling outcomes of a Delft3D schematization, and
field data, including historic bathymetry, biomorphological maps, soil samples and
collected cores, of a tidal bar (shoal of Walsoorden) in the Western Scheldt, the
Netherlands. We distinguish two types of mud layers: 1) drapes, 2–20 mm thick
buried layers that are preserved under storm conditions or during bedform migration; and 2) thick beds, >10 cm layers at the surface associated with high elevations and low flow velocities. Despite a large representation of mud at the
surface (20–30% surface area), only limited amounts of mud are preserved in the
stratigraphy (∼5%). Only the thicker layers significantly affect shoal elevation and
channel stabilisation. We conclude that mud accumulation is mostly controlled by
elevation, flow velocity and flow field. Specifically, mudflats accumulate mainly on
the highest landward side of the shoal just after high water slack, shielded from
high flood velocities. Thick mud accumulation on shoals increases the elevation
by a meter, potentially to supratidal levels. This reduces flow over the shoal and
promotes vegetation settling, decreases chute channel incision and decreases the
tidal prism of the estuary.
Submitted Manuscript: Braat, L., van Dijk, W. M., Pierik, H. J., van de Lageweg, W. I., Brückner, M. Z. M. ,
Wagner-Cremer, F., and Kleinhans, M. G. (in review). Tidal bar accretion by mudflat sedimentations. Submitted
to Journal of Geophysical Research - Earth Surface.

4.1

Introduction

Over the past few decades, estuary management has not only been focussing on flood protection and navigation anymore, but also on nature and ecosystem services. This has increased the interest in mud (clay + silt <  μm), which plays a pivotal role in ecological
valuable areas. Areas that are low in dynamics, with low flow velocities and muddy substrate, are favoured by most estuarine species (vegetation, benthos and therefore birds) (e.g.
Dyer et al., b; Singer et al., ). In addition, mud affects bed quality by attracting nutrient and/or pollutants and in large quantities decreases light in the water column leading
to reduced primary production (Kromkamp et al., ). Also non-ecologic effects are of
interest as mud can cause problems by siltation in harbours and navigation channels (van
Kessel et al., ) and mud layers can have a large influence on the morphology of estuaries
(Braat et al., ; Braat et al., ). The latter is often neglected in morphological modelling of estuaries due to model simplifications (e.g. Hibma et al., ; van der Wegen and
Roelvink, ) with the exception of some models breaking new ground (e.g. van Ledden
et al., b; Waeles et al., ; Sanford, ; Le Hir et al., ; Dam and Bliek, ). A


better understanding and predictive capabilities about the distribution of mud are necessary
for sustainable estuary management.
Sand and mud distributions in the substrate often show large horizontal and vertical variations due to sand-mud segregation. This is due to different erosion and deposition characteristics of mud compared to sandy or silty sediments. Mud typically needs low velocities
to accumulate, but due to the cohesion properties of mud layers (and also mixed sediments,
van Ledden et al., a), they have a high critical shear stress for erosion, i.e. the scour lag
effect (van Straaten and Kuenen, ). Because of these characteristics, mud flats and layers
occur in distinct places in the estuary and can have large effects on the morphology (Braat
et al., ; Braat et al., ).
Mud flats generally occur on the fringes of the estuaries (Dalrymple and Choi, ) and
mud deposition increases with distance from channels (van Straaten and Kuenen, ).
This is especially visible in tide-dominated systems when the intertidal area is large. Facies
descriptions of intertidal deposits from different estuaries, like the Severn (Allen, ), Salmon river estuary (Dalrymple et al., ; Dalrymple and Choi, ) and the Bristol channel
(Harris and Collins, ) show this large scale distribution of mud in estuaries. Mud predominantly occurs on high intertidal elevations (Allen, ). Previous model research has
shown that the mud deposits not only flank the estuary, but sometimes occur on the top of
intertidal bars within the estuary as well (Braat et al., ; Braat et al., ), which is supported by field samples (McLaren, ) and remote sensing (van der Wal et al., ) for
the Western Scheldt.
Not only the lateral distribution of mud is of interest, also the depositional record contains
information about past conditions of the system (van de Lageweg et al., a). However,
only part of the originally deposited sediment is preserved in the geological record due to
erosion. This happens either during the same tide (de Boer et al., ), spring-neap or
seasonal cyclicity, during large events or during channel migration, causing sediment reworking or even export from the system. Additionally, the spatial variation in erosion and
deposition is very large, sedimentation rates strongly differ and most of the time no sediment is preserved in the stratigraphic record. This means that the stratigraphic record is
incomplete and that only a small amount of the occurring physical processes is represented
(Jerolmack and Paola, ; Davis Jr, ; Paola et al., ). Compared to deltas flowing
into a depositional basin (van der Vegt et al., ) the preservation potential of sediment in
estuaries is generally much lower. Results from numerical models and the study of currently
active estuaries that we understand are important to better understand the processes behind
preservation, which is relevant to make more appropriate geological reconstructions in the
future.
Previous research has shown that mud can reduce estuary size and width by confining the
estuary on long timescales of centuries to millennia (Braat et al., ; Braat et al., ).
Mud flats flank the estuary and limit lateral migration and expansion of channels. Effects of
mud do not only occur laterally, but including mud also increases the height of intertidal flats
(Braat et al., ; Braat et al., ), which can create a window of opportunity for pioneer
marsh vegetation (Cao et al., ; de Haas et al., ). Additionally, buried mud flats or
other mud layers in the stratigraphy can stabilise the system by limiting or decreasing vertical
erosion. An extreme example of this stabilising behaviour is provided by the strongly compacted clay layers in the bed of the Ems Dollard estuary. Although they were not deposited



by the estuary, they play an important role in determining the overall planform of the system
(Pierik et al., ).
Despite its importance, mud and its effects are often neglected in morphological modelling due to difficult calibration, limited data and long computational time. The studies that
do include mud in morphological models tend to focus on lateral distribution trends at the
surface and neglect the analysis of the stratigraphy even though it is given as output (van
Ledden et al., b; Waeles et al., ; Le Hir et al., ; Braat et al., ). Due to this
knowledge gap, it is still unclear how mud layers form, preserve and affect the morphology,
which can largely affect ecology, morphological predictions and estuary management.
Here we study the D mud distribution in shoals, its causes and effects in more detail.
We aim to determine: () the location and the conditions of mud deposition; () how mud
layers are preserved in the stratigraphy; and () what the implication are for the morphodynamics of the shoal and extrapolate this to estuary scale. This will contribute to create
a better understanding of the formative conditions of mud flats on shoals, the preservation
potential of mud and the effect of mud on estuary morphology. In order to gain such understanding, physics-based numerical morphological modelling and field data are combined
with concepts and methods of sedimentology.
The setup of the paper is as follows: First, we will describe the study area, after which we
summarise the available data and introduce the numerical model. Next, the results of the
field study and model study are described and compared. Last, we will discuss the combined
results and their implications.

4.2

Site description: Walsoorden, Western Scheldt

The Scheldt estuary is located at the border of the Netherlands and Belgium. It is the last
remaining estuary on the West coast of the Netherlands that has not been (semi-)closed off
naturally or by the Delta Works. This is because it is the access point to the Port of Antwerp,
the second largest harbour in Europe.
The Western Scheldt is a young estuary that developed when the Honte tidal channel
expanded landward in the Middle Ages during storm surges, eventually connecting to the
Scheldt river (van der Spek, ; Pierik et al., ; de Haas et al., ). After the connection in the th century, the Scheldt river could drain via the Western Scheldt tidal system,
that became deeper and wider as a result (van der Spek, ). The estuary had an irregular planform (van den Berg et al., ), with secondary branches to which large amounts
of fine sediments were imported, causing accretion of tidal flats and marshes. These secondary branches were embanked stepwise during the last centuries, making the estuary’s
outline more smooth causing the tidal range and average depth to increase (van den Berg
et al., ; van der Spek, ). The increase in these energy conditions over the last centuries is reflected in the deposits; secondary branches are muddy, while modern deposits are
predominantly sandy (van den Berg et al., ).
The present-day Western Scheldt is a tide-dominated, semi-diurnal, well-mixed, meso- to
macrotidal estuary with a tidal range at the mouth of about  m which increases landward up
to . m at Rupelmonde,  km from the mouth. The discharge of the Scheldt river is about
 m /s, which is (integrated over  hours) less than  of the tidal prism (· m , Wang
et al., ). The Scheldt estuary is a mostly sandy estuary and very sandy compared to other


estuaries. Although the estuary is now embanked and steered by large amounts of dredging
and dumping (Santermans, ), the shape of the estuary is historically largely self-formed
and was not influenced by geological constraints, except for some erosion resistance layers
(Dam, ). The shape of the estuary has a typical exponential convergent shape (Lanzoni
and D’Alpaos, ; Savenije, ) with some variations in width deviating from this trend,
typical for alluvial estuaries (Leuven et al., c).
Even though the Western Scheldt is a mostly sandy system, mud is an essential member of
this system. In the years before significant human interference (–), the system imported .–. Mm clay per year, while .–. Mm sand was exported per year (Dam and
Bliek, ). Mud is therefore very important with regard to the sediment balance. However,
the total sediment volume of clay in the current estuary substrate is estimated to be only 
(van de Lageweg et al., a). On a large-scale resolution the average thickness of clay layers
is . m in the Western Scheldt and they are more abundant towards the flanks of the estuary and at the surface (van de Lageweg et al., a). Typical suspended particulate matter
(SPM) concentrations in the area of study are between – mg/l (Rijkswaterstaat, ,
Fig. C.), with median settling velocities of .–. mm/s up to a maximum of . mm/s
(Winterwerp et al., ). The measuring station of Hansweert is closest to Walsoorden and
measures a median concentration of . mg/l (Fig. C.).
We chose this study area, because the Western Scheldt is one of the most well-studied and
measured estuaries in the world. In addition to recent data, much historical data (e.g. bathymetry, sediment dynamics, and hydrodynamics) are available. Additionally, the estuary
is completely alluvial (i.e. developed in loose sediment) and was easily accessible for fieldwork. The shoal of Walsoorden was chosen because it is a good representation of an average
bar in a sandy estuary: it contains mudflats and marshes, is located in the middle of the estuary, approximately  km from the coast and past field visits to this location sparked our
interest. Because the shoal is very dynamic, it might show responses to more stable mud layers over short time scales. At Walsoorden, water level ranges from -.– m during spring
tide and -– m during neap tide (station Walsoorden Rijkswaterstaat, ) and the typical
salinity around Walsoorden ranges from - ppt (station Baalhoek Rijkswaterstaat, ).
Although a lot of coring data exist of the Western Scheldt, about  cores in the modern
day Scheldt region (stored in Dino database, as shown in van de Lageweg et al., a), the
spacing between cores is quite large, and the vertical intervals in which they are described is
low (decimetres). Of all of these  cores, only one is located on the shoal of Walsoorden.

4.3

Methodology and materials

In this study we use complementary numerical hydro-morphological modelling results in
DelftD and field data of the shoal of Walsoorden in the Western Scheldt (Fig. .). The
model setup includes sand and mud and a module that builds stratigraphy. The field data
includes historic bathymetries, biomorphological classification maps and coring data from a
field campaign in October . The studied sediments are all very recent and self-formed
by the estuary, up to possibly  years. However, the shoal of Walsoorden only developed
about  years ago when two smaller shoals grew together. Since we have data of mud for the
past  years, we focus on the past two decades because this will help us better understand
the system, validate the model and add value to our conclusions. With both numerical modelling and field data, we can observe the spatial distribution of mud from field data, while


it also validates the model. The model will help to further interpret the conditions and processes of deposition and preservation as well as quantify the importance of mud layers on the
morphodynamics.

4.3.1 Existing data from Walsoorden
To quantify the spatial distribution of mud over time we used ecotope maps, which are biomorphological maps that were readily available for the years , , , , ,
,  and . These maps are constructed by visual classification of aerial photography with ground truthing and tidal zonation based on bathymetry (Paree and Burgers,
). The maps contain classes that are typically of interest to evaluate the amount of ecological valuable area. Amongst other things, the maps contain mud rich sediment classes
and vegetation classes, which were grouped in our analysis as an indicator for mud. The
vegetation classes were included, because field observation showed that everywhere where
vegetation grows, mud is also present.
Bathymetries were used of the years corresponding to the biomorphological maps. The
gridded bathymetries are a combination of echosounding, the ‘vaklodingen’ ( m resolution) and laser altimetry on the intertidal areas (– m resolution), which were available for
all years except for , for which no laser altimetry was available yet, only vaklodingen.
All bathymetry and biomorphological maps were made available by Rijkswaterstaat (Dutch
Water Authorities).
In addition to the maps, three profiles of the bar above the low water line were measured
regularly from – (Fig. C.). These elevation profiles were measured by Differential GPS by Rijkswaterstaat. On these profiles a few fixed points are located from which soil
samples of top  cm and top  cm were analysed regularly. At these locations we have detailed measurements of the mud fraction in the bed (Fig. C.).
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Figure 4.1: Conceptual figure of the methodology, which combines a study on field data and a numerical morphological model including mud and stratigraphy.



