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SUMMARY

Modelling fine sediment transport in coastal areas (the Rhine-Meuse delta in particu-
lar) is important for dredging management in harbour areas, as well as for morpho-
logical and biological studies. Suspended sediments play an important role in terms
of water quality, by transporting nutrients and pollutants, and are a key factor in light
penetration. Large scale sediment transport models predict suspended sediment con-
centrations as a function of space and time. However, they do not properly account for
particle-particle interactions. In this thesis, several aspects of sediment flocculation and
transport are studied, which are connected to in situ monitoring, laboratory experimen-
tation and modelling.

In Chapter 2, we show that the combination of multiple instruments used to visualize
in situ suspended particles (LISST 100X, LISST-HOLO, video cameras) enables us to de-
fine three classes of particles based on organic matter content, rather than on particle
size as is often done. Redefining classes is an important step towards proposing a new
flocculation model. We confirm that the shape of the largest particles consisting of al-
gae strains (> 100 um) has an influence on the particle size distribution found by LISST.
This could lead to misinterpretations of the data. For further studies we therefore rec-
ommend to couple laser diffraction data (obtained from instruments such as LISST) to
video microscopy data. This is at present possible, thanks to the technical improvement
of underwater video cameras.

In Chapter 3, we describe the new flocculation model, based on logistic growth theory,
which is used to study the characteristic timescales associated to flocculation. This is
done by modeling the data, obtained by performing a series of laboratory studies, as a
function of ionic strength, organic matter type and different organic matter/clay ratio.
We show that Population Balance Equations that are currently in use to model floccula-
tion is not the best model to be applied in the case of organic matter induced floccula-
tion, which is the dominant type of flocculation observed in situ (Chapter 2). A logistic
growth theory, like the one presented in this thesis is a better candidate as it has the ad-
vantage to be easy to implement in numerical models (it is not CPU demanding) and the
parameters for the model can be obtained from series of laboratory experiments. The
role of salt ions on the flocculation kinetics is highlighted thanks to the study: they pro-
mote the aggregation of organic matter to clay. Therefore the transition between fresh
and saline water in the ROFI is an important driver for flocculation. From the results of
Chapter 3, it was found that aggregation timescales are very short for laboratory condi-
tions. It remains to be investigated whether these timescales are representative for in
situ conditions.

In Chapter 4, an extensive in situ data analysis was performed based on data that was
collected in the Rhine-ROFI region of the Dutch coast, at 12 meters depth, in the vicin-

ix



X SUMMARY

ity of the Sand Engine. This data was collected in two different seasons (autumn and
winter), and covered at least one spring-neap tidal cycle. The Particle Size Distribu-
tion (PSD) analysis shows that elongated algae rich particles were mainly present during
strong stratification and low mixing conditions at neap tides especially during the au-
tumn seasons. More spherical particles were present during the well mixed conditions
of spring tides especially during the winter season. The presence of these rounder par-
ticles correlated with higher bed stress which indicate that they were resuspended from
the bed. In contrast, the presence of elongated highly anisotropic particles correlated
with low bed stress, indicating that these were advected particles. These organic matter-
rich particles were most probably advected by the Rhine freshwater plume and it was
found that their mean diameter correlated with the cross-shore velocity (the mean di-
ameter is large when the velocity is onshore directed and vice versa). Two storm periods
were captured during both seasons at neap tides. These storms shed light on the pres-
ence and dynamics of the 'fluff’ layer found at the top of the bed during different seasons.

An existing numerical model that is often used to model sediment transport in Dutch
coastal regions has been run for the time period of the monitoring and is described in
Chapter 5. This model does not contain flocculation, each fraction is represented by a
concentration distribution (in space and time) and constant settling velocity. The frac-
tions have no interaction with each other. In particular, the finer fraction (with a set-
tling velocity of about 0.01 mm/s), in the absence of aggregation, is evenly distributed
through the water column. With the two classes proposed in this thesis, Class 1 being
composed of mineral sediment and Class 2 of flocs (mineral sediment aggregated with
organic matter), the concentration of the particles in each class depend strongly on the
availability of organic matter which is a spatial and temporal, as well as seasonal variable.
It is therefore proposed to have organic matter content implemented as an input param-
eter in the model. This organic matter can be measured in situ by recording for instance
Chlorophyll-a concentration which is a proxy for algae concentration. Biochemical and
ecological models also exist that could be used to define input parameters. Salt concen-
tration should also be an input parameter as it enhances flocculation ability (Chapter
3). By flocculation with organic matter, the concentration of Class 1 particles will be de-
creasing, while the concentration of Class 2 particles (flocs) will be increasing. While
the density of Class 1 particles is constant, the density of Class 2 particles is a function
of shear and shear history. The settling velocity representative for Class 2 particles is
therefore very dynamic in time and space. Discussion and recommendations for further
research are given in Chapter 6.
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Het modelleren van fijn sedimenttransport in kustgebieden (met name de Rijn-Maasdelta)
is van belang voor het baggerbeheer in havengebieden, maar ook voor morfologische
en biologische studies. Gesuspendeerde (sediment) deelties spelen een belangrijke rol
voor waterkwaliteit door het transport van nutrienten en verontreinigende stoffen. Ze
zijn een sleutelfactor in het vermogen om licht door te laten. Grootschalige sediment-
transportmodellen voorspellen gesuspendeerde sedimentconcentraties als functie van
ruimte en tijd. Ze houden echter niet goed rekening met interacties tussen deeltjes. In
dit proefschrift worden verschillende aspecten van sedimentflocculatie en transport be-
studeerd, die verband houden met in situ monitoring, laboratoriumexperimenten en
modellering.

In Hoofdstuk 2 laten we zien dat de combinatie van meerdere instrumenten die worden
gebruikt om in situ zwevende deeltjes te visualiseren (LISST 100X, LISST-HOLO, video-
camera’s) ons in staat stelt drie klassen van deeltjes te definiéren op basis van het gehalte
aan organische stof, in plaats van de deeltjesgrootte zoals vaak wordt gedaan. Het herde-
finiéren van klassen is een belangrijke stap in de richting van een nieuw flocculatiemo-
del. We bevestigen dat de vorm van de grootste deeltjes bestaande uit algencellen (> 100
pm) invloed heeft op de door LISST gevonden deeltjesgrootteverdeling. Dit kan leiden
tot verkeerde interpretaties van de gemeten data. Voor verdere studies raden we daarom
aan om laserdiffractiedata (verkregen van instrumenten zoals LISST) te koppelen aan vi-
deomicroscopiedata. Dit is momenteel mogelijk dankzij de technische verbetering van
onderwatervideocamera’s.