4.3.2 Acquired data from Walsoorden
A fieldwork was carried out in October  to gather more stratigraphic information on
the shoal of Walsoorden. During this fieldwork  cores (red dots in Fig. .) up to . m
depth were taken over a wide variety of environments on the shoal, including marsh, low
and high energy tidal-flat environments (Fig. .). Cores and transects were made using a
shovel, gouge auger, van der Staay suction corer or larger suction corer for samples. The cores
and transects were described in the field with and accuracy of  cm. Smaller features were
ignored or grouped. GPS coordinates (not elevation) of the sample locations were acquired
by hand GPS and phone GPS. Throughout the paper we use the Dutch national coordinate
system (RD-coordinates, dutch: Rijksdriehoeksmetingen), which is expressed in meters. The
cores were described and photographed in the field.
Four cores of – cm long, collected near a big flood channel, were further analysed in
the lab because these locations were expected to show small-scale mud layers and diatoms
that are indicative of the environmental conditions during deposition. The four retrieved
cores were studied in more detail by diatom analysis and sedimentological analysis from lacquer peels (Fig. .). For diatom analysis, five mud samples were taken from  of the  cores
at different positions in the core (red dots in Fig. .) that were hypothesised to have a different sedimentary origin based on thickness, sequence, colour and other organic material.
In the diatom analysis, different functional groups were identified (benthonic, tychoplanktonic and planktonic) and some species and genera indicative for specific environments. The
screening did not involve any counting of the diatoms. The lacquer peels, or sediment peels,
were made using a colourless J Flits Coating, following a protocol by Janrik van den Berg

Figure 4.2: Numbered positions of cores on the bathymetry (vaklodingen + LiDAR) of 2016. Lines indicate
transects that are used in later figures. Horizontal and vertical axes are RD-coordinates in kilometres.
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Figure 4.3: Field site pictures of Walsoorden. a–c) Marsh edges; d) bluff besides tidal channel; e) dug section
in high dynamic area; and f ) channel wall of biggest tidal channel on the shoal. Subsequent photos are at core
locations 1, 12, 5, 9, 25 and 16 on Fig. 4.2, cores are are shown in front of the photographs.

(personal communication, November , , see also Martinius and van den Berg, )
(Fig. .). The lacquer peels revealed sedimentary structures of the cores that were not visible
on the cores photographs.

4.3.3 Building stratigraphy from field data
Stratigraphy build over the last  years (varying thickness per location) was reconstructed
by combining mud and vegetation classes from the biomorphological maps and the bathymetries. From old to new, these layers with elevation, lithology and age were stored and
combined into an artificial stratigraphy (similar to van de Lageweg et al., ). When deposition occurred, information of the older/underlying layers was preserved, however, when
erosion occurred in locations all stored layers with a higher bed level than the newer bed
layer were removed. Lithology from the field cores was plotted in the reconstruction from
the biomorphological maps and bathymetries. Please note that the age coloured transects in


Figure 4.4: Lacquer peels from flood channel Walsoorden. Core locations 37, 38, 39 and 40 on Fig. 4.2. Darker
coloured layers are mud layers. Numbers indicate diatom sample locations.



Fig. C. use all available DGPS measured transects of multiple measurements a year, while
the transects in Fig. . are based on a combination of LiDAR and DGPS elevations and are
only shown for the moments in time that biomorphological maps were also available.

4.3.4 Model description
To get more insight in the processes related to the preservation of mud layers we developed a
depth averaged (-DH) morphodynamic model in DelftD. DelftD (FLOWDD Version
...M) is a commonly used, validated, open source, state of the art numerical modelling package (Lesser et al., ). The setup of the model is largely based on one domain
of the NeVla model (Vroom et al., ) of the Western Scheldt (as used in van Dijk et al.,
a), but has significant alterations due to the inclusion of mud and stratigraphy.
To include mud we use two sediment types, a sand ( μm) and two mud fractions. All
characteristics of the mud fractions are the same (Table .), however, they are supplied from
different boundaries to keep track of the origin of the deposited mud (landward or seaward).
To keep track of sand and mud in the bed, we use the underlayer module. This module in
DelftD has been available for a couple of years but has not been widely used yet (van Kessel et
al., ). We use the underlayer with a Lagrangian active layer concept and Eulerian storage
layers (van Kessel et al., ) (Table .). Sand transport is calculated by use of the van Rijn
(a) and van Rijn (b): TRANSPOR equation and mud erosion and deposition
is calculated with the Partheniades-Krone formulations (Partheniades, ). A very high
critical bed shear stress for deposition was chosen (Table. .) so continuous settling occurs
(Sanford and Halka, ). Bed level change is calculated from the divergence of bedload
sediment fluxes and erosion-deposition differences for suspended sediment. To speed up
morphodynamic calculation bed level change is multiplied with a morphological acceleration
factor of  every time step.
The original NeVla model is already calibrated for water levels and velocities show good
correlation with measurements (Schrijvershof and de Vet, ); the model therefore does
not need any further calibration for hydrodynamics. Sensitivity tests were conducted to obtain the best setting for mud and morphological parameters (Fig. .) that reproduced patterns observed in the biogeomorphological maps. We only tested settings in the range suggested by field data and similar model studies.

4.3.5 Model setup
The model has a curvilinear grid which extends from Bakendorp to the Dutch-Belgian border between the dikes (approximately x km). The grid has a median cell size of approximately x m (Fig. .). The model is decomposed into two domains, the outer coarser
areas and the inner refined domain. A refinement is used on Walsoorden resulting in a median cell size of x m. Bathymetry data from Rijkswaterstaat were used for the initial
morphology of  and all other initial bathymetries that were tested. The starting year,
, corresponds to the oldest available biomorphological dataset. Even though LiDAR
(– m resolution) was available for these later years, the grid size did not require this high
resolution.
At the two boundaries of the model we used one year of water level boundaries from 
obtained from the full NeVla model (van Dijk et al., a). The same boundary conditions



Table 4.1: Model settings
Sand
Grain size
Dry bed density
Mud
Settling velocity

2e-4
1600

m
kg/m

5e-4

m/s

Critical bed shear stress for erosion
Critical bed shear stress for deposition

0.2
1000

N/m
N/m

Erosion parameter

1e4

kg/m /s

Dry bed density
Boundary concentration
Other settings
Active layer thickness
Max storage layer thickness
Morphological acceleration factor

1000
40

kg/m
mg/l

5e-2
5e-2
20

m
m
-

as used in
van Ledden and Wang (2001), van Ledden et
al. (2004b), and Cancino and Neves (1999)
Braat et al. (2017)
van Kessel et al. (2011), Dam and Bliek
(2013), and Braat et al. (2017)
Dam and Bliek (2011), van Ledden et al.
(2004b), and Braat et al. (2017)
Fig. C.1

were used for all model runs. Sediment conditions at the boundaries are an equilibrium
boundary for sand, meaning that flow entering the domain carries the same concentration
as computed within the domain making the gradient perpendicular to the boundary zero.
For mud we supply a constant concentration of  mg/L (Table ., Fig. C.).
The reference scenerio is a long-term run of  morphological years, based on one year
of hydrodynamics. In addition we tested different initial bathymetries with short-term runs
of  hydrodynamic days ( morphological years) to validate if the mud deposition pattern
would hold for different initial morphologies. With the short-term runs, we can compare
the spatial distribution of mud more honestly because the bathymetry is more similar to
the field data, while the long-term runs provides the possibility to study mud accumulation
over time and build stratigraphy. Other scenarios that are included in the paper focus on the
sensitivity of different mud parameters in the model: settling velocity, critical bed shear stress
for erosion, erosion parameter and input concentration at the boundaries (Table .). About
 test and scenarios were conducted in preparation of finding our final model settings, but
were not included in the paper.
Model results are visualised similar to the field data in Fig. ., so the results can be easily
compared. Please note that the time interval between maps is therefore not equal, since the
interval of biomorphological maps is not consistent. In addition to the long-term and shortterm morphological runs, a run of one tidal cycle was done to capture potential dependencies
of the mud to the moment in the tidal cycle. Moreover, the hydrodynamics could also be
studied in these shorter runs. These studies could not be done with the standard long-term
run, because only a limited amount of time steps could be saved due to the file size.

4.3.6 Model limitations
To maintain achievable computational times of the model scenarios, we ignore salinity, D
velocity patterns, wind, waves, flocculation and compaction. We assume that our simplifications are reasonable because the estuary is well-mixed and tidal processes dominate sediment
transport while the fetch is small and the study site is  km land inwards from the coast. Bed
composition dependent roughness is also excluded, since the model is calibrated by rough
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ness. Except for this adapted roughness biological components are ignored. Since physical
processes influence the main attributes of mudflats much more than biological processes, this
can be justified (Dyer et al., b).

4.4

Results

4.4.1 Morphological evolution
Since approximately , Walsoorden has been intensively monitored. The data shows that
the morphology of the shoal changed visually over – decades. The south-eastern tip of the
shoal has been lengthening until  (Fig. .a–c an Fig. .a), while narrowing (Fig. .c, e
and g). After , the length of the shoal started to decrease again (Fig. .c–f and Fig. .a),
while the narrowing continued. The north-western tip of the shoal has generally been quite
stable over time, however, a flood channel started to develop from  and the connected
elongated bar widened rapidly while the northern flank of the shoal eroded within the flood
channel (Fig. .c and Fig. C.). After , the north-western tip started to increase in elevation (Fig. .a and Fig. C.a), which can be attributed to the dumping of dredged sediment
below the low water line, which started at this location around this period.
Additionally, the field data shows that the southern flank of the shoal has a more irregular
trend of erosion and deposition compared to the other sides of the shoal, which is shown by
the crossing lines on the left side of Fig. .c and g. This part of the shoal is influenced by
shoal margin collapses of which the remains can sometimes be observed in the bathymetry
as unusually rapidly eroded holes (van Dijk et al., b, e.g. in , however a very big one
occurred in , Fig. .e). These types of processes are not accounted for in the model in
this paper.
Similar initial trends occur in the morphological model as in the field data. The model
reproduces the lengthening of the shoal in the landward/upstream direction (Fig. .g–e).
Additionally, narrowing of the shoal occurs by erosion of the south, but mostly north side of
the shoal (Fig. .b, d, f and h). Both the field data and the model show continuous vertical
accretion of the shoal (Fig. .a, b, c, f, g and h). An accretion up to . m is observed for both


data of transect  (Fig. .) between  and . Additionally, the size of the shoal also
fluctuates slowly in the same range between . and  km (Fig. .a and b). Over time, the
mean-intertidal elevations increased to high-intertidal up to mean high water level, which is
visible in the hypsometry of the shoal (Fig. .a). In the top of Fig. .a you see the increase
in elevation between  and  from blue to red. In total, the model results indicate
that .· m sediment has been deposited in the region of interest between  and
. Of this volume,   is originated from the western/seaward boundary (or reworked
initial mud) and   is originated from the eastern/landward boundary. In summary, the
model shows generally realistic behaviour similar to the morphological change of the shoal
of Walsoorden (Fig. .).
The evolution of Walsoorden model shows similar initial trends as the bathymetry data,
but gets increasingly divergent with time. Even though the morphology is still realistic, the

Figure 4.6: Morphology of Walsoorden with mud on top of the bed comparing field data and modelling results.
(a–f ) Field data bathymetry with vegetation and mud-rich classes for the years that biomorphological maps are
available. (g–l) Modelled bathymetry of Walsoorden with mud classes (fraction >40%, >50% and >90%) for
the top layer of the bed. (f,l) Red dots indicate field locations and red lines indicated the transects (Fig. 4.2).
Horizontal and vertical axes are RD-coordinates in kilometres.



Figure 4.7: Stratigraphic age: Left column (a,c,e,g), four transects based on a composite of bed profiles (LiDAR
+ DGPS) of nine years. Right column (b,d,f,h), same transects from the morphodynamic model. Colours indicate before which date the sediment was deposited going back to 1996. Grey areas are deposits of unknown
age deposited before 1996. Dotted lines are the bed elevations in that year. Dashed grey lines are mean low,
mean and mean high water level. Range of high and low water level is indicated by a light grey overlay as well.
Horizontal axis shows west-east RD-coordinates in kilometres.

model does not show the erosion of the south-eastern tip after  (Fig. .f compared to e)
and the north-north-eastern flood channel and small bar are not well represented (Fig. .).
Despite that the north-western tip is relatively stable like in the data, a small bar is growing
closely to the tip (Fig. .a) which is represented in the shoal size in Fig. .a.
The differences between the model and the field data are attributed to inaccuracies in sediment transport predictors and simplifications, but also largely due to ignoring human interference in the model, mainly dredging and dumping. In the larger model we observe
sill formation at the sill of Hansweert: here sand is deposited that in reality is an important
dredging location (Plancke et al., ). Without dredging, bars form in this location that
are normally dredged and influences the landward channel-shoal evolution (also observed
in van Dijk et al., a). Differences with reality in this location have large effects for the
spatial arrangement of channels and bars further into the estuary. This problem at the sill of
Hansweert was not dependent on initial bathymetry, since this was tested in model scenarios
with other initial bathymetries. Despite differences with the field data, the bar complex still
has a realistic morphology with natural slopes, channels and mud cover.


Figure 4.8: Lithology: Left column (a,c,e,g), four transects based on a composite of bed profiles (LiDAR + DGPS)
and biomorphological maps of nine years. Right column (b,d,f,h), modelled lithology of the same transects.
Colours indicate sedimentary stratigraphy: dark colours are mud and light colours are sand. Field cores are
plotted in front of the field cross-sections. Dotted lines are the bed elevations in that year. Dashed grey lines
are mean low, mean and mean high water level. Range of high and low water level is indicated by a light grey
overlay as well. Horizontal axis shows west-east RD-coordinates in kilometres.
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Figure 4.9: Cumulative, relative elevation distribution between -3 m NAP and the top of the shoal, i.e. hypsometry, for (a) field data, (b) the default model with mud and (c) a model without mud but otherwise same
conditions. All hypsometries are based on transect 4 (Fig. 4.2). Dashed grey lines are mean low, mean and mean
high water level. Range of high and low water level is indicated by a light grey overlay as well.



4.4.2 Spatial mud distribution
According to the field data, mud (and mud with vegetation) is mostly located on the southeastern side of the shoal (Fig. .a–f) at elevation above mean water level (+ m NAP, Fig. .a,
c and g). The mud flats continue along the northern side of the shoal. In  and  mud
spreads more towards the southwest side of the shoal. Since this only happens in these years,
this variation might also be related to cyclicity with periods shorter than a year (seasonal or
spring-neap) or storm conditions. Since all aerial photographs that were produced for these
maps were made during low water spring tide, but the dates vary by months, this is more
likely attributed to seasons than spring-neap cyclicity (Table C.).
The distribution of mud in the model is comparable to the field data (Fig. .g–l). The
mud initially settles on high elevations on the eastern side of the shoal, after which the mud
spreads to the middle of the shoal towards the west in the years –. The deposits in
the centre retreat again after this period (Fig. .j–l), but the deposits on the eastern side are
maintained throughout the model run, which is also visible in the field data (Fig. .).
Somewhat under represented with mud is the vegetated area on the northeast side
(Fig. .d–f compared to j–l). In the field we find a relatively thick mud layer within the
marsh, but according to the model mud does not settle in this place initially. This might be
because the roughness of the vegetation in the field, which is not in the model, stimulates
mud deposition in this location (Mudd et al., ). Even though it is one of the higher locations on the shoal, velocities are too high for mud to settle (Fig. .a). This suggests that
vegetation established itself before mud started to accumulate in this location in the field.
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Figure 4.10: (a–b) Shoal area above maximum low water level (-2.4 m) and (c–d) relative surface mud cover
based on fraction in the top of the bed on the shoal over time for the field data (a,c) and the model data (b,d).
Dashed grey lines correspond to the dates of the biomorphological maps. Note that at least a large fraction of
the vegetation grows on the mud.



Separating the mud cover of the field data in a vegetation class (with mud) and a solely mud
class, vegetation abundance increases on the shoal over time, while mudflat area decreases.
This is due to the elevation distribution of the shoal and how the elevation relates to velocity.
The hypsometry shows that the relative trend over time is a decrease in intertidal area and an
increase in high intertidal and supratidal area (Fig. .a). The total mud cover in the field is
lower than the modelled mud covered area, this is because the model calculates cover with the
mud fraction in the bed instead of simple present/non-present rules for mud in the field data.
Small percentages over the whole shoal are therefore included in the mud cover calculations,
while they would not be classified as mud from aerial observations or in the field.
Fig. .b indicates that there is a strong correlation between the maximum flow velocity
over a tidal cycle and the fraction of mud that is deposited in that location. If we study the relation between water level and velocity for three individual points on the shoal (with approximately similar height but different mud fraction in the bed), we observe that the highest velocities occur just after the point starts to get flooded and during ebb flow just after maximum
high water (ebb dominance, Fig. .a). These ebb velocities exceed the critical threshold for
erosion of sand, but not for mud for the most eastern point. This point indeed contains the
highest mud fraction in the bed.
The main occurrence of mud in the southeast may suggest that the mud is also mostly supplied from the southeast; however, mud deposits from the seaward/downstream boundary
dominate in the model (Fig. .d). Approximately – of the surface mud in the model
originates from the western, seaward supplied boundary (Fig. .d). The percentage is similar to the ratio of combined sand and mud deposition discussed earlier (). The ratio
of mud entering the domain during flood is about  m to  m during ebb, so 
of sediment entering the domain originates from the seaward boundary. Comparing these
percentages, there is a small preferential settling of mud from the western boundary indicated by the different mud deposition and inflow ratios. This can be explained by Fig. .e,
that shows that mud settles just after high water slack, when a lot of water and sediment just
entered the area from the western boundary. When mud enters the domain from the eastern
boundary, the water level is low and the flow is concentrated in the main channels.
Although the flow in the points on top of the shoal show mixed ebb-flood dominance,
on average the area of Walsoorden (region of interest) is flood dominant (Fig. .d and e).
With this region of interest, we mean the plot window in Fig. . between RD coordinates
,  and , , which are in meters. The peak velocities occur in the flood
phase, just before maximum high water (Fig. .e or b and d). In this period, the surface
area of mud decreases by ∼  compared to the maximum surface area of mud during ebb
just after high water slack (Fig. .e or a, b and d). These velocity fluctuations explain the
cyclicity observed in the mud on the scale of individual tidal cycles (Fig. .a and Fig. .d).
Although, it should be noted that the magnitude of the cyclicity is exaggerated in Fig. .d by
the morphological acceleration factor: the response of the morphology to the hydrodynamics
is faster due to the acceleration factor.
The total mud surface cover (including the vegetation class) doubles between the first two
maps of the field data (Fig. . and .b for –). Note that there is also a long time
interval between the maps that are available. After this peak the total mud cover gradually
decreases. This rapid increase is also visible in the model results for the same period. After
this strong increase in mud cover between  and  we observe a small, slow decrease.
It is interesting that this trend is captured in both the field data and the model, even though


the model uses a morphological acceleration factor and therefore only uses one year of water
level data. It was first hypothesised that the model first showed a yearly or seasonal trend,
but since the field data shows the same large-scale trend over  years, it is more likely that
this trend in the mud distribution is coupled to the morphological change rather than to
hydrodynamics. We attribute the increase in mud cover to the increase in shoal elevation
and the decrease to the narrowing of the shoal. In addition to the long-term trend, strong
spring-neap cyclicity is also observed in the model (Fig. .b and c), which could not be
observed in the field data due to low temporal resolution (Fig. .b and c), but has been
observed visually in field visits.
Since the modelled morphology becomes increasingly less comparable to the real bathymetry, we also run  short-term models with different initial bathymetries for shorter periods, but otherwise same conditions (, , ,  and ). These models were
run for  hydrodynamics days and  morphological years. They show an even better similarity of the mud deposits with the field data (Fig. .), because the underlying morphology is
more similar. These short-term runs also show an area of mud extending to the east over the
middle of the shoal between – and disappears after (Fig. .a–c, and Fig. .b–
c). Plus, they show a better representation of mud on the north-eastern side of the shoals
(Fig. .), which is not very well represented in the long-term model (Fig. .j–l). Conducting these short-term runs with different initial bathymetries also shows that the initial
bed concentration is not very important and the model predicts mud deposits well on different initial morphologies.

4.4.3 Mud in stratigraphy
Focusing on the vertical distribution of mud, we observe that most of the subsurface consists
of sand in the artificially built stratigraphy (Fig. .a, c, e and g), the cores (Fig. C.) and the
modelled stratigraphy (Fig. .b, d, f and h). From the model is calculated that only .
from the reworked sediment in the bed is mud in the area around Walsoorden. Only in the
intertidal regime some mud deposition starts to occur and only at elevations near the high
water level larger amounts of mud are found.
Based on the cores, we distinguish two types of mud layers: ) Drapes, thin layers of millimetres to a maximum of a few centimetres (Martinius and van den Berg, ); and )
Mudflats, thicker layers (> cm) that occur at the surface (Fig. C.). The two different
types of layers are associated with different deposition and preservation conditions.
The drapes, thinner layers of – mm, are found at a larger range of elevations compared to the thick layers, or mudflats. Our data of the thin mud drapes is exclusively from
the field data, since the layers are too detailed to be captured in the model stratigraphy. Diatom samples from these buried layers show large variations in origin (marine or brackish)
and functional group (benthic or planktonic) between these layers and suggest that they are
formed and preserved under different circumstances (Table. C.). On the one hand, samples
 and  from core  and  show high abundances in planktonic species over benthic species (Table. C.). Because we also find high foraminifera abundances and coarse grains in
these samples (and in one of the samples also broken shells), it is possible that these layers
were formed in storm events or during exceptional high spring tide. The planktonic diatoms
are transported to the location by strong marine influence. On the other hand, in samples
,  and  benthic species dominate (Table C.). Benthic species are unlikely to live in high


dynamic and subtidal areas, so the mud in these layers was probably deposited under more
calm conditions. This is certainly true for sample , where we also found root remnants;
however, sample  does not contain many diatoms in general. Combining this with the layering visible in the lacquer peels (Fig. .), we think this mud was rapidly buried by for example bedform migration. Sample  is specifically interesting, since this layer consists of clay
pebbles in the lacquer peel and is therefore a likely deposit of an older reworked clay layer
that was strongly cohesive. This is supported a high abundance of diatom fragments and
the find of a (sub)-aerophilous genus that is unlikely to occur in the wet tidal environment.
This genus is therefore presumably related to the environment in which the reworked clay
layer was formed, originating either from a much older clay layer deposited under different environmental conditions or from a layer more landward. These deposits are probably
also buried by bedform migration because there are deposited under an angle (number  in
Fig. .), most likely at the toe of a dune.
The thicker mud layers only occur at high intertidal elevations on top of the shoal, which
is observed consistently in the field data and the model. The deposits can be as thick as  m
(Fig. .b, f and h). From the coring it was observed that the thickest layers are generally associated with marsh vegetation in the field, however, the model shows that similar thicknesses
can be obtained without vegetation.
The thickness of the deposits on top of the shoal is a good representation of the amount
the shoal has increased in elevation. When we compare a model without mud supply to the
default model with mud supply, we observe a difference in elevation. Where the model with
mud accreted, the model with only sand has maintained its initial elevation (Fig. .b and c).
The increase in shoal elevation is therefore not forced by changing boundary hydrodynamics,
but only by mud settling on the high intertidal areas. When we transfer these insights to the
field data, which also shows an accreting shoal, we can conclude that this is also likely caused
by mud settling on the shoal. Other effects of mud on morphology are limited at this spatial
and temporal scale.

4.4.4 Sensitivity to mud parameters
Variables that were tested for sensitivity were mud supply concentration, settling velocity,
critical shear stress for mud erosion and the erosion parameter for mud. An increase (or
decrease) of  mg/L resulted in a much larger (smaller) mud covered area. However, the
main depositional locations are the same. This teaches us that the accumulation of mud is
partially limited by the sediment supply and not only by flood velocity.
A decrease in settling velocity from . mm/s to . mm/s (as in Winterwerp et al., )
results in limited mud deposits on the shoal. The bed concentration is rarely above . On
the other hand, increasing the settling velocity to  mm/s (as in van Kessel et al., ), results
in a larger spread of mud deposits, similar to increased mud supply concentrations. This
indicates that with different mud parameters the same spatial distribution of mud deposits
can be obtained.
An increase in the critical shear stress for mud erosion from . to  (as in van Rijn, )
has a very extreme effect on the model results. With these settings we observe large deposits on intertidal area around mean water level, while no mud deposits accumulate at high
intertidal area on top of the shoal. Another extreme result is generated by a lower erosion
parameters for mud, from  · − to  · − (as in van Kessel et al., ; van Ledden


Figure 4.11: Relations between velocity and mud fraction in the bed. (a) Velocity plotted against water level of
one tidal cycle in 2001 (close to time of the biomorphological map) for three points on the shoal indicated in (c).
These points are of similar elevation between 2.02 and 2.08 m and have low, average and high concentrations of
mud in the bed. Dotted lines indicate the critical threshold for erosion of sand and mud. (b) Maximum velocity
magnitude over a tidal cycle against minimum fraction of mud in the bed over a tidal cycle in 2001 for the whole
area plotted in subplot (c).

and Wang, ). With this lower erosion parameter most mud deposits occur in the main
channel south of the shoal. Both this higher critical shear stress and lower erosion parameter
show a complete mismatch with the deposits obtained from the field data and are therefore
determined to be unrealistic for this location, even though some papers were found that
mention these as realistic natural values.

4.5

Discussion

In the discussion we will first eleborate why mud deposits occur in certain locations and
compare these locations to other systems. Second, we will discuss the cyclicity of the mud
deposits that was observed in our modelling study. Third, the preservation of mud is analysed
and deposited sediment in general. Last, some implications of this study are mentioned on
vegetation development, shoal morphology and large-scale estuary development.