In Hoofdstuk 3 beschrijven we het nieuwe flocculatiemodel, gebaseerd op de 'Logistic
Growth Theory’, dat gebruikt wordt om de karakteristieke tijdschalen geassocieerd met
flocculatie te bestuderen. Dit wordt gedaan door laboratoriumexperimenten te model-
leren als functie van de ionsterkte, het type organische stof en verschillende organische
stof/klei-verhoudingen. We laten zien dat 'Population Balance Equations’ die momen-
teel worden gebruikt om flocculatie te modelleren, niet het beste presteren in het geval
van door organische stof geinduceerde flocculatie, wat het dominante type flocculatie
is dat in situ wordt waargenomen (Hoofdstuk 2). Een 'Logistic Growth Theory’, zoals ge-
presenteerd in dit proefschrift, is een betere kandidaat omdat deze het voordeel heeft dat
het gemakkelijk te implementeren is in numerieke modellen (het is niet CPU-veeleisend)
en de parameters voor het model kunnen worden verkregen uit een reeks laboratorium-
experimenten. De rol van zoutionen op de flocculatiekinetiek wordt benadrukt dankzij
het onderzoek: ze bevorderen de aggregatie van organisch materiaal tot klei. Daarom
speelt de overgang tussen zoet en zout water in de ROFI een belangrijke rol voor floccu-
latie.
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In Hoofdstuk 4 is een uitgebreide in situ data-analyse uitgevoerd op basis van data die
zijn verzameld in het Rijn-ROFI-gebied van de Nederlandse kust, op 12 meter diepte,
in de buurt van de Zandmotor. Deze gegevens zijn verzameld in twee verschillende
seizoenen (herfst en winter) en bestrijken ten minste één springtij-doodtij cyclus. De
deeltjesgrootteanalyse laat zien dat langwerpige algenrijke deeltjes voornamelijk aanwe-
zig waren tijdens sterke gelaagheid en lage mengcondities bij doodtij, vooral tijdens de
herfstseizoenen. Meer bolvormige deeltjes waren aanwezig tijdens de goed gemengde
omstandigheden van springtij, vooral tijdens het winterseizoen. De aanwezigheid van
deze rondere deeltjes correleerde met hogere bedschuifspanning, wat erop wijst dat ze
uit het bed waren geresuspendeerd. Daarentegen correleerde de aanwezigheid van lang-
werpige sterk anisotrope deeltjes met een lage bedschuifspanning, wat aangeeft dat dit
advectiedeeltjes waren. Deze organische materiaal-rijke deeltjes werden hoogstwaar-
schijnlijk geadvecteerd door de Rijn-zoetwaterpluim en het bleek dat hun gemiddelde
diameter correleerde met de cross-shore snelheid (de gemmidelde diameter is groter
wanneer de getij in kustwaarde richting is en vice versa). Tijdens beide seizoenen wer-
den bij doodtij twee stormperiodes vastgelegd. Deze stormen werpen licht op de aan-
wezigheid en dynamiek van de 'fluff’ laag die tijdens verschillende seizoenen aan de
bovenkant van het bed wordt aangetroffen.

Een bestaand numeriek model dat vaak wordt gebruikt om sedimenttransport in Ne-
derlandse kustgebieden te voorspellen, is gebruikt voor de tijdsperiode van de monito-
ring, beschreven in Hoofdstuk 5. Dit model bevat geen flocculatie, elke deeltjes fractie
wordt weergegeven door een concentratieverdeling (in de ruimte en tijd) en constante
bezinkingssnelheid. De fracties hebben geen interactie met elkaar. Met name de fijnere
fractie (met een bezinkingssnelheid van ongeveer 0,01 mm/s) wordt bij afwezigheid van
aggregatie gelijkmatig over de waterkolom verdeeld. Met de twee klassen die in dit proef-
schrift worden voorgesteld, waarbij Klasse 1 bestaat uit mineraal sediment en Klasse 2
uit vlokken (mineraal sediment geaggregeerd met organisch materiaal), hangt de con-
centratie van de deeltjes in elke klasse van de beschikbaarheid van organisch materiaal
af, wat een ruimtelijk en temporele, evenals seizoensvariabele valsnelheid geeft. Daarom
wordt voorgesteld om het organischestofgehalte als invoerparameter in het model te im-
plementeren. Deze organische stof kan in situ worden gemeten door bijvoorbeeld door
chlorofyl-a-concentratie te registreren die een proxy is voor de algenconcentratie. Er
bestaan ook biochemische en ecologische modellen die kunnen worden gebruikt om
invoerparameters te definiéren. Zoutconcentratie zou ook een invoerparameter moe-
ten zijn omdat zout het uitvlokkingsvermogen verbetert (Hoofdstuk 3). Door uitvlok-
king met organisch materiaal zal de concentratie van Klasse 1 deeltjes, die horen bij de
kleinste maten, afnemen, terwijl de concentratie van Klasse 2 deeltjes (vlokken) zal toe-
nemen. Terwijl de dichtheid van Klasse 1-deeltjes constant is, is de dichtheid van Klasse
2-deeltjes een functie van afschuiving en afschuifgeschiedenis. De bezinkingssnelheid
die representatief is voor Klasse 2 deeltjes is daarom zeer dynamisch in tijd en ruimte.
Discussie en aanbevelingen voor verder onderzoek worden gegeven in Hoofdstuk 6.
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2 1. INTRODUCTION

1.1. CONTEXT

Coastal areas are subjected to major anthropogenic influences, as they are traditionally
economically important regions, which is reflected by the presence of harbours, espe-
cially at river mouths. The Dutch coastal area is influenced by the discharge of fresh
water from the Rhine river that creates the Rhine Region Of Freshwater Influence (Rhine
-ROFI). There is also an additional sediment supply by alongshore transport resulting
from seabed or coastal erosion.

Anthropogenic activities and climate change affect the sediment supply and flux by mod-
ifying the hydrological and sedimentation regimes, influencing the structure and func-
tion of the coastal wetlands [1, 2]. Harbour maintenance such as dredging activities
cause changes in sediment dynamics which are of great influence on the benthic com-
munities and coastal and estuarine habitats, that mainly depend on nutrient fluxes that
are closely linked to sediment fluxes [3, 4].

In order to ensure safe navigation and economic viability of the ports, dredging works
are performed routinely and are one of the major costs for port authorities. To optimize
these costs, these authorities are investing in new in situ monitoring tools, as at present
suspended or settled sediment layers of different densities are difficult to distinguish
[5]. The results of the monitoring campaigns can also serve as validation for numerical
models. The ultimate goal, shared by stakeholders and scientists alike, is to develop nu-
merical models that enable prediction of the accumulation and transport of sediment in
time and space in the ROFI regions.

ROFI’s however, do extend far beyond the port areas. River plumes discharging into seas
and oceans create brackish water bodies that overlay saline water. These plumes acts as
conveyor belts for suspended particles that did not deposit in the river (harbour) area.
The front of the river plume is visible at the sea surface from a surveying vessel and is
characterized by a rather well-defined interface where fish and birds like to dwell in or-
der to feed on the phytoplankton and other nutrients carried by the front [6].

The river plume influence extends tens of kilometers in the coastal area. For these zones
as well, modelling sediment transport is of key importance, as the mouth of the river
acts as a sink and source for the sediment within the harbour part of the ROFI. The accu-
mulation or depletion of sediment also leads to morphological changes in shallow water
areas (such as the Wadden Sea region in the Netherlands) and influences ecological life.
Primary production is dependent on light penetration, which is a function of suspended
sediment concentration, and mineral suspended particles acts as nutrient (and pollu-
tant) carriers. The need for a robust sediment transport model therefore extends beyond
dredging management interests.

1.2. HYDRODYNAMICS IN THE RHINE-ROFI

The transport of sediment is primarily driven by hydrodynamics. The hydrodynamics
in ROFI’s are complex. A good overview of the principle mechanisms of the river plume
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discharge is given by [7]. The Dutch coastal area, which is the area of study of this thesis,
is dominated by the region of Rhine and Meuse rivers freshwater influence. This fresh-
water is passing through the Rhine Delta estuary with an annual average discharge of
2500 m3s~! into the North Sea. This freshwater outflow is then directed to the right and
northwards by Earth rotation (Coriolis) and maintains the Rhine Region Of Freshwater
Influence (Rhine-ROFI) along the Dutch coast from Hoek van Holland to Jmuiden.

IImuiden
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Figure 1.1: Map showing the study region, left: the location of the mooring (M) and the survey (S),
Right: Radar image showing the front arrival at the mooring location.

The freshwater discharge input by the Rhine river is the driving force for both the wa-
ter column stability and the dynamics and it influences the density field near the coast
significantly [8-10]. This river discharge stays as a freshwater layer above the saline sea-
water that does not mix easily due to difference in density and creates a salinity based
stratified water column [11]. Figure 1.1 shows a radar image of this freshwater layer, and
highlights the precise study location.

The salinity difference between the layers can increase from 0.1 PSU (Practical Salinity
Unit) to 4.0 PSU in the vertical direction. This is because a new freshwater tidal plume
front can arrive while the previous one is still not fully mixed. This leads to a water col-
umn with water layers of different salinities. The surface freshwater layer has a typical
depth of 2 to 5 m [11, 12]. This surface layer of low salinity flows along-shore during a
short period around the high tide, whereas during a complete tidal cycle, the bottom
layer is cross-shore directed, see Figure 1.2 upper panel [9, 12]. Salinity of this bottom
layer is 28-30 PSU and it does not show large fluctuations over tidal periods nor does
it vary much between periods of high and low discharge. This counter-directed surface
and bottom layers are resulting in a cyclonic near bottom flow that is cross-shore di-
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rected and an anti-cyclonic near surface flow that is directed off-shore, Figure 1.2 lower
panel [9].

‘ bottom ’ surface ‘

coastal
current

bulge
- river river river
— — —
-
-
oy
SURFACE SURFACE
t=T/2 HW t=T/2 HW
t=T/4 slack
anti-cyclonic =
clockwise (NH)
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=0 LW t=0 LW
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Figure 1.2: upper panel Left: Sketch defining river plume and the cross shore velocity component,
taken from [13]. Lower panel: The vertical variation of horizontal tidal velocities in the Rhine-ROFI
during the well mixed condition (left) and stratified condition (right), taken from [13].

River plumes are semi-diurnal tidal currents that stratify the water column. The cross
shore density gradients compete with tidal/wind mixing to maintain the stratification,
which acts on a short timescale (about 1 day). The long timescale is a function of neap-
spring tidal cycle (about 14 days). The short term semi-diurnal stratification is causing
also a semi-diurnal cross-shore velocity signal, which was identified as tidal straining by
Simpson and Souza [14]. Tidal straining is the effect of differential advection by verti-
cal velocity shear acting on a horizontal density gradient. In the Rhine- ROFI the tidal
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straining consists of the episodic cross-shore velocity shear interacting with the average
cross-shore density gradients [9, 14].

At longer times scales, on spring tides, long-shore tidal currents are found while on the
neap tides significant cross-shore currents and tidal straining are dominant. The tidal
straining results in temperature-related upwelling which has a significant influence on
the local circulation and transport of nutrients and sediment through the water column
every tidal cycle [9, 10, 15, 16].

During the neap tides the fronts stratify the water column for long periods, as tidal mix-
ing is weak and turbulence is damped. Current induced bed stresses are too low to re-
suspend the bed material [17]. A schematic representation of the hydrodynamics during
front arrival is given in Figure 1.3. During the spring tides, in contrast, the water column
is mixed by tidal forcing and the front arrivals stratify the water column for shorter peri-
ods causing a near-bottom turbulent peak that can resuspend bed material [17]. During
storm periods the water column is well-mixed, as illustrated in the right panel of Figure
1.3.

Freshwater plume —> Wind
—>

STSC IJ.: /(/VL

Onshore
propagation

Wind/wave P1
mixing

Net <
Offshore | 4
Fluxes

Offshore

Fluxes
Figure 1.3: Schematic illustration of freshwater plume stratification (left panel) and storm mixing
hydrodynamics (right panel). These illustrations were adapted from [17].

1.3. FINE SEDIMENT TRANSPORT MODELS

Fine sediment transport models have as output sediment concentration as function of
space and time. These models make use of hydrodynamic models to compute the trans-
port (advection and diffusion) of suspended matter in the water column. Quite often,
the sediment is decomposed into a few fractions with an associated settling velocity. The
models are calibrated using in-situ observations, whereby suspended mass concentra-
tions are measured at given locations in time. The settling velocities are estimated from
(bulk) in-situ observations. To give an order of magnitude, it is generally found that using
3 classes of particles, with settling velocities of the order of < 0.01 mm/s, 0.1 mm/s and
> 1 mm/s enables to correctly predict the Suspended Particulate Matter (SPM) in space
and time for a large number of situations in coastal areas [18-21]. However, changes in
particle properties by flocculation and exposure to shear result in a change in settling
velocity over time for a given sediment fraction. These changes are currently not ac-
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counted for in sediment transport models and lead to erroneous predictions in coastal
regions where these changes are triggered. Several studies have therefore concentrated
on implementing flocculation in sediment transport models [22-25]. These models are
however non-predictive as they contain adjustable parameters that are fitted to the data,
and more importantly, they do not account for specific physical processes such as or-
ganic matter induced flocculation or the coiling of particles under shear.

The models used up to present to describe flocculation are based on so-called Popula-
tion Balance Equation (PBE) models, whereby flocculation is represented by aggregation
and break-up of similar colloidal particles, as in salt induced flocculation. Even though
these models may mathematically capture the features of particle size evolution over
time, it is doubtful whether they capture the key physical processes [26].

AccN SpotMagn Det WD b——— 204m o T
20.0kV 50 1000x BSE 100 1.0 Torr

Figure 1.4: Right: Environmental Scanning Electron Microscope (ESEM) picture of a centric di-
atom attached to sediment. Left: the centric diatom enlarged.

These ESEM pictures are obtained from the analysis of grab samples at 18m depth in the Dutch
coastal area of Rhine-ROFI.

INFLUENCE OF FLOCCULATION

The transition zone between fresh and saline waters is a scientifically interesting region
to investigate, from sediment transport perspective. The change in suspending medium
(the 'water’) in terms of ionic strength and organic matter composition leads to changes
in particle-particle interactions. The composition of the clay and silt size fractions can
be quite heterogeneous and mixed with microorganisms that produce organic matter
[27], as illustrated in Figure 1.4. This raises the question: how different is organic mat-
ter induced flocculation compared to salt induced flocculation? Does salt play a role in
organic matter induced flocculation? How does the type of organic matter (microorgan-
isms, Extra-Polymeric Substances) influence flocculation?