4.5.1 Mudflat formation
To summarise our main results on mudflat formation: mud deposition mainly occurs in
shallow water depths that lead to lower velocities. In addition, high bed elevations are only
inundated for a part of the tidal cycle, although the time window for mud deposition stays the
same (duration of high water slack). Mud on the shoal of Walsoorden is successfully trapped
on the river/landward side of the shoal, because here mud deposits are shielded from the
highest flow velocities that occur during flood (Fig. .a and .e). We expect that these
findings will be comparable to other shoals in sand dominant estuaries under flood-dominant
conditions. Small differences might occur under a larger influence of waves that might occur
closer to the mouth of the estuary or in systems with higher energy wind waves. In regards


Figure 4.12: Relations between velocity, water level and mud fraction in the bed for the whole area. (a) Total
amount of mud at the surface, (b) water level, (c) velocity magnitude and (d) U and V velocities over one tidal
cycle in 2001. U-velocity is the cross-channel velocity and V the along-channel velocity based on the grid orientation. (e) Picture summarising the relation between velocity, water level and surface mud area over one tidal
cycle. The red dot indicates the start of the tidal cycle. Note that v-velocity is plotted on the x-axes, because it
is the dominant flow direction as is shown in (d).

Figure 4.13: Six models with different initial bathymetries run for 4 year of morphodynamics and 75 days of
hydrodynamics. Modelled bathymetry of Walsoorden with mud at the surface (fraction >40%, >50%, >90%)
for the top layer of the bed. Horizontal and vertical axes are RD-coordinates in kilometres.



to the mud, we expect that we overestimate mud deposition by ignoring waves (de Vet et al.,
), but underestimate mud deposition by ignoring biota.
A similar mud distribution was found on top of the shoal named Paap in the Ems estuary
(van Straaten, ), which contains more mud than the Western Scheldt (van Maren et al.,
) and is therefore good to compare if our findings hold for muddier systems as well.
The middle and higher parts of the shoal shows higher fractions of – mud, while the
sides are sandy, – mud (Wiggers, ). In addition, sediment spatial samples from the
Rijkswaterstaat (,  m resolution of the whole Ems estuary from ) also indicate
a higher concentration of mud on the middle and higher part of the Hond-Paap shoal. It
should be noted that the channel on the southwest side of the shoal is filled with mud and
therefore samples towards the channel will be even muddier than on the shoal. These types
of filling deposits were not observed in the Western Scheldt model, but demonstrate another
mechanism of the formation of thick mud deposits in estuaries, ‘residual tidal channel mud
fills’, that have not been discussed yet.
In contrast to the shoal of Walsoorden, the Hond-Paap shoal in its current state does not
show the general correlation between mud and elevation. We think this is due to another
possible mechanism of mud deposition that does not occur in the Western Scheldt. We hypothesise that the current shoal has grown so large after the merge of the Hond and Paap
shoal ( km width and  km long,  km ) compared to the estuary size ( km ), namely
to more than  of the estuary width (de Jonge et al., ), that lateral sorting started to
occur on the bar similar to floodplain sedimentation, with fining away from the channel.
Sand settles relatively close to the shoal edge when water flows over the shoal and mud deposits in the centre that now in  also has a lower elevation than the edges of the shoal. A
shallow basin has developed in the middle of the shoal. We hypothesise that lateral sorting
might also be important for significantly larger shoals in the Western Scheldt, which would
require modelling with several mud fractions.

4.5.2 Cyclicity in mud deposits
The temporal resolution of the model allows us to observe cyclicity in the mud deposits on
the scale of individual tidal cycles and spring-neap cycles. Furthermore, we observe a longterm ( year) trend (rapid increase until  and then a small, slow decrease) in the model
and field data, which is therefore thought to be a long-term morphological trend instead of
a hydrodynamically forced trend. van der Wal et al. () observed seasonal cyclicity of
mud deposits in the Western Scheldt by remote sensing, although no seasonal effect on the
morphology was observed. The observations showed that mud coverage in summer is twice
as high as in winter and mud layers become . to  times thicker. Stabilisation effects can
increase the erosion threshold of mud with a factor up to  (Le Hir et al., ). However,
Le Hir et al. () also states that this only influences the initiation of erosion, because after
the thin biofilm is eroded the threshold for erosion will return to pure sediment erosion
thresholds. This reasoning helps to understand why van der Wal et al. () did not find
any seasonal effects on morphological change.
Our results do not show this cyclicity. We assume this is caused by more frequent and
higher local waves during storms in winter as opposed to mud stabilisation by biofilms (diatoms or bacteria) in spring and summer (Holland et al., ; Yallop et al., ). All these
effects are ignored in our model and therefore do not reproduce this seasonal cycle. Seasonal


cycles in boundary conditions is also not accounted for. However, for the purposes of this
study the lack of seasonality in the model is not problematic, because the seasonality in the
mud does not seem to cause seasonality in the morphology (Le Hir et al., ; van der Wal
et al., ) and therefore we do not expect these specific long-term effects of morphology
by seasonality.

4.5.3 Preservation of mud
As a result of sand-mud segregation in bar deposits, and estuary deposits in general, deposits
are found to be predictable and dominantly built of sand. This is in accordance with van de
Lageweg et al. (a) studying the whole stratigraphy of the fluvial to marine transition. van
de Lageweg et al. (a) also found the same mud/sand ratios in the bed of  compared
to . in this study. With simulated tides the deposits were homogeneous, while without
tides and only river discharge the deposits became very heterogeneous, even showing a trend
of coarsening upwards. On the other hand the tidal deposit show clear fining upwards, with
mud at the surface. Without tides the river-dominant system becomes more like a delta filling
an estuary-shaped basin.
In line with the field data, it proves difficult to preserve thick mud layers (> cm) in
the model stratigraphy below mean water level. Exceptional circumstances (very high water
levels with very high sand supply) are therefore necessary to bury mud layers that have been
accumulated over a longer period of time, like artificial sediment dumping or a large storm.
These processes have not been captured in the model, but have also not been observed in the
field data.
The field data did however show very thin mud drapes that were not captured in the model.
These drapes were found at a wide range of elevations and at locations with slightly higher energy conditions. In principle mud drapes can deposit every slack water, however the deposits
can only be preserved if they are either very rapidly covered by sand before the drapes are
eroded again, or if they are deposited in an area shielded from flow, e.g. trough of bedforms
or in pools during low tide (Martinius and van den Berg, ). It is expected that subtidal
environments contain more thin mud layers because they are subjected to two slack tides, so
two opportunities for mud to settle (Martinius and van den Berg, ). In addition, subtidal
environments are more energetic and therefore rapid dune migration can burry these slack
tide deposits or accumulate mud in the troughs (Martinius and van den Berg, ).
The diatom characteristics (amount, type and species) and lacquer peels show that the
mud drapes in the shoal are deposited and preserved under different accumulation rates,
hydrodynamics and preservation conditions. No clear indications of bedforms are visible in
the lacquer peels from which we could deduce flow strength, cyclicity or time.
The overall thickness of mud in the bed is only significant in the southwestern tip of the
shoal, up to  m thick (Fig. .). The volume of mud in the substrate is also significant in
places where there was a lot of deposition. Although no clear mud layers were distinguished
in the cross-sections, some mud is generally mixed into the sand during low flow conditions in combination with high sedimentation rates, due to numerical diffusion in the  cm
thick active layer and bed storage layers. Although no clear mud layers are formed, the total
amount of mud in areas where there was significant morphological change can still be large
up to a few decimetres in total when added together (Fig. .). In reality diffusion of mud



can also occur due to bioturbation, however, macro benthos generally do not occur during
rapid sedimentation.

4.5.4 General preservation potential
Estuaries are often considered to be very efficient sediment traps because they are generally
ebb dominant on – year time scales (van den Berg et al., ; de Haas et al., ).
On longer timescales (– ky), they have a high preservation potential because they often
develop in confined and deeply incised paleovalleys (Demarest and Kraft, ; Dalrymple et
al., ). In such settings the vertical accommodation space is relatively large and especially
sediments from the initial phases of the estuary are relatively well preserved (e.g. Peeters et al.,
). This is because these deposits formed under high sea-level rise, allowing; ) less time
for channels to rework the oldest deposits; and ) the erosive channel bases to rise quickly
above the oldest deposits. In younger estuaries formed over the last millennia, such as the
Western Scheldt, the stratigraphic record will mainly contain the relatively young deposits
within the estuary’s lifespan, because the channels have been growing, creating ever larger
channels reworking its initial stages (Pierik et al., ), while a relatively constant sea level
hampered stacking of deposits due to limited vertical accommodation space. The model
does not account for such long-term sea-level fluctuations, sediment supply or discharge that
change the tidal accommodation space (Tessier, ), which is reasonable for the decadal
time scale considered in this paper. On these time scales channel-shoal migration is the
dominant process that controls preservation potential.
The Western Scheldt shows large spatial and temporal variability in preservation depending on the depositional setting. Where channels migrate and new bars form, sedimentation
can be up to several meters per year, while the accretion on top of the shoal is in the order
of centimetres in a similar amount of time. The study of Billeaud et al. () also states the
large temporal variability, since one of their discovered channel fills is probably of a decadalcentennial scale, while more open coastal lagoons in the same tidal area include sequences of
millennia. Martinius and van den Berg () show many examples of lacquer peel transects
in the Rhine-Meuse-Scheldt system in which individual tidal bundles can be recognised. In
high energy environments deposition up to a few meters can occur by dunes in one tidal

Figure 4.14: Modelled
cumulative mud thickness per cell within
the region of interest.
Contour lines indicate
the elevation of the
shoal in 2016.
Horizontal and vertical axes
are RD-coordinates in
kilometres.
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Figure 4.15: Percentage of apparent preservation depended on observation interval. Preservation percentage
is calculated by comparing the cumulative sedimentation over all time steps to the sedimentation between the
first and final time step. (a) Preservation of the long-term model of twenty years, and (b) preservation of the
model of one tidal cycle.

cycle, leaving detailed sedimentary architecture behind if preserved (Martinius and van den
Berg, ). Other lacquer peels of low energy environments in the same system show thin
laminated sequences deposited in abandoned channels of much longer timescales (Martinius
and van den Berg, ).
When focussing on the shoal sedimentation scale, the results of the model show that over
 years . ·  m  sediment was deposited in the region of interest (ignoring erosion) of
which  was eroded again after deposition, using an observational time step of one day.
In other words, when comparing the differences in sedimentation between the starting point
and the end results and compare that to a cumulative sum of sedimentation every day over
the model run, only  of the sediment is still present at the end of the model. We quantify
this as preservation. However, in reality, this percentage significantly overestimates the real
preservation, since we calculated sedimentation with an observational time interval of a day,
instead of the calculation time step in the model. In reality, much deposition and erosion
occurs within one day, which is two tidal cycles, that we now do not account for in our calculations. The estimation of preservation is therefore dependent on the time interval that
one uses to study preservation (Fig. .). When looking at a separate run of one tidal cycle
with the storage interval of the time step used in the model (. min), the preservation after
one tidal cycle is only  (Fig. .). This insight is a big step forward in understanding
the classical problem of time and preservation in geological data. Unlike for rivers, preservation potential cannot be calculated from sedimentation relative to the influx of sediment,
since we are dealing with tidal flow reworking the sediment on a daily basis and are using a
morphological acceleration factor, creating a mismatch between the depositional volume of
sediment and the actual bed level change. Vice versa, the estuarine geological record cannot
be directly used to estimate sediment fluxes or SPM concentrations, as constant sediment
recycling occurs on very short timescales.

4.5.5 Implications on shoal morphology, marsh vegetation and geology
The largest influence of mud on the morphology was increased shoal accretion. Mud increases the elevation of the shoal by depositing at high intertidal elevations where sand is
hardly transported anymore (as in Braat et al., ; Braat et al., ). These deposits fill
the area between mean water level and high water level, which reduces the flow over the


shoal. The reduction of flow over the shoal has implications for vegetation settlement and
the rest of the estuary.
Firstly, the filling and reduction of flow over the shoal increases resistance for the tide
propagating through the estuary. As a consequence this can lead to local tidal prism reduction (Braat et al., ). However, this was not observed in the data, because it is masked by
the effect of channel deepening. Secondly, flow reduction over the shoal leads to a reduction
in small tidal channels forming on top of the shoal. Because these channels occur less often
and are less big, the bar becomes more stable and is less likely to be split by cross-cutting
channels. Thirdly, because the bar elevation increases, the opportunities for marsh formation on top of the shoal increases. Vegetation species will be inundated less and seeds will
establish easier due to lower flow velocities (Bouma et al., ; Cao et al., ). This reasoning suggests that mud deposition always occurs before vegetation establishment; however,
on some locations of the shoal the mud deposits were not well reproduced, because in reality
these were locations where vegetation settlement likely occurred before mud accumulation.
More research is required that includes vegetation to definitively prove these hypotheses and
interpretations on a small scale. On a larger scale, the modelling study of Lokhorst et al.
() has already shown that vegetation follows mud accumulation and that the vegetation
enhances mud settling.
Understanding the spatial and vertical distribution of mud layers will improve future modelling studies of estuaries. This study gives a methodology to account for mud and a range of
parameters that can be used to obtain realistic results that are verified with field data. Especially for the Western Scheldt and estuaries similar to the Western Scheldt, it is shown that
although the total volume of mud in the bed is very small ( of the sediment), it has significant effects on shoal elevation, ecological areas and the sediment balance. The successful
modelling of these mud deposits will also allow assessment of possible effects of changes in
tidal range, freshwater influx from the river and from precipitation and sea level rise under
increasing climate change and human interference.
In addition we believe that the stratigraphy created from the field data and by the model is a
significant improvement for subsurface models of such dynamic areas in estuaries, in particular because this study provides more detail than current large-scale models based on sparse
core interpolation which is not designed for currently active systems (e.g. GEOTOP, TNO).
Such more detailed information on the occurrence and preservation of mud is important
for reservoir modelling, permeability of the substrate and ecosystem development. Furthermore, the study provides a better understanding of the processes that control deposition and
preservation, which can be especially helpful for geological and ecological studies.