Flocculation is greatly promoted in saline environment, and sediment particles are thereby
more prone to flocculate in coastal regions, leading to different transport, settling, depo-
sition and erosion dynamics as compared to freshwater conditions. The exposure to dif-
ferent shearing condition over time alters the suspended particle structure. It has been
shown that in general the floc size is inversely proportional to shear stress [28, 29].
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Salinity stratification forms a halocline between the fresh and saline water which are
of different density. At slack water, the production of large flocs is enhanced [30, 31].
The SPM transported with the freshwater can be temporally trapped above the halo-
cline, where they can flocculate and settle by gravity [32-36]. As the stratification damps
the turbulence [32-36], it favours differential settling resulting in formation of elongated
particles, especially in the presence of algae cells.

After deposition on the sea floor, the accumulated flocs form a 'fluff’ layer with time-
dependent properties, as the organic matter contained in the fluff will degrade over time.
This leads to changes in the physical characteristics of the bed, such as its density and
cohesiveness, which are linked to its erosion properties. The role of organic matter in
bed erosion is an on-going research topic [37-39].

1.4. SPM FORMATION AND DYNAMICS

Suspended Particulate Matter (SPM) is defined as a suspension of microscopic particles
consisting of clay minerals (sediment) aggregated or not with organic matter. Aggregated
particles (flocs) are composed of different fractions of inorganic and organic parts. The
inorganic part consists of clay minerals, non-clay minerals such as (hydro)oxides, car-
bonates or phosphate, salt ions and the organic part contains microbial cells, organic
detritus and Exo-Polymeric Substances (EPS) with pore space [40]. The pore space is
filled with either water or gas. SPM accumulates in coastal areas where freshwater runoff
from rivers meets the sea, passing through deltas and estuaries. This suspended matter
can be of fluvial or coastal origin [41, 42].

River plumes that pass the estuaries reaching the coastal areas play an important role
in terms of SPM formation and transport, especially in ROFI regions. These systems en-
hance the aggregation probability at slack water resulting in production of large flocs
[32, 35]. The water composition plays a key role in the formation of flocs. Aggregation is
for instance promoted by the presence of cations in the water column [28] and the pres-
ence of polymeric substances [43]. This is the reason why flocculation and consequently
deposition of sediment (siltation) is likely to occur in delta regions where fresh and salt
water meet. Additionally, delta regions are rich in biogenic organic matter, where mi-
croorganisms (bacteria and microbial cells, see Figure 1.4) can find light and nutrients.
These organisms enrich the delta regions with organic matter that acts as flocculation
agent due to its high stickiness [44-46, 46-49].

Hydrodynamic conditions are also of prime importance to understand the flocculation
dynamics. On one hand hydrodynamics can enhance the formation of aggregates by
mixing, hereby promoting the flocculation process [42, 44, 50-54]. On the other hand,
flocs can be disrupted by hydrodynamic shearing [55-58]. In addition, hydrodynamic
conditions are responsible for resuspension of sediments and flocs deposited at the bot-
tom, where they form a so-called 'fluff’ layer during hydrodynamically calm conditions.
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1.5. IN SITU MONITORING

Most sediment transport models are calibrated using in situ data, based on particle con-
centration and particle size measurements. From these measurements, the mean den-
sity of particles is estimated and their settling is deduced using Stokes’ law. The char-
acteristic timescales for in situ flocculation are unknown, as only video microscopy can
without ambiguity enable quantification of particle-particle aggregation.

Video microscopy is currently limited in use and cannot track particles smaller than 10
um. The reason is associated with particle scattering and field of view. The most com-
mon in situ particle size measurement devices are based on laser diffraction techniques,
of which LISST (Laser In situ Scattering and Transmissometry) is an example. The LISST
100X used in this study measures particle size in the range of 2.5-500 ym [59, 60]. In ad-
dition the digital holographic method of LISST-HOLO (Submersible Digital Holographic
Camera), also used in this study, is becoming a widely used technique that provides both
particle size and 2D images of SPM captured by the holographic camera. However these
techniques have their limitations [61]. The suspended sediment concentration and the
corresponding particle size distribution measured by LISST 100X for instance, is influ-
enced by the so called schlieren’ effect [62—-64]. ’Schlieren’ can cause a peak to appear
in the measured spectrum that is not attributed to the particles, but is caused by salinity
stratification in the water column. The data affected by this effect can however be dis-
carded by comparing the particle concentration from the LISST data with Optical Back
Scatter (OBS) data, which is a technique not sensitive to schlieren. A greater problem
associated with the LISST 100X data is caused by the shape of particles. Non-spherical
large particles particles lead to non-trustworthy Particle Size Distribution (PSD), as the
instrument software which converts raw data in PSD’s is based on the assumption of
spherical particles with a given density [65, 66]. For instance in the presence of phy-
toplanktonic particles, the LISST 100X shows an extra peak caused by the shape of the
species [67].

Due to these limitations the LISST 100X data cannot be used alone and it needs to be
compared with additional measurements performed by OBS or ADCP (Acoustic Doppler
Current Profiler) [68, 69], LISST-HOLO [66, 70] and underwater camera system [71]. The
advantage of LISST 100X however, is that it enables to detect clay particles < 10 ym, a
range which is not accessible to camera. As particles within this range are usually mainly
solid minerals with known densities and reasonably spherical shapes, it is expected that
the PSD’s estimated by LISST in the 2.5-10 um range are accurate.

LABORATORY STUDIES

Numerous laboratory studies have focused on flocculation of interest for sanitary engi-
neering purposes, where dewatering of slurries is a key issue [72-74]. At present, a small
number of laboratory studies are performed in the context of mimicking in situ SPM
flocculation dynamics [28, 75, 76]. However, all these studies have demonstrated their
added value to in situ monitoring. System investigation in the laboratory enables to un-
derstand key processes, such as the role of shear in flocculation dynamics [29, 77], the
characteristics of salt induced flocculation [28] or the influence of organic matter type
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and concentration [29, 43].

It has recently been demonstrated that combining in situ monitoring and laboratory
work can help to study the limiting factors in algae mineral sediment flocculation [78].
Moreover, laboratory flocculation studies have the great advantages to enable the study
of a confined sample, where sediment sink and source are not present, and the sediment
concentration is constant over time. This can be of great help where the calibration of
numerical models is concerned.

1.6. RESEARCH OBJECTIVES AND THESIS OUTLINE

The general aim of this thesis is to present a flocculation model that properly predicts
SPM formation by flocculation in space and time that can easily be implemented in
numerical sediment transport models. The model could then be parameterized with
laboratory experiments. Ideally, such a model should capture the essential physico-
biochemical processes occurring in the case of organic matter-induced flocculation, but
clearly these processes are complex and cannot be properly assessed, even in laboratory
conditions (for example it is impossible to control and monitor the production of EPS by
living algae in a flocculation experiment).

It was therefore decided that a more pragmatic approach would be used that is also
used in the description of biological systems which are similarly complex. The chosen
model is based on logistic growth theory, which was originally meant to describe the
time evolution of the population of Belgium [79]. It has been successfully used to mimic
auto-catalysis rate in chemical reactions [80] or growth rate of bacteria [81]. The model
should be adapted to reflect the behavior of the in situ particles. A first step is therefore
to identify these particles and ensure that their properties are well assessed. The first
research questions to be answered are hence:

1. What are the types of particles that are found in situ (in the Rhine ROFI)? what are
their properties (size, effective density, shape/ composition and settling velocity)?

2. How do particle shape and composition affect light scattering measurements? How
reliable is the obtained in-situ data?

These questions are addressed in Chapter 2. To answer them, the data obtained from
a one-day boat survey with multiple instruments (LISST,LISST-HOLO, LabsFloc camera
and underwater camera) is analysed and interpreted. Subsequently, the observed SPM
is divided in classes based on their size, effective density and composition. This clas-
sification is used for Chapter 3 where the new model, based on logistic growth theory
is presented. The results of laboratory experiments are analysed in order to answer the
third research question:

3. What are the flocculation timescales and how are these associated with different
flocculation mechanisms?
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Experiments where conducted to investigate the interactions between clay minerals, al-
gae and natural organic matter in detail. The experiments were performed under con-
trolled conditions to achieve optimum flocculation which enable to find the required
characteristic timescales for flocculation.

The laboratory experiments were performed for constant conditions (constant shear
and constant sediment concentration). The temporal and spatial distribution of SPM is
addressed in Chapter 4, where two data sets obtained from monitoring campaigns called
STRAINS I and STRAINS II were analysed. This data consists of Particle Size Distribution
(PSD) measured by LISST 100X and LISST-HOLO in winter 2013 and autumn 2014 re-
spectively. In this Chapter correlations between the SPM particle size and the hydrody-
namics and salinity stratification are given. Hypothesis about the origin of SPM in terms
of advection and resuspension during the neap and spring tidal cycles are discussed for
both seasons. The research questions addressed in Chapter 4 are:

4. How do the SPM concentration and size correlate with water column hydrodynamic
conditions (when are they advected, and when resuspended)?

5. How do the seasonal changes in hydrodynamics and organic matter availability de-
termine the composition and shape of the SPM particles and fluff layer develop-
ment and depletion?

In Chapter 5 of this thesis, the in situ data is compared to the data obtained from the
numerical sediment transport model Delft3D. The Suspended Sediment Concentration
(SSC) at the measurement location was calculated with the so called ZUNO-DD model,
which does not include flocculation [82, 83]. A detailed analysis of particle structure in
correlation with the hydrodynamics is performed, based on the long timescale in situ
measurements, studied in Chapter 4 and the laboratory studies presented in Chapter 3.
From this analysis and the comparison between the model data and in situ data, a con-
ceptual model is developed and presented in this chapter. This model is discussed in
terms of mass transfer between classes. In this chapter, the following research questions
are addressed:

6. What are the main features of a flocculation model that could be implemented in
sediment transport models?

In the last chapter (Chapter 6) the main findings and conclusions are summarized,
and some recommendations for further work are proposed.



CHARACTERIZATION AND CLASSIFICATION OF SUSPENDED
PARTICULATE MATTER (SPM) PARTICLES BASED ON SIZE AND
COMPOSITION

Measurements were conducted during a 13h survey in the Rhine region of Freshwater In-
fluence (Rhine-ROFI) about 10 km downstream of the mouth of the Rotterdam Waterway.
This data set is used to analyze the characteristics of suspended particulate matter (SPM)
near the seabed during a full tidal cycle, at neap tide, during calm weather conditions.
Characterization of SPM is important for understanding SPM dynamics in longer time
series. Therefore, several optical techniques were used in combination to analyse the SPM
particles properties in detail and categorize them in classes. A large range of settling veloc-
ities (0.1 - 10 mm/s) and aspect ratios between 1 and 10 were recorded by video microscopy
(LabSFLOC-2) in quiescent water for samples taken during the survey period. This spread-
ing in settling velocities and aspect ratio is due to the different nature of the particles in
the water column, as identified from the underwater video recording and LISST-HOLO.
Some particles were bare algae particles, which are thin, very elongated particles whereas
others were sediment-algae flocs in different states of coiling. We identify different types of
particles: mineral sediment based particles in the range size 5 - 10 um, small aggregates
and algae 20 - 50 um, organic and inorganic aggregates 50 - 350 um and chain like al-
gae of equivalent diameter 100 - 500 um from which three classes are defined, based on
composition (inorganic sediment, inorganic-organic flocs, organic particles). In addition
flocculation laboratory experiments were conducted with natural sediment obtained from
Port of Rotterdam harbour and living algae. The results of these experiments show a shift
in effective density and clustering in particle size upon addition of living algae to the nat-
ural sediment, which confirm the flocculation ability between sediment and algae.

This chapter is submitted to Frontiers in Marine Science, section Coastal Ocean Processes and is under review.
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Coastal waters are nutrient-rich and suitable environments for microorganisms such
as diatoms, bacteria, dinoflagellates, phytoplankton and zoo-plankton [42, 50, 84-87].
These microorganisms are important in the formation of aggregates (flocs); they influ-
ence floc characteristics, such as size, shape, density and settling velocity, by colonizing
and growing on the nutrient-rich sediment particles [48].

A wide variety of diatoms, dinoflagellates and flagellates are found in the Dutch coastal
area of the North Sea. Most abundant are Skeletonema Costatum, Rhizosolenia delicat-
ula, Chaetoceros and Paralia [88-90]. These diatoms and other biological species gener-
ally present in the water column, along with corresponding organic matter, influence the
Suspended Particulate Matter (SPM) properties by flocculating with clay mineral parti-
cles. This produces different types of aggregates that have a dynamic size, density and
settling velocity [30, 91, 92]. The floc properties are also depending on other elements
present in the water column, such as salinity [35], pH [77], and hydrodynamic shear [55].

The floc history (in which conditions the floc was formed and which shear stress it did
experience) is an equally important parameter that determines floc structure and com-
position. Therefore in order to study flocs dynamics, floc properties and dependency on
the environmental conditions need to be analysed.

A previous study has shown that in the Rhine freshwater plume, at the top of the wa-
ter column, the SPM concentration, in terms of clay minerals, is much lower than in the
ambient coastal water during stratified water column conditions with calm weather at
neap tides [93]. However, algal species and organic debris, i.e. organic particles can be
advected by the freshwater plume which is of great influence on the SPM particles prop-
erties as they can lead to flocculation [84, 94, 95]. The near-bottom water flow transports
(in)organic matter and microorganisms and is a driving mechanism for sediment trans-
port along many coasts, where both advection and resuspension occur [96].

The aim of this chapter is to study the properties of particles in the Rhine ROFI (size,
shape,composition, density and settling velocity) and categorize those particles accord-
ingly. Samples were taken during a 13 hour boat survey, measurements on SPM char-
acteristics were performed capturing a complete tidal cycle. This field survey is part of
a large field campaign that was conducted in September-October 2014 in the mid-field
region of the Rhine ROFI [17], close to the Sand Engine [97]. A mooring and two frames
were deployed at 12 m depth as part of the Stratification Impact on Near-shore Sediment
Transport (STRAINS II) experiment [17, 98, 99].