4.6

Conclusions

The aim of this study was to better understand; () the location and the conditions of mud deposition; () how mud layers are preserved in the stratigraphy; and () what the implications
are for the morphodynamics of the estuary. All to better understand how formative conditions of mud flats effect the preservation potential and estuary morphology. We showed that
the locations of mud deposits are mainly determined by a combination of elevation and flow
pattern and velocity. High-intertidal areas that are shielded from high (flood) velocities dur-



ing high water form optimal conditions in high energy systems for mud deposition. Most
mud that has deposited in the model originated from the seaward boundary.
Only limited mud is preserved in deeper stratigraphic layers. We distinguished two types
of mud deposits that are associated with different locations and processes: ) Mudflats, thick
(> cm) mud deposits on top of the shoal that are formed by slow accumulation over time;
and ) mud-drapes, thin (millimetres to centimetres) thick deposits that form and preserve
more rapidly at a wider range of elevations. The thin layers have negligible influence on the
morphology while the thick layers increase shoal elevation. An in increase in shoal elevation
is likely to stimulate marsh growth on the shoal, reduce cross-cutting by small tidal channels
and reduce tidal prism.
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Chapter 5 | Controls on mud distribution
and architecture along the
fluvial-to-marine transition
The interaction of marine (tides and waves) and fluvial processes determines the
sedimentary fill of coastal systems in the fluvial-to-marine (FTM) transition zone.
Despite frequent recognition of tidal and wave influence in modern and ancient
systems, our understanding of the relative importance of marine processes and
their impact on mud deposition and reservoir architecture is limited. This study
combined subsurface field observations and numerical simulations to investigate
the relative importance of river flow, tides, waves, and mud input in governing the
sedimentary fill in funnel-shaped basins along the FTM transition. Model simulations show a self-forming bar-built estuary with dynamic channels and sandy bars
flanked by mud flats, which is in agreement with trends observed in nature. From
three-dimensional virtual sedimentary successions, statistical tendencies for mud
distribution and thickness were derived for the spectrum of marine and fluvial processes, and these values provide quantitative information on the net-to-gross ratio
and mud architecture. The relative influence of marine and fluvial processes leads
to a predictable facies organization and architecture, with muddier and more heterogeneous sediments toward the flanks. For the first time, our simulations allow the sedimentary fill in basins along the FTM transition to be related explicitly
to hydrodynamic conditions, providing new insights into the morphosedimentary
evolution of coastal systems, with implications for sequence stratigraphy.
Published as: van de Lageweg, W. I., Braat, L., Parsons, D. R., and Kleinhans, M. G. (). Controls on mud distribution and architecture along the fluvial-to-marine transition. Geology , , –. DOI: ./G..

5.1

Introduction

The fluvial-to-marine (FTM) transition represents one of the most dynamic environments
on Earth. Driven by the combined actions of river flow, tidal currents, and waves, this zone is
characterized by a continuously evolving morphology with strong gradients in flow, salinity,
and sediment concentrations, and a host of chemical and biological processes (Dalrymple
and Choi, ). Following Dalrymple and Choi (), the FTM transition is here defined
as a zone from a unidirectional river boundary through a mixed-energy region to a fully marine ocean boundary. Depositional environments along the FTM transition such as deltas
and estuaries are prominent features in sequence stratigraphic analyses (Dalrymple et al.,
; MacEachern and Pemberton, ), and their ancient deposits host some of the world’s
largest hydrocarbon resources, such as the Lower Cretaceous Athabasca Oil Sands Wightman
and Pemberton (Canada; ). The relative influence of river flow, waves, and tidal currents
determines the type of delta (Galloway, ) or estuary and has important sedimentological
consequences. Estuaries differ from deltas in receiving sediment from both fluvial and marine sources (Dalrymple et al., ). Two distinct estuarine facies models have been identified to describe the sedimentary fill of confined basins resulting from the interaction of


marine and fluvial processes (Dalrymple et al., ). First, wave-dominated estuaries typically show a tripartite zonation with a sandy barrier at the mouth and a sandy bayhead delta
at the head. In the central, low-energy part of the estuary, fine-grained muds accumulate in
a lagoon environment. Second, tide-dominated estuaries have a less pronounced tripartite
facies distribution because tidal energy penetrates further than wave energy, and sands can
therefore be found in tidal channels along the length of the estuary. These basins are dominantly built of sand with muddy sediments primarily in tidal flats and marshes along the flanks.
The two end-member facies models are intergradational due to local factors such as the relative strengths of the fluvial, tidal, and wave forcing mechanisms, sediment availability, and
valley shape (Dalrymple et al., ). Wave-dominated sedimentary features are commonly
preserved within tide-dominated estuarine sequences and vice-versa (Tessier, ).
A quantitative understanding of mud deposit thickness, the distribution of muddy sediments, and the ways in which it changes with forcing is currently lacking. Mud layers are potential barriers to subsurface flow, and therefore quantitative information on their thickness
and distribution is crucial in the development of reliable reservoir models (Burton and Wood,
). Here, we present the results of subsurface field observations and a series of numerical
simulations for a range of conditions in wave- and tide-influenced funnel-shaped basins to
provide statistics on mud thickness distribution. Specifically, we aimed to () quantify mud
layer thickness and distribution in the Scheldt estuary across the late Holocene; () generate
three-dimensional (-D) virtual sedimentary successions quantifying spatial trends in mud
deposition and preservation; () evaluate the impact of river flow, waves, tides, and mud
supply on mud thickness and distribution; and () explore linkages between formative conditions and the resultant morphosedimentary expression along the FTM transition.

5.2

Approach

The Scheldt estuary in southwestern Netherlands provides an example of an estuary driven
by the combined actions of river flow, tides, waves, and mud supply (van Kessel et al., ),
and it was selected for its unique availability of high-quality subsurface data (Fig. .). Cores
from the Scheldt estuary were accessed through the DINO (Data and Information on the
Dutch Subsurface) portal (https://www.dinoloket.nl/en), a high-density subsurface data set
containing information on stratigraphy and lithology. A subselection of  cores fell within
the modern Scheldt estuary region of interest, which was reduced to  cores incorporating
late Holocene (NaWa Formation) deposits. Within these late Holocene deposits, which integrate a variety of coastal depositional environments along the FTM transition (Vos, ),
 cores contained clay deposits. Clay (diameter [D] <  μm) deposits within the DINO
data set are defined as layers consisting of at least  clay, indicating that these layers can
also contain silt and sand. The average core thickness of the  cores was . m, with an
average layer thickness of . m, following standardized interpretation for inclusion in the
DINO portal. Because only  of the layers were thinner than . m, we focused on the
thicker (>. m) clay layers, in agreement with our aim to quantify the large-scale trends in
thickness and distribution of clay deposits along the FTM transition.
We applied the state-of-the-art, open-source modeling package DelftD, version ..
(Lesser et al., ), to systematically examine the effects of river flow, tides, waves, and
mud supply on the structure of sedimentary fill within idealized basins along the FTM transition. The model domain was  ×  km, consisting of a  ×  km ocean and a funnel
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19.4 m, with an average layer thickness of 1.05 m, following standardized interpretation for inclusion in the DINO portal. Because only 10% of
the layers were thinner than 0.14 m, we focused on the thicker (>0.1 m)
clay layers, in agreement with our aim to quantify the large-scale trends
in thickness and distribution of clay deposits along the FTM transition.
We applied the state-of-the-art, open-source modeling package Delft3D,
version 4.01.00 (Lesser et al., 2004), to systematically examine the effects
of river flow, tides, waves, and mud supply on the structure of sedimentary
fill within idealized basins along the FTM transition. The model domain
was 30 × 15 km, consisting of a 10 × 15 km ocean and a funnel-shaped


basin with a headward exponential decrease in width (Savenije, 2015) and
a depositional slope of 0.0002. The focus of our analyses was the preserved
sedimentary fill within the funnel-shaped basin (i.e., excluding the ebb-tidal
delta) as a function of river flow (0–100 m3/s; 0.25–3000 m3/s for temperate
estuaries; Prandle et al., 2005), tidal range (0–3 m; mesotidal, decreasing
into the basin, i.e., a hyposynchronous basin), wave height (Hsig) of 0.7 m,
with a wave period (Tpeak) of 6 s, coast-normal; low wave energy; Wright
and Short, 1984), mud source (marine or fluvial), mud input (0–50 mg/L;
32 mg/L observed mean value in Dovey estuary, Wales, UK; Braat et al.,
2017), and a constant sea level. Based on the relative intensity of river, tide,
and wave processes, all simulations can be considered mixed-energy coastal
systems (Dalrymple et al., 1992), except for Run021 with river flow only.
Cohesive sediment, i.e., mud, is defined as a mixture of the clay and
silt fractions. The cohesive nature causes complex processes affecting
the erosion and deposition of sediments, requiring the bed composition
to be incorporated in morphological predictions of mixed sediments (van
Kessel et al., 2011). The Engelund and Hansen (1967) equation was used
to calculate sediment transport for the noncohesive sand (median diameter [D50] = 300 µm) beds, while the Partheniades-Krone formulation
(Partheniades, 1965) was applied to describe the interactive mud and
sand fluxes for cohesive beds. Note that we use clay only when referring
to the Scheldt data set and mud in all other cases. Simulation duration
(5 hydrodynamic years using a morphological time-scale factor of 400
[Roelvink, 2006], nominally equivalent to a scaled period of 2000 yr of
bar deposits) was sufficient for a dynamic landscape to evolve, with bars
similar in size to those found in natural confined basins (Leuven et al.,
2016). Additional details of model setup and approach with analyses of
the hydrodynamics, sediment transport, and morphodynamic evolution
of all simulations have been described by Braat et al. (2017).
Sequential digital elevation models (DEMs) of the bar and channel
morphology were used to generate a virtual stratigraphic record following

>50%) was composed of mud. Integration of all individual virtual cores
resulted in 3-D virtual stratigraphic successions for all model scenarios,
which were then quantitatively compared using probability distributions,
maps, and cross sections.
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graphic successions for all model scenarios, which were then quantitatively compared using
probability distributions, maps, and cross sections.

5.3

Results and Discussions

5.3.1 Scheldt Estuary
The Scheldt estuary is dominantly built of sand, with clay deposits representing ∼ of the
total sediment volume (Table .), which is consistent with Scheldt surface observations of
muddy sediments (van Maldegem et al., ). Clay layers have an average thickness of
. m in the Scheldt estuary (Fig. .A), with a distribution skewed toward thinner layers
(Fig. .B). Fifty percent () of the clay layers are thinner than . m ,and  of the
layers have a thickness between . m and . m (Table .). The clay deposits are typically
() stacked into a single layer toward the top of some cores. Spatially, clay-layer thickness
increases toward the mouth (Fig. .A; on average, from . m near the head to . m near
the mouth; see also Item DR in the GSA Data Repository) as well as toward the flanks of
the estuary, where the clay is stored in mud flats (Fig. .C).