A one day field-survey has been devoted to study the SPM in the near bed part of the
water column. Several in situ instruments, based on optical techniques, have been used
simultaneously during this one day boat survey in the Rhine-ROFI to perform this anal-
ysis. These instruments are: LISST 100X (Laser In Situ Scattering and Transmissome-
try), which is based on laser scattering and estimates particle size in the range of 2.5 -
500 um; LISST-HOLO (Submersible Digital Holographic Camera), which provides both
particle size and 2D images of SPM; an underwater camera; and an onboard camera
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(LabSFLOC-2) which provides both Particle Size Distribution (PSD), aspect ratio and set-
tling velocities of particles in quiescent water. Both LISST 100X and LISST-HOLO were
part of a mooring that had been placed in the vicinity of the survey vessel, while the un-
derwater camera and LabSFLOC-2 were used in water and on board respectively during
the boat survey.

The use of underwater cameras was long limited to size analysis of objects larger than
hundreds of microns [76, 100]. Due to the latest development in camera specifications,
it is nowadays possible to use underwater cameras with a much better resolution and
light sensitivity [101-103], which enables to assess particles larger than 10 ym and esti-
mate particle densities based on grey-scale analysis.

Combining the particle size distribution obtained from the LISST 100X and LISST-HOLO
with the data from LabSFLOC-2 camera system and underwater camera, the types and
properties of particles in the Rhine ROFI are identified. Additional laboratory experi-
ments were conducted to study the interactions between the microorganisms (algae)
and sediment in more detail, under controlled conditions for optimal flocculation.

2.1. MATERIALS AND METHODS

2.1.1. MOORING

In the present study, the LISST 100X and LISST-HOLO data of the mooring was used, in
addition to the survey data. The mooring was located in the coast 10 km from the Rhine
mouth and at 2 km distance from the coastline in the vicinity of Sand Engine were the
water depth is 12m (see Figure 1.2). All times are referenced to GMT.

LISST 100X

LISST 100X uses laser diffraction to determine the volume concentrations of particles in
32 logarithmically spaced effective spherical diameter classes (PSD) ranging for the 100X
type from 2.7 to 460 um [59, 60]. The LISST 100X was placed on the bottom frame, 1.65
m above the bed (mab) on the frame, and measurements were taken every 10 seconds.
The data was averaged on 10 minutes bursts.

LISST-HOLO

LISST- HOLO is an in situ digital holographic technology that uses solid state diode laser
at 658 nm and 4.4 ym pixel size digital camera (1600 x 1200 pixels). It measures equiv-
alent spherical diameters in the size range of 25- 2500 um, within 50 log spaced size
classes. The LISST- HOLO was placed at 1.40 mab on the frame and took a picture every
5 minutes.

The LISST - HOLO software was tuned to find the most appropriate values for clean stack
and threshold parameters [66]. Clean Stack 3 and default threshold of 0.15 was found to
give the most clear pictures and was used to process the raw data [104]. The density of
the particles can be estimated from the calculated solidity by the LISST- HOLO software.
The solidity is defined as the solid fraction of a given particle, and can be related to the
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porosity of that particle [105]. A fully solid particle will have a solidity of 1, whereas a
solidity close to 0 will indicate a very porous particle. The solidity is obtained by dividing
the black area (Ag = N x r2 where r? is the area of a black pixel and N the number of black
pixels within a particle) of a particle by the total area (A) of that particle. We assume that
the volume of the particle is given by V = A x ¢, where c is the dimension of the particle
perpendicular to the field of view of the camera, and Vg = Ap x ¢ is the volume of the
black area. Assuming that the particles properties do not change along the direction in-
dicated by c, we can express solidity as function of the volume of the particle by:

Agpxc 'V
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The density p,, of a particle is given by:

where p; is the absolute density of the solid part and p,, is the absolute density of water
(that fills the voids). It is assumed that no air is trapped in the flocs. From this we can
deduce that the effective density of a floc p, = p, — pw is given by:

Pe=(ps—pw)S 2.3)

The density of the solid fraction p (represented by black pixels) is at this stage unknown.
For mineral sediment flocs it can be expected to be close to 2600 kg.m ™3 and for organic
rich particles, it is expected to be much lower (1016-1600 kg.m~2). Note that the as-
sumption that the particle’s properties do not change along the direction indicated by ¢
can lead to erroneous estimations.

2.1.2. FIELD SURVEY

The survey was performed in the proximity of the 12 m mooring on the 17*" of Septem-
ber 2014. The study was carried out from the research vessel Navicula during a full
tidal cycle. The measurement day was chosen such that, the hydrodynamic conditions
were energetically low to ensure that particles mostly settle by gravity and re-suspension
would not play a major role in the observation of SPM during this tidal cycle [17]. Dur-
ing the 13 hours survey (6:00 - 17:00 GMT), 26 water samples were taken with a van Dorn
sampler at 0.6 meters above bed (mab), every 1/2 hour, in vicinity of the mooring.

CTD
CTD measurements were performed during the boat survey. Every 1/2 hour a CTD cast
was made to measure the salinity profile and determine the water column stratification
state.

LABSFLOC-2 SETTLING COLUMN CAMERA SYSTEM

The water samples were taken at 0.6 mab depth and were analysed using the (INSSEV_
LF) LabSFLOC-2 camera system (Laboratory Spectral Flocculation Characteristics, ver-
sion 2) that recorded the settling velocity of particles from a pipetted amount of sample.
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The particle size, shape and effective density were estimated from the settling velocity
[106-108].

LabSFLOC-2, see Figure 2.1 was developed by Manning et al. [107, 109, 110], and it uti-
lizes a high magnification 2.0 MP Grasshopper monochrome digital video camera [110]
to observe individual flocs as they settle in a 350 mm high by 100 mm square Perspex
settling column. The video camera, positioned nominally 75 mm above the base of the
column, views all particles in the center of the column that pass within a 1 mm depth
of field, 45 mm from the Sill TZM 1560 Telecentric (maximum pixel distortion of 0.6%),
0.66 (1:1.5) magnification, F4, macro lens fitted behind a 5 mm thick glass face-plate.

During sampling, a modified pipette is used to carefully extract a floc sub-sample from
the Van Dorn chamber and is filled to produce a fluid head of 50 mm, which results in
a video image control sample volume nominally of 400 mm3 (1 mm image depth and
8 mm nominal video image width, with a nominal 50 mm high suspension extracted
with a modified pipette). This controlled volume permits in principle LabSFLOC-2 cal-
culated floc mass to be compared and calibrated directly to ambient SSC. The pipette
sub-sample is immediately transferred to the LabSFLOC-2 settling chamber, whereby
the aperture of the pipette was brought into contact with the LabSFLOC-2 settling col-
umn water surface and permitted the flocs to pass from the vertically held pipette to the
chamber and settle solely under gravity, i.e. naturally and unassisted. Thus, the flocs
allowed to pass into the settling column were naturally segregated as they fell by the pro-
cess of differential settling; i.e. the fastest falling aggregates would be observed first.