5.3.2 Numerical Simulations
The default run shows a self-confining bar-built basin fill with dynamic channels and sandy
bars flanked by mud flats (Fig. .). These morphosedimentary trends are consistent with the
aforementioned observations from the Scheldt estuary and facies zonation for tide-dominated
estuaries (Dalrymple et al., ). Bars are generally between  m and  m in thickness and
tend to thicken toward the mouth due to an increase in accommodation space (Fig. .).
The basin fill is dominantly composed of sand (Table .; ), with mud primarily stored
in mud flats toward the flanks (Fig. .A). Fifty percent () of the mud layers are thinner
than . m (Fig. .C), and  of the layers have a thickness between . m and . m
(Fig. .; Table .). The mud deposits are typically () stacked into a single layer toward
the top of the cores, in agreement with Scheldt observations and consistent with previous
studies of the fluvio-tidal transition (Dashtgard and La Croix, ).
The amount of mud supply has significant effects on the shape of the basin (Fig. .) and
the thickness and distribution of mud deposits (Table .). In the absence of mud, bank
stability is limited, resulting in a wider basin with more parallel channels and bars of lower
Table 5.1: Descriptive statistics of mud deposition in the Scheldt Estuary and numerical simulations.
Model ID
Run001
Run002
Run003
Run004
Run008
Run009
Run010
Run021
Run025
Run029



Scheldt estuary
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the mouth, which is consistent with FTM mud trends observed along the lower Fraser River
(Dashtgard and La Croix, ).
River flow, tides, and waves have different effects on mud thickness and distribution. More
and larger mud flats are formed for a higher river flow, although the mud thickness statistics remain similar (Table .). Tidal amplitude also affects mud-flat size but not mud-layer
thickness. With lower tidal amplitudes, intertidal area is smaller, limiting the space for mud
flats, while higher tidal flow velocities resulting from higher tidal amplitudes prevent deposition of mud. Importantly, our simulations show that the relative strength of tidal and fluvial
currents determines the style of the sedimentary fill as well as the distribution of mud within
the basin (Figs. .A and .B). For more river-dominated basins, higher river flow results in
stronger tidal damping (Horrevoets et al., ), reducing the tidal prism and tidal velocity.
As a consequence, river sediment discharge fills up the basin through a deltaic coarseningupward succession with mud at the base (item DR). Such a sedimentary succession is
consistent with observations from modern and ancient river-dominated prograding deltas
(Dalrymple et al., ; Allen and Posamentier, ). Waves cause a widening of the mouth
and limit the deposition of mud due to higher tidal flood flow velocities. Consequently, mud
flats are deposited  km farther headward, although the reservoir is sandier compared to the
run without waves, and the preserved mud layers are thinner (Table .).
Our simulations indicate statistical tendencies in the spatial distribution of sand and mud
deposits as a function of the interaction between fluvial and marine processes, and they
provide quantification of the resultant mud architecture. River-dominated basins generate
deltaic sedimentary successions with a heterogeneous and muddier architecture toward the
mouth, leading to increased compartmentalization (Fig. .B). Tides tend to separate sandy
and muddy facies and primarily store mud in flats along the flanks of the basin (Fig. .A).
The addition of low-energy fair-weather waves is insufficient to form a wave-built barrier, but
it prevents mud deposition in the mouth region, resulting in a sandier reservoir (Table .)
with mud flats restricted toward the head. Notably, our simulations show that similar reservoir bulk properties can be obtained for different hydrodynamic conditions and combinations (Table .). This model outcome implies that bulk properties are insufficient to characterize reservoir architecture, and spatially explicit methods as shown in this study are required to provide accurate solutions. Furthermore, our simulations indicate that a higher
river flow or larger mud input leads to self-confinement and fill of the basin that can trans

form an estuary into a delta, even in the absence of sea-level rise (Dalrymple et al., ; Boyd
et al., ). This finding demonstrates that a change in mud supply or hydrodynamic conditions can result in distinctly different morphosedimentary expressions, highlighting the
need for and potential of process-based models to further our quantitative understanding of
the FTM transition.

5.4

Conclusion

Our study quantifies the importance of river flow, waves, tides, and mud supply in shaping
the geometry and sedimentary architecture of funnel-shaped basins along the FTM
transition. Three-dimensional modeled stratigraphic successions show formation of a
self-confining bar-built basin fill with dynamic channels and sandy bars flanked by mud flats.
Obtained statistics provide quantification of mud thickness and distribution in a coastal system. The relative influence of fluvial and marine processes leads to a predictable variation
in facies characteristics and stratigraphic organization, with a muddier and more compartmentalized architecture toward the mouth and flanks, consistent with subsurface observations made in the Scheldt estuary. A key finding of our simulations is the roles of mud supply
and hydrodynamic conditions in the development of coastal systems, i.e., potentially transforming estuaries into deltas in the absence of a change in sea level, which has implications
for sequence-stratigraphy studies. With virtually unlimited exposure in three dimensions,
a spatial link between the spectrum of flow conditions and resultant mud architecture was
established, highlighting the key role that process-based models can play in predicting the
sedimentary fill along the FTM transition.
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Chapter 6 | Synthesis
The main objective of this thesis was to better understand the effect of mud on the morphology and evolution of estuaries. This objective was subdivided into three parts:
. better understand the spatial patterns and processes of mud deposition
. understand the relation between mud deposition and preservation up to millennial
time scales in the stratigraphic record
. determine the influence of mud on estuary morphology
The secondary objective of the project was to explore how these processes can be simulated
in a model environment, both physical and numerical. These aims have been discussed in
the previous chapters. In this chapter, the findings of the different studies and methodologies
are combined. I will first discuss the most important discoveries, after which I will discuss
the modelling advances that were made and present my new, modified view of a generalised
estuary with mud.

6.1

A three-dimensional understanding of mud deposits

6.1.1 Spatial distribution of mud
Not many measurements exist of mud in and on the bed of estuaries. For example, for the
Western Scheldt in the Netherlands, one of the most well-studied estuaries in the world,
only one dataset exists with bottom samples that cover the whole estuary (McLaren, ).
Because of the lack of data, it was important to first understand where mud deposits form
before we could understand their effects on estuary morphology.
This thesis shows that mud deposits occur mostly at intertidal elevations. This leads to
mudflats fringing the estuary and mud deposits on top of shoals. In general, the extent of
mud deposit increases in the landward/upstream direction of the estuary. Due to higher
sediment dynamics and flow velocities towards the mouth, mud deposits less easily in this
direction. Coastal waves contribute to this and prevent the formation of muddy coastlines.
This along estuary trend is regardless of the source of the sediment, either marine or fluvial
mud. These results from numerical and physical models are similar to our findings from
the limited available field data (McLaren, ; Rijkswaterstaat, ; Rijkswaterstaat, )
and are similar to estuary facies models (Allen, ; Dalrymple et al., ; Dalrymple and
Choi, ; Davis Jr, ), but they provide more detail and a better understanding about
the underlying mud erosion and deposition processes.
Typical locations of mudflat deposition do not depend on supply concentrations, river
discharge and tidal amplitude. However, more, larger and thicker mudflats do occur with
higher mud supply (chapter , chapter  and chapter ) and river discharge (chapter ), which
determines the supplied fluvial volume of mud. Interestingly, an optimum exists in mudflat
expansion in relation to tidal amplitude. For low tidal amplitudes, only limited intertidal
area is formed on which mudflats can form, while for high tidal amplitudes higher velocities
prevent deposition (chapter ). The right balance between low enough velocities and large


enough intertidal area resulting from meso-tidal amplitudes, in self-formed alluvial estuaries,
creates the optimum in mudflat extend.
The reason we find mud deposits in certain locations is that the combination of bed elevation, velocity magnitude and flow direction leads to mud deposition (chapter ). Mud only
accumulates under near-zero flow velocities, which occurs during slack tide. Mud that deposits during low water slack is quickly re-suspended during the following flood. Only mud
that deposits during high water slack has the potential to be preserved because these areas
do not experience the strongest velocities. Especially deposits that form during high water
slack that are dry during peak ebb velocities. The direction of the flow also has a large effect
on deposition, because areas shielded from the peak velocities can accumulate more quickly
(chapter ). For example, abandoned channels, fringing flats in bends and sides of shoals
that are in the shadow of the dominant peak velocities. Above shoals the tide is generally
flood-dominant, meaning that mud deposits occur dominantly on the landward side of the
shoal.

6.1.2 Estuary stratigraphy
In chapter  we distinguished two types of mud deposits. Very thin (< cm) mud drapes and
very thick (> cm) beds. These thin beds were observed in the cores obtained from the field
at a wide range of elevations. However, they have a limited effect on the morphodynamics
due to their small thickness. The very thick deposits are found at the surface at intertidal
elevations and are rarely buried by sand. Morphologically, they would be defined as mudflats. It is important to realise that although a large portion of the estuary surface might be
muddy (Western Scheldt: ∼), it is likely that only a small percentage of the estuary sediment volume consists of mud (Western Scheldt: ∼; chapter  and chapter ). These thick
deposits at the surface are the layers that have significant effects on the morphology of the
system. The thickness of mud deposits increases towards the sides of the estuary and in the
downstream/seaward direction (chapter ), even though the relative cover increases in the
upstream direction. The increase in seaward direction is due to the larger accommodation
space as a consequence on the increase in tidal range in this direction.
Although it was not discussed in chapter  the D sedimentology of the physical experiments was also determined (Fig. .). Cross-sections were cut after the experiments were
finished (Fig. .a), but they were also reconstructed (Fig. .b and c) from the time series
of DEMs and mud maps of which chapter  shows an example. The latter was useful because
some cross-sections were visually hard to interpret due to the compacted information stored
in only a few centimetres (Fig. .a). The stratigraphic results from the experiment confirm
our findings based on the numerical models, with the only difference that more muddy channel fills are observed. It is assumed that this is simply due to the larger amount of mud and
larger dynamics in the experiment, creating more possibilities for muddy channel fills.
Other research has shown that compacted mud layers deep in the bed can affect estuary
morphology at a large scale, especially by constraining channel depth (Pierik et al., ).
When strong layers occur in the bed the channel cannot increase in depth and as a result,
the estuary widens in these locations, affecting the large-scale estuary planform. However,
the formation of these deep muddy layers was not observed in the experiments and model
runs, because the prominent mud layers develop at intertidal elevations. These strongly compacted layers are not from estuarine origin but for example glacial (Pierik et al., ). In this


Figure 6.1: Cross section at 8 m from the river input of the experiment with high fluvial mud supply. a) Photography of the cross section, b) age and c) sedimentology of the cross section based on time series of DEMs and
mud maps.

sense, deeper compacted mud layers, such as those formed in the early Holocene below the
Eems-Dollard estuary, act as a geological constraint formed before the estuary was active, in
contrast to a self-formed constraint developed as part of the estuarine processes.

6.2

Effect of mud on estuary morphology and evolution

Although no formation of deep clay layers was observed, the significant mud deposits at the
surface affect the estuary morphology in several ways. The previous chapters have shown effects on large-scale morphology like; estuary shape, dynamics and bed elevation, specifically
tidal bar elevation. In this section, these effects on morphology are discussed separately, for
which the knowledge is combined from the different chapters from experiments and numerical modelling.

6.2.1 Effect of reduced erosion rates of deposited mud
On the one hand, due to the cohesiveness, mud has a higher critical shear stress for erosion
than sand. This makes mudflats more difficult to erode than sandy regions and stabilises
intertidal areas. On the other hand, the mud on top of intertidal areas has a limited effect on
bank erosion rate by migrating channels, because of its limited thickness relative to channel
depth. Even if the bank erosion rate is not affected, however, mud layers lead to different
bank erosion processes. Due to the cohesive layer on top, channel banks become steeper
and transverse erosion is dominated by undercutting and small collapses in contrast to the
smooth, gradual migration for sand (Rinaldi and Darby, ). Indeed, preferential erosion
of sand is observed from underneath the cohesive layer in experiments, leading to these steep
margins (Fig. .). In contrast to erosion by flow over more gentle slopes, no difference was
observed in bank erosion rates with and without mud (chapter ). Bank erosion tests by the
Friedkin () method show that transverse erosion rate is not influenced by a mud layer on
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top (chapter ), because the blocks of sediment from the collapses are immediately removed
due to excess basal capacity (Kleinhans et al., a; Rinaldi and Darby, ). Transport in
the channel is so large that a different type of erosion does not affect the erosion rate.

6.2.2 Shoal accretion by mud
All results from physical experiments, numerical modelling and field data show consistently
that significant shoal accretion occurs due to mud deposition. Typical shoals formed by sand
have a maximum elevation up to the mean water level (also in Leuven et al., ) because
low flow velocities in shallow water depths over the shoals above mean water level are not
sufficiently strong for sand transport. However, mud is more easily transported and can
deposit on top of shoals under low flow velocities. With mud, shoal elevation can therefore
increase from mean water level up to supratidal elevations. We hypothesise that this effect
will not only occur with mud in the system but is probably dependent on grain size and
settling velocity in general, rather than the cohesive properties. Therefore, these results lead
to the formulation of a new hypothesis that tidal bar elevation is dependent on grain size,
with smaller grain sizes resulting in higher elevations. This hypothesis will need to be tested
in the future by testing a range of grain sizes in numerical models.

6.2.3 Tidal prism reduction by filling mechanism
Due to the increase in elevation of the intertidal areas, mud has a filling effect. As the crosssectional area between low water and high water is reduced, less water can enter the estuary
during flood, reducing the tidal prism (chapter ). This effect is strongest in the upstream


part of the estuary, where relatively more mud deposits formed. So even though the effect
on the total tidal prism might be small, the relative effect locally in the upstream reaches is
large. With a decrease in tidal prism, flow velocities and sediment transport also decrease,
reducing the morphodynamics in the entire estuary.
In addition to the filling mechanism, observations show that tidal range decreases with
increased mud deposits further into the estuary. A reduction in tidal range further reduces
the tidal prism. We hypothesise that the decrease in tidal range, and therefore maximum high
water level, is caused by increased friction due to the filling mechanism and the development
of more complex bars and channels. The estuary became more hyposynchronous: the friction
with the bed increases and the convergence is less strong, leading to a stronger decrease in
tidal range towards the tidal limit (Dalrymple and Choi, ). These effects amplify each
other, which results in a positive feedback loop. The existence of the mechanism suggests,
that all estuaries eventually fill up, which is consistent with the development of Holocene
tidal systems on the North Sea coast (de Haas et al., ).

6.2.4 Confinement of the estuary
The largest effect of mud on large-scale morphology is the process of self-confinement of the
entire estuary. Due to mud deposition on the fringes of the estuary, the banks of the estuary
become more resistant against erosion due to the increased critical shear stress and the tidal
prism is decreased by the filling mechanism. Overall, the confinement leads to narrower and
smaller estuaries in surface area and volume compared to estuaries with the same boundary
conditions except for the mud supply. This effect is particularly important in estuaries on
coastal plains and in deltas, where hard rock is absent.
Fully developed self-formed estuaries may have an exponentially shaped, converging channel flanked by bars associated with quasi-periodic fluctuations in width (Leuven et al., c).
An exponential shape is a generalised accepted planform shape for estuaries (Lanzoni and
Seminara, ; Savenije, ). The periodic widening in this exponential shape was found
to correlate with locations where bars occur Leuven et al. (c). These widened reaches
are then also locations with more intertidal area and therefore mud deposits. Slight periodic
fluctuations in mudflat width along the estuary are therefore also expected.

6.2.5 Decreased dynamics
Mud deposits in estuaries decrease the large-scale estuarine morphodynamics considerably.
Channel migration rates decrease and bar splitting and merging related to chute cut-offs and
avulsions are also reduced in frequency. Numerical and physical model results (chapter 
and chapter ) showed that channels stay longer in one place with increasing mud supply
and show less and slower movement. Similar trends are found for absolute bed level changes,
which is another expression of the collective morphological change of channels and bars in
the estuary. In addition, for growing systems, the total sediment export out of the estuary is
smaller with mud.



6.3

Implication for salt marsh formation

An increase in shoal elevation by mud deposition has an important implication for vegetation settlement and therefore salt marsh formation. Higher elevated areas can be locations
where pioneer marsh vegetation has windows of opportunity for settling due to the lower inundation rates (Fig. .; Dijkema, ; Cao et al., ; de Haas et al., ; Schwarz et al.,
). Salt marshes are important ecosystems for a variety of species, but can also contribute to coastal protection, for instance by damping wave attack on dikes (Temmerman et al.,
).
The main question about the relation between mudflat formation and salt marsh development is whether mud is necessary for vegetation settling, or the other way around, or both.
It is shown in this thesis that mud deposition patterns can be well reproduced without incorporating vegetation in the model, but the coincidence in location shows that mud is likely
to contribute to marsh development. Clearly, vegetation is not essential for mud deposition.
The remaining question is whether vegetation can develop without mud.
In addition, the precise interactions between vegetation and mud and their strengths are
not yet completely understood, because mud and vegetation have mostly been studied separately. As discussed earlier, the thickness of the cohesive bank top only partly limits bank
erosion rate because the non-cohesive underlying sand can be removed at capacity. Vegetation and mud might settle in the same locations and therefore additional strengthening
effects might be limited. However, the increased mud settling due to vegetation-induced
roughness might also be very intense and might lead to more vegetation settling and reduce
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the effective width of the estuary. Novel research has shown that mud and vegetation both
enhance each other: vegetation-induced roughness enhances mud deposition and mud deposition also stimulates vegetation settling by shoal accretion (e.g. Lokhorst et al., ).
Further investigation of this subject is part of our future work.
Vegetation might not only enhance mud deposition by roughness but can also create additional cohesion (e.g. Tal and Paola, ). Roots (Pollen-Bankhead and Simon, ) and
extracellular polymeric substances (EPS) (Parsons et al., ; van de Lageweg et al., b)
can have a similar stabilising effect as mud. It is still unclear how strong this effect might be
in comparison to the roughness effect.

6.4

The analogy between rivers and estuaries: equilibrium pattern and
threshold channels

Meandering rivers are kept narrow due to cohesive floodplain formation in contrast to braided
rivers, which determines the bar patterns that form in the channel (Tal and Paola, ;
Kleinhans, ; van Dijk et al., ; Schuurman et al., ). The modelling results in this
thesis show that mud confines estuary width, in a similar manner in which river channels are
confined in width by their self-formed floodplains. In this sense, mudflat and marsh formation on the sides of estuaries is comparable to floodplain formation in their development
and effects. However, there are some important differences.
In contrast to rivers, the potential water volume that can enter the system is unlimited
because it is almost completely supplied from the sea. This means that the hydraulic geometry
of estuaries is unconstrained. The morphology in estuaries does not directly adapt to the
discharge, as in rivers, but tidal discharge is a variable that can change and is dependent
on the morphology as well as changing it. The large scale models and experiments in this
thesis show that widening and growth of estuaries with only sand can continue limitless,
while models and experiments with mud supply led to a narrower system and seemed to
develop into a dynamic equilibrium state. In this dynamic equilibrium lateral migration is
balanced by mudflat expansion. However, for very high mud supply, the system can change
from growing to filling. Although experiments and models were very closely approaching
equilibrium, in reality, a dynamic-equilibrium will be unlikely, since salt marsh vegetation
will develop in relatively stable locations, which will enhance the transition to a filling system
by positive feedbacks by additional cohesion and roughness.
While estuaries with mud are narrower, they are not deeper. This is in contrast with rivers
where narrowing always results in deepening to accommodate the same discharge. For rivers
hold that the morphology adapts to the discharge, while for estuaries the tidal discharge also
adapts to the morphology.
The growth of non-cohesive channels for rivers is limited by the threshold channel principle (Parker, ). The equilibrium size of the channel is related to the upstream flow
discharge and the threshold for sediment motion. Before the start of this thesis, it was hypothesised that this principle could also hold for estuaries (Kleinhans et al., ). However,
since the tidal discharge is unlimited, this theory cannot hold. In other words, in completely
alluvial systems estuary growth is only opposed by mud deposition (ignoring vegetation,
geological and man-made constraints).



A combination of mechanisms limits the growth of estuaries. Not only the cohesive effect
limits growth but also the filling mechanism by mud deposition on bars lead to increased
friction and reduced tidal prism. Bank erosion tests for the experiments showed that the
cohesive layer on top is not sufficiently thick and strong to decrease channel migration. This is
another process that is essentially different from river systems, since in rivers cohesion lowers
the erodibility of banks and floodplain causing narrower, meandering systems opposed to
wider, braided systems (Kleinhans et al., ). Although the argument is made that higher
bars and banks due to fine sediments reduce cross-cutting of bars (Braudrick et al., ; van
Dijk et al., ; Kleinhans et al., ), which is similar for estuaries.

6.5

Transition from estuary to delta

Early and well-cited research introduced the idea that deltas are river dominated, while estuaries are more dominated by marine processes (tides and waves), introduced by Galloway
() (Dalrymple et al., ; Boyd et al., ). Our research in chapter  shows a good
modelling example of this transition from tide-dominated estuary to river-dominated delta
by changing the relative importance of the tide (tidal amplitude) or river (discharge). This
balance between river and tide is created by tidal dampening that occurs under the influence
of increased river discharge by friction (Horrevoets et al., ). Due to tidal dampening the
limit of tidal influence is further downstream, decreasing tidal prism and excess width can
be filled until the appropriate width-depth ratio.

6.6

Modelling advancements

6.6.1 Advancements in physical modelling with tides
Only few small-scale experiments have considered tidal flow in the past (Tambroni et al.,
; Stefanon et al., ; Vlaswinkel and Cantelli, ; Lentsch et al., ). This is because a lot of scaling problems arise when tidal forces are simulated with small water depths.
Varying water levels in scaled experiments does not generate high enough velocities to obtain correct sediment mobility. A solution was found in tilting the entire flume periodically to create higher flow velocities in ebb and flood direction for correct sediment mobility
(Kleinhans et al., b). This novel flume is called the Metronome. Pilot studies related
to this thesis and the thesis of Jasper Leuven () were essential to testing and calibrating
this facility. Besides the effect of mud on estuaries described in this thesis, experiments also
showed that a non-ideal planform, irregular shaped, is more likely to develop in a completely
self-formed system, rather than an ideal converging estuary shape (Leuven et al., a). In
addition, the pilot experiments have shown new insights into the effect of river discharge,
waves, tidal range and tidal period. Shorter tidal periods and smaller tidal amplitudes lead
to shorter estuaries (suplement in Braat et al., ). Waves cause larger inland sediment
transport and subdue the ebb delta (suplement in Leuven et al., a). An estuary in which
the river discharge is turned off develops quickly into a short tidal basin (suplement in Braat
et al., ).
That the possibility now exists for physical experiments of estuaries is a major step forward.
This method helped and will help in the future to understand the main processes that are
involved in the morphological evolution of estuaries. It will help to research processes that


are difficult to isolate from trends in field data. In addition, the experiments are not subjected
to settings and calibration of numerical modelling parameters.

6.6.2 Advancements in numerical modelling of mud
Considering progress reported in the literature, this study is a significant step forward in
modelling long-term estuarine morphodynamics with mud. Firstly, this study is the first to
systematically test different mud parameters and boundary conditions, covering the range
from river to tide-dominated settings. This has also generated a better understanding of the
sensitivity of mud-related model parameters and boundary conditions. It was discovered
that in long-term morphological runs, there are only limited effects of varying the active
layers thickness and the critical mud fraction for cohesive behaviour. However, changing the
settling velocity an order of magnitude led to significant differences.
Secondly, self-formed systems were rarely tested in previous estuary modelling studies.
Most models assumed prescribed planform shapes with non-erodible boundaries (e.g. Lanzoni and Seminara, ; Hibma et al., ; van der Wegen and Roelvink, ; Dam and
Bliek, ), which might have led to unrealistic results because the prescribed flow would
in reality not occur on the prescribed bathymetry. This research showed better confirmation of earlier research of ebb-flood dominance by using a self-formed bathymetry. Shallow
areas are shown to be flood dominant (Speer and Aubrey, ; Friedrichs and Aubrey, ;
Wang et al., ; Moore et al., ; Robins and Davies, ; Brown and Davies, ).
Although many papers exist on the interaction of sand and mud in the bed (Torfs, ;
Mitchener and Torfs, ; van Ledden et al., a; Waeles et al., ; van Kessel et al.,
; Le Hir et al., ; Dam et al., ), the implementation in DelftD was found to
have several problems. First, the implementation of the sand-mud interaction for sediment
transport equations other than van Rijn was limited. In chapter  I used the sediment transport equation of Engelund and Hansen (). By using this equation instead of a van Rijn
transport equation there was no gradual transition from the non-cohesive to the cohesive
regime as described in van Kessel et al. (), but rather an abrupt switch. In addition, mud
is not eroded with sand in the non-cohesive regime, only sand is eroded with mud in the
cohesive regime.
Second, with the use of any sediment transport equation, a checkerboard pattern developed in some regions in the mud concentration in the bed. We assume that this was
caused by some numerical instabilities that occur by including this module. I tried to determine the root of this checkerboard problem in more detail, but apart for excluding some
possible causes, the exact cause was not found. Due to this instability, I decided not to use the
module in chapter . Models related to chapter  had already shown that the effect of including the interaction was limited because sand and mud rarely occur as a mixture due to the
segregation by different settling velocities (Torfs et al., ). However, for future reference,
I recommend that these problems are solved before further use in modelling studies.
In addition to solving the problems with sand-mud interaction, in my modelling effort I
missed the possibility to set a time-dependent erodibility of mud. Over time mud would be
become more difficult to erode, either by drainage, compaction of biological effects. I think
this is the largest flaw in the model at the moment. I believe this effect will be much larger
than uncertainties in mud parameters and the effect of sand-mud interaction.



6.7

Comparing modelling approaches

Generally, the experiments and the numerical models show the same trends, which were
discussed in this chapter. Nonetheless, one difference between the two methods was observed. Mud deposits in the numerical models predominantly occur on the sides of estuaries
(chapter  and chapter ), while mud in the experiments mostly deposits on mid-channel bars
(chapter ). It is hypothesised that this difference is due to the difference between importing
and exporting estuaries, a balance between the initial and boundary conditions. Despite approaching a dynamic equilibrium, the physical experiments were dominantly growing and
exporting systems before approaching the dynamic equilibrium, while the numerical models were mostly filling and importing sediment. When a system is widening or growing over
time, erosion of the estuary banks occurs, which limits the possibility for mud deposition on
the estuary fringes. In reality, most estuaries are dominantly filling, but fringing deposits will
also be minimal estuaries which are diked or have other artificial or geological boundaries.