Settling flocs are viewed as silhouettes (to reduce image smearing) resulting from a CCS
LDL-TP-43/35-BL, 43 x 35 mm, homogeneous blue (470 nm) back-illumination LED
panel, located at the rear of the settling column. The video images are streamed in real
time as AVI files to a laptop PC via a FireWire-B PCI card interface. The digital floc im-
ages are captured at a frame rate of 7.5 Hz (one frame is 0.04 s), at a resolution of 1600
x 1200 pixels, with an individual pixel nominally representing 5 ym (confirmed by inde-
pendent calibration). The AVI files are not Codec compressed, so they could be analysed
with MatLab software routines. During post-processing, the HR Wallingford Ltd DigiFloc
software - version 1.0 [107, 109], is then used to semi-automatically process the digital
recordings to obtain floc size and settling velocity spectra.

The sphere-equivalent floc diameter, D, was calculated by measuring both major-axis
and minor-axis of each observed two-dimensional floc image [111]:

D = (Dmajor * Dminar)o'5 2.9

Each floc settling velocity was determined by measuring the vertical distance that the
floc travels between a sequence of frames. Stokes’ law then enables an estimation of
individual floc effective density [111],

18W
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Pe=Pp~Pw= (2.5)
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Figure 2.1: Malvern MasterSizer 2000 instrument (right) and LabSFLOC-2 settling column (left).
Pictures were taken at the Deltares laboratory

where W; is the settling velocity, u is the water viscosity, g is the gravitational accelera-
tion, and D is the particle diameter.

UNDERWATER VIDEO CAMERA:

In addition to the LabSFLOC-2 system, a video camera mounted under the Van Dorn
sampler (Figure 2.2 a and b) was lowered at the sampling time, to take videos of the
particles at the sample location. This was an Imaging source GigE color camera, I/0
Aptina CMOS MT9P031, with a maximum resolution of 2592 x 1944. The pixel size is
2um x2um.

The use of underwater cameras was long limited to size analysis of objects larger than
hundreds of microns [76, 100]. Due to the latest development in camera specifications,
it is nowadays possible to use underwater cameras with a much better resolution and
light sensitivity [101-103], which enables to assess particles larger than 10 pm.

The video’s taken with the underwater camera were used for qualitative analysis of the
flocs and not for quantitative size analysis. The size analysis was done with the LISST
100X, LISST-HOLO and LabSFLOC-2 system.

2.1.3. WEATHER CONDITIONS AND HYDRODYNAMICS

The 17'" of September 2014, was a calm weather day during neap tide. The tidal eleva-
tion at Hoek van Holland was between 0.85 m and -0.62 m, and the wind speed stayed
below 6 m/s coming from the east. In addition, the significant wave height was below
0.5 m, which was retrieved from a wave rider buoy 1 km south from the survey site. The
total river discharge from the Rhine and Meuse River was about 1500 m3/s, for that day.
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a b c

Figure 2.2: a) The underwater camera, mounted under the van Dorn sampler, b) The set-up is
lowered into the water, ¢) The Seabird CTD

The boat survey started at flood tide, before the flood peak. The water column was
weakly stratified with a salinity difference of 2 PSU (Practical Salinity Unit) between sur-
face and bottom. The water column was however divided into different salinity layers
after a front arrival 2 hours later. The stratification prevailed almost the whole day as it
was a neap tide day with low energetic mixing conditions. Note that the salinity close to
the bottom remained close to 30 PSU.

2.1.4. LABORATORY MEASUREMENTS

Based on the observed field results, additional laboratory experiments were conducted
to produce flocs of different composition and analyse the impact of composition on their
temporal evolution.

SEDIMENT

The experiments were conducted with sediment taken from the Port of Rotterdam (PoR).
The dry weight was 33.2 % - 34.2 % as assessed by the provider (Port of Rotterdam) and
the mineralogical composition of this sediments are summarized in table 2.1. In each jar
test 7 grams of this untreated sediment was diluted, which results in a end concentration
of 0.2 g/L in the Jar. Seawater (sieved through a 5 um filter) was used as suspending
medium.

ALGAE

The algae Skeletonema Costatum was chosen in the study, as being one of the most pre-
dominant algae species in the coastal area [88]. The algae was obtained from the hatch-
ery Roem van Yerseke B.V. The concentration of the algae stock suspension was about
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5.10° cells/mL and was kept in dark to avoid photosynthesis and change in concentra-
tion. The algae suspension was refreshed every two weeks to ensure that the concentra-
tion used in the experiments was constant.

Table 2.1: Mineralogy of PoR sediment used in the laboratory experiments

Mineral % Weight content
Quartz 26.8
Alkali Feldspar 34
Plagioclase 35
Illite 21.1
Chlorite 24
Dioctahedral Smectite 20.2
Interstratified Illite/ Semctite Reichweite 50.4
Carbonates % Weight content
Calcite 14.5
Mg-Calcite 4.1
Aragonite 2.2
Dolomite 0.3
Ankerite 0.8

PARTICLE S1ZE MEASUREMENTS

The Particle Size Distribution (PSD) of samples were obtained by Static Light Scattering
(SLS) using a Malvern masterSizer 2000 which provides a full PSD every 30 s. The size
range of the SLS device is 0.01-2000 ym in 100 logarithmic-spaced bins. The samples are
stirred in a 1L-jar at constant rate of 35 rpm (30 s~!), and pumped through pipes to and
from the SLS device at constant rate of 10 rpm (about 12 s~!). The set-up is the same
as the one used by Ibanez et al. [43]. The shear rates used are usually higher than those
observed in the field (which are of the order of 0-10 s~ 1), especially at neap. However,
these rates were determined in preliminary experiments to ensure a minimal breakage
of the aggregated fractions and avoid settling in the pipes. When the steady state size
was reached for a given algae concentration, the concentration of the algae was adjusted
to a higher content. The percentage of algae content was increased in steps to reach
concentration 5, 20 and 30 volume %. This percentage corresponds to volumes taken
from stock suspension divided by the total volume in the jar. At steady state, some sub-
samples have been pipetted and studied with the LabSFLOC-2 camera system that was
mounted in the laboratory. The description of the LabSFLOC-2 camera system is given
in section 2.1.2. In order to obtain a good signal to noise ratio by SLS we used sediment
and algae concentrations that are 100 times more concentrated than the ones observed
in situ during our one-day survey. The algae to clay ratio is however the same. The time
scale of aggregation will of course be different.
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2.2. RESULTS AND DISCUSSION

The SPM was studied using two camera systems, the underwater camera and the LabSFLOC-

2 camera, on-board during the survey. With these instruments, and the photos obtained
from the LISST- HOLO, the shape and settling velocity of the SPM particles could be
recorded and their density estimated. The low energetic conditions (neap tide) during
the campaign day led to the presence of very anisotropic particles in the water column
and low SPM concentrations, which makes the interpretation of the in situ data with
respect to particle size distribution challenging. Studying the particles characteristics
during these conditions is however interesting because at higher energetic conditions,
mineral sediment particles dominate the PSD. This does not allow the study of organic
matter-based particles which have typically a low concentration but play an important
role in the flocculation and resuspension processes.

FLOC SIZE, SETTLING VELOCITY AND SHAPE

From the underwater camera records and the LISST-HOLO pictures, different types of
particles could be identified, as shown in Figures 2.3 and 2.4. The floc structure depends
on the Organic Matter (OM), present in the water column, which is a temporal and spa-
tial variable [39, 112-114]. This OM can be composed of living or dead microorganisms
(algae, bacteria) or exo-polymers, secreted by these organisms. As these particles can
have variety of shapes, aspect ratio can be used to obtain an estimation of the shape.
Aspect ratio provides information about the anisotropy of particles and seems to be a
suitable parameter to differentiate between algae like Skelefonema Costatum, which are
known to form elongated strings and other particles. [115, 116].

Based on the LabSFLOC-2 measurements and the underwater camera snapshots, the
particles are divided into three major types. One type corresponds to (mineral) sediment-
rich flocs, having an effective density close to 1600 kg/m?> with settling velocity of 1 -
10 mm/s. These particles have compact form and dark color (high density). An other
particle type corresponds to algae-rich particles having an effective density between 16
- 160 kg/m?® with a settling velocity of 0.1 - 1 mm/s. These particles display an open
or anisotropic structure and have a lighter color (low density). They are likely com-
posed of inorganic and organic particles such as Transparent Exopolymer Particles (TEP)
[117, 118]. For some of these flocs, the elongated algae structure is still recognizable, al-
though the algae is coated with (in)organic debris and can be in some state of coiling
(Figures 2.3 and 2.4). The third type corresponds to bare algae, or algae bound to very
little amount of sediment, which have a very low density of about 16 kg/m?> with low
settling velocity, mostly around 0.1 - 0.5 mm/s.
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Figure 2.3: Results from the LabSFLOC-2 camera experiments: settling velocity as function of par-
ticle size. The 3 lines represent constant effective density lines, in red 1600 kg/m3, in green 160
kg/m3 and in purple 16 kg/m?3. The floc pictures are snapshots obtained from the underwater
camera.
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The results, in Figure 2.5, are given in terms of D10, D50 and D90, where Dk repre-
sents the k% particles having a mean size smaller than Dk. A special class > D90 was
created which corresponds to the mean size of all particles larger than the D90 size.
Specific LISST - HOLO measurements at the sampling times are also divided into these
classes and displayed so that they can be compared with the LabSFLOC-2 camera data.
The aspect ratios AR = Diajor/ Dminor Were evaluated using the same classes for both
methods (Figure 2.5 a and b). We used the aspect ratio in combination with the den-
sity and settling velocity obtained from the LabSFLOC-2 to evaluate the relationship be-
tween particles shape and their settling velocity. Comparing Figure 2.5b and ¢ with 2.5d,
it can be seen at t = 9:36 (between 9:00 - 10:00), the particles have high aspect ratio and
relatively low settling velocity. These highly anisotropic particles with low density have
a lower settling velocity than spherical particles (from 10:00 to 15:00), with high density
and low anisotropy (close to unity). These low density particles can have an increase in
mass in time by aggregating with clay minerals.

High aspect ratio particles have large sizes (> 100 ym) but their concentration is lower
than particles with higher density. Studies have shown that the algal mucous secretion
and cell protuberance lead to entanglement and aggregate formation of algae during
sinking, and these ’sticky’ aggregates scavenge minerals and other particles during set-
tling, which further increases the settling velocity [119-122]. Even small-celled diatoms
such as Skeletonema Costatum, which is probably the observed algae species with the
underwater camera and the LISST- HOLO, attain high settling velocities due to their for-
mation in chains and their ability to aggregate [107, 123, 124].

Dead algae cells can on the other hand, accumulate as particulate organic matter. This
organic matter will be a source of sticky material that also scavenge clay minerals and
sediment particles and form flocs (see Chapter 3). Some of the particulate organic mat-
ter will be microbially decomposed into dissolved organic matter in the water column as
well as in the sediment bed [125].

The density of flocs decreases with the size, as expected [126-130]. The comparison
between the density obtained by LabSFLOC-2 camera of the particles from the sample
taken at 08:04 with the density calculated from the LISST-HOLO picture taken at the
same time is shown in Figure 2.6a. For this Figure, we took p; = 2600 kg.m > in eq.(2.3).

The LabSFLOC-2 does not measure sizes below 10 um, a range that is accessible to the
LISST-HOLO. On the other hand, with the LabSFLOC-2 technique, more large particles
(> 100 um) are observed. This can partially be due to the fact that differential settling is
occurring while particles are left to settle after being pipetted into the settling column.
Nonetheless, both data-sets (LabSFLOC-2 and LISST-HOLO) confirm that density is a
decreasing function of size and that for a given size there can be a large spread in den-
sity. This was also observed in the study of Manning and Schoelhamer [111, 131].

As the camera and LISST-HOLO pictures show (Figure 2.6b), this spreading in density for
a given size can be attributed to two factors: first, the composition of a floc (the amount
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of mineral and organic matter within) and second, a raw data conversation artifact due
to the shape of a floc. For highly anisotropic particles such as algae, the equivalent di-
ameter will be estimated by:

Dequivalent = Dminor x VAR (2.6)

where the AR the aspect ratio. For a 1 mm long algae, with AR = 10, this gives an equiva-
lent diameter of about 100 um, which is the size that many flocs of aspect ratio close to 1
also have. Plotting the major axis as function of density provides therefore, a better size
and density trend for the algae particles (Figure 2.7). We used eq.(2.3) to check the influ-
ence of p; on the density trend. From Figure 2.7a and 2.7b it is found that the smallest
particles have densities comparable to the ones found using the LabSFLOC-2 data when
ps = 2600 kg/m3 while the largest particles have densities comparable to the ones found
using LabSFLOC-2 data when p; = 1016 kg/m3. This implies that a black/white scale
to estimate the solidity as proposed in section 2.1 is not appropriate to estimate densi-
ties and that a proper greyscale analysis should be performed. This can not be done at
present, as this analysis requires a proper calibration of the greyscale colours based on
more extended research.

Figure 2.4: LISST- HOLO photo’s: a) two differently shaped particles are chosen, an anisotropic
particle (probably bare algae) with AR of about 5-6, and a spherical particle (floc) with an AR of 1-2
b) bare and slightly coated elongated algae particles. The bars are representing 1000 um scale.

PARTICLE S1ZE DISTRIBUTION (PSD) WITH VARIOUS TECHNIQUES

As the size of the particles did not change significantly during the whole day, the PSD
data from the LISST 100X and the LISST-HOLO and the LabSFLOC-2 camera system were
averaged over the entire day for each instrument. This also enabled to have a statisti-
cally significant data set, as the amount of particles detected was low during the day.
Figure 2.8 shows the day average particle size distributions estimated by the three tech-
niques, the LISST 100X, LISST-HOLO and the LabSFLOC-2 camera system. Although
the LabSFLOC-2 camera data are not directly comparable with the LISST data due to
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Figure 2.5: Results of the LabSFLOC