6.8

Conclusion: modified view of a typical estuary

To conclude, figure . shows a modified view of a typical, self-formed, tide-dominated, alluvial estuary with mud and summarises the most important findings of this thesis. Mud
occurs on the fringes of estuaries and on top of shoals (chapter  and chapter ). Mudflats
increase in thickness towards the flanks of the estuary. In general, the estuary shape is converging exponentially but variation in width occur quasi-periodic (Leuven et al., a). The
variations in width are locations where bars occur (Leuven et al., c), and therefore locations with more intertidal area. Mudflats occur on high intertidal elevations (chapter ) and
are therefore more prominent in locations with more intertidal area.
In this thesis, we have looked at trends of mud deposition and its effects as a function of
mud supply. An increase in mud supply leads to an increase in mud cover, however, the
positions of mudflats do not change, only the size and thickness of the mudflats (chapter 
and chapter ). The most important effects of mud that we observe on the planform shape are
a reduction in tidal prism (chapter ), which contributes to a reduction in estuary width and
size (chapter  and chapter ). All effects are relatively stronger in the upstream direction.
The deposition of mud decreases the morphodynamics in estuaries, and dynamics are less
in the upstream direction (chapter  and chapter ). This effects the short-term (Holocene)
preservation of the mud deposits. In the downstream area, more sediment is reworked by
constantly migrating channels, while upstream mudflats can persist for a longer period of
time (chapter ). Regarding long term preservation in the geological record, it is unlikely to
find mudflats. Typically the upper deposits of a system are less likely to be preserved in the
geological record (Hajek and Straub, ) and since mud only deposits on high intertidal
areas (chapter  and chapter ), this sediment will most likely be lost in the long-term stratigraphic record. This implies that the geological record of estuaries should be interpreted
with caution regarding sediment supply. The preserved system might look sandy, but the
mud cover at the surface could have been significant (chapter  and chapter ).
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Appendix A | Supplementary figures
chapter 2

Figure A.1: Effects of mud source (runs 03, 02, 04 and 01). The left column shows the final bathymetry of model
runs after 2000 years and the right column shows mud fractions in the top layer of the bed. Run with (a,e) only
sand, (b,f ) marine mud input (default), (c,g) marine and fluvial mud input and (d,h) fluvial mud input.



Figure A.2: Hydrodynamics and morphology along estuaries with different mud sources after 2000 years. From
left to right (columns): model with only sand (03), marine mud supply (02), supply from both boundaries (04)
and fluvial supply (default, 01). (a–d) Minimum, mean and maximum bed elevation, high and low water level
and minimum and maximum initial bed level, (e–h) braiding index and (i–l) estuary width defined as the initial
width, maximum reach over the whole scenario run, the width of wet cells in the model, width defined by a
threshold value that is used to mask the cells that are around the dry-wet cell threshold. (m–p) Intertidal area
and mud cover as a percentage of the total area, (q–t) tidal range and (u–x) peak ebb and flood velocities.



Figure A.3: Hydrodynamics and morphodynamics over time for estuaries with different mud sources. From left
to right (columns): model with only sand (03), marine mud supply (02), supply from both boundaries (04) and
fluvial supply (default, 01). (a–d) Bathymetry of the cross section at the mouth plotted over time, (e–h) mud
fraction in the top layer of cross section at the mouth, (i–l) estuary width at 1, 4 and 8 km from the mouth, (m–
p) funnel-shape parameter, (q–t) estuarine surface area, (u–x) intertidal area and mud in the bed relative to the
total area, (y–II) absolute bed level change and (III–VI) net bed level change.



Figure A.4: Effects of river discharge (runs 08, 01, 07 and 22). The left column shows the final bathymetry of
model runs after 2000 years and the right column shows mud fractions in the top layer of the bed. Run with
(a,e) 150 m s− , (b,f ) 100 m s− (default), (c,g) 50 m s− and (d,h) 0 m s− river discharge.



Figure A.5: Hydrodynamics and morphology along estuaries with different discharge after 2000 years. From
left to right (columns): model with river discharge of 150 (08), 100 (default, 01), 50 (07) and 0 m s− (22).
(a–d) Minimum, mean and maximum bed elevation, high and low water level and minimum and maximum
initial bed level, (e–h) braiding indexand (i–l) estuary width defined as the initial width, maximum reach over
the whole scenario run, the width of wet cells in the model, width defined by a threshold value that is used to
mask the cells that are around the dry-wet cell threshold. (m–p) Intertidal area and mud cover as a percentage
of the total area, (q–t) tidal range and (u–x) peak ebb and flood velocities.



Figure A.6: Hydrodynamics and morphodynamics over time for estuaries with different discharge. From left
to right (columns): model with river discharge of 150 (08), 100 (default, 01), 50 (07) and 0 m s− (22). (a–
d) Bathymetry of the cross section at the mouth plotted over time, (e–h) mud fraction in the top layer of cross
section at the mouth, (i–l) estuary width at 1, 4 and 8 km from the mouth, (m–p) funnel-shape parameter, (q–
t) estuarine surface area, (u–x) intertidal area and mud in the bed relative to the total area, (y–II) absolute bed
level change and (III–VI) net bed level change.



Figure A.7: Effects of tidal range (runs 06, 01, 05 and 20). The left column shows the final bathymetry of model
runs after 2000 years and the right column shows mud fractions in the top layer of the bed. Run with (a,e) 4 m,
(b,f ) 3 m (default), (c,g) 2 m and (d,h) 1 m tidal range.



Figure A.8: Hydrodynamics and morphology along estuaries with different tidal ranges after 2000 years. From
left to right (columns): model with 4 (06), 3 (default, 01), 2 (05) and 1 m (20) tidal range. (a–d) Minimum,
mean and maximum bed elevation, high and low water level and minimum and maximum initial bed level,
(e–h) braiding index and (i–l) estuary width defined as the initial width, maximum reach over the whole scenario run, the width of wet cells in the model, width defined by a threshold value that is used to mask the cells
that are around the dry-wet cell threshold. (m–p) Intertidal area and mud cover as a percentage of the total
area, (q–t) tidal range and (u–x) peak ebb and flood velocities.



Figure A.9: Hydrodynamics and morphodynamics over time for estuaries with different tidal ranges. From left
to right (columns): model with 4 (06), 3 (default, 01), 2 (05) and 1 m (20) tidal range. (a–d) Bathymetry of the
cross section at the mouth plotted over time, (e–h) mud fraction in the top layer of cross section at the mouth,
(i–l) estuary width at 1, 4 and 8 km from the mouth, (m–p) funnel-shape parameter, (q–t) estuarine surface area,
(u–x) intertidal area and mud in the bed relative to the total area, (y–II) absolute bed level change and (III–VI) net
bed level change.



Figure A.10: Effects of mud source in the presence of waves (runs 28, 27, 25 and 29). The left column shows
the final bathymetry of model runs after 1250 years and the right column shows mud fractions in the top layer
of the bed. Run with (a,e) only sand, (b,f ) marine mud input (default), (c,g) marine and fluvial mud input and
(d,h) fluvial mud input.



Figure A.11: Hydrodynamics and morphology along estuaries for different mud sources in the presence of
waves after 2000 years. From left to right (columns): model with only sand (28), marine mud supply (27), supply
from both boundaries (25) and fluvial supply (29). (a–d) Minimum, mean and maximum bed elevation, high
and low water level and minimum and maximum initial bed level, (e–h) braiding index and (i–l) estuary width
defined as the initial width, maximum reach over the whole scenario run, the width of wet cells in the model,
width defined by a threshold value that is used to mask the cells that are around the dry-wet cell threshold.
(m–p) Intertidal area and mud cover as a percentage of the total area, (q–t) tidal range and (u–x) peak ebb and
flood velocities.



Figure A.12: Hydrodynamics and morphodynamics over time for estuaries for different mud sources in the
presence of waves. From left to right (columns): model with only sand (28), marine mud supply (27), supply
from both boundaries (25) and fluvial supply (29). (a–d) Bathymetry of the cross section at the mouth plotted
over time, (e–h) mud fraction in the top layer of cross section at the mouth, (i–l) estuary width at 1, 4 and 8 km
from the mouth, (m–p) funnel-shape parameter, (q–t) estuarine surface area, (u–x) intertidal area and mud in
the bed relative to the total area, (y–II) absolute bed level change and (III–VI) net bed level change.



Figure A.13: Resulting bathymetries from runs with different morphological acceleration factors of (a) 10, (b–c)
100 and (d–e) 400 after (a,b,d) 50 and (c,e) 500 years.
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Amplitude: 45 mm a)
cycle 6947
pilot 02

Amplitude: 68 mm b)
cycle 2785
pilot 07

Amplitude: 91 mm c)
cycle 0390
pilot 06

Amplitude: 136 mm d)
cycle 2461
pilot 05

Figure B.1: Top view of four pilot experiments (exp 2, 7, 6 and 5 in our lab numbering) illustrating the effect
of tilting amplitude (45, 68, 91 and 136 mm) on estuary length indicated on the basis of visual observation of
dynamics and morphology. The period of these experiments is 30 s rather than 40 s used in the main paper
and the number of cycles for the four experiments are all different due to different run times. All experiments
had the same river discharge of 250 Lh− and started with a straight channel of 195 m wide and 30 mm deep,
no waves. Tilting amplitude, cycle number and experiment number are indicated at the seaward end of the
estuary. Blue color band is shown here to indicate water depth. Note camera failure masked by grey box.



estuary length

Period: 15 s a)
cycle 1487
pilot 16

Period: 30 s b)
cycle 1943
pilot 13

Period: 45 s c)
cycle 2131
pilot 15

Figure B.2: Top view of three pilot experiments (exp 16, 13 and 15 in our lab numbering) illustrating the effect
of tilting period (15, 30 and 45 s) on estuary length indicated on the basis of visual observation of dynamics and
morphology. Tilting amplitude is 68 mm, river discharge of 250 Lh− and the experiment started with a straight
channel of 195 m wide and 30 mm deep, no waves. Tilting period, cycle number and experiment number are
indicated at the at the seaward end of the estuary. Blue color band is shown here to indicate water depth. Note
camera failure masked by grey box.

Periodic water level fluctuation (12.5 mm) cf. Reynolds, no tilting a)
cycle 2498
pilot 03

Only river (750 L/h), no tilting b)
3306*30s
pilot 08

Tilting (68 mm), no river c)
closed

cycle 2217
pilot 11

Figure B.3: Top view of three pilot experiments (exp 3, 8 and 11 in our lab numbering) illustrating the effect of
the principle of tilting the flume and the effect of river discharge. The periodic water level fluctuations (12.5 mm,
30 s) by the Reynolds method without tilting (a) and the river discharge (750 Lh− ) without tilting (b) have
almost no effect on the morphology on their own. In both cases a small delta of less than 0.25 m developed
initially and became static in the Reynolds experiment. Tilting the flume (68 mm, 30 s) without river discharge
(c) however leads to a well-developed short tidal basin instead of an elongated estuary (compare to Figs S1,S2),
showing that the minor river discharge in combination with the tides by tilting has a major effect on system
length. All pilots started with a straight channel of 195 m wide and 30 mm deep, no waves. Cycle number and
experiment number are indicated at the seaward end of the estuary. Blue color band is shown here to indicate
water depth.
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Figure C.1: Measured suspended particulate matter (SPM) concentrations for four stations within the model
domain. Collection of all data available between 1996 and 2017. Median concentration for the four stations
are 38.8, 51.0, 60.0 and 49.3 mg/L. Hansweert (38.8 mg/l) is the nearest station to the shoal of Walsoorden.

Table C.1: Conditions at the times photos were gathered for the biogeomorphological maps. Low and high
water levels during this day were obtained from the station at Hansweert (Rijkswaterstaat, NL).
date
1996-06-06 or 17
2001-05-24
2004-06-09
2008-09-18
2010-05-19
2011-07-05
2012-06-24 or 25
2015-06-17
2016-08-23 or 24

low wl [m]
-2.34
-2.46
-1.84
-2.37
-2.16
-2.23
-2.42
-2.43
-2.10

high wl [m]
2.70
2.65
2.45
2.66
2.44
2.67
2.81
2.62
2.83
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marine species

-
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-

scarcely

numerous

few

few

sandy, coarse grained, organic material, low
species variety
small shells, many diatom species, diatom
fragments, (sub-)aerofyl genus found

fine material, few diatoms in general

root remnants

several marine species

Table C.2: Samples form cores 37 and 39 screened for diatoms.
functional groups
species
foraminifera
comments
abundance
high
few broken shells, coarse material
planktonic and
tychoplanktonic
tychoplanktonic and
benthic
tychoplanktonic and
benthic
planktonic

tychoplanktonic and
benthic



Figure C.2: Stratigraphic age of three transects indicated on Fig. 4.2. Colour indicates before which date the
sediment was deposited going back to January 1990 for plot (b) and (c) and September 2010 for (a). Since not
all measured transects have the same length in (a), this results in some unavoidable artefacts in the base of the
plot. Dotted lines are the bed elevations in that year. Coloured squares are mud concentration measurements in
the bed for the top 10 (big squares) and 2 cm (small squares plotted on top) for the same years as the elevation
measurements. Horizontal axis shows west-east RD-coordinates in kilometres.
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Figure C.3: Core descriptions of Walsoorden Fieldwork of 23 October 2017. Cores are numbered and positions
are indicated in Fig. 4.2. On some occasions we found sand with a little clay mixed in the layer or a set of millimetre thin clay layers in a sand dominated stretch, we defined these as muddy intervals.
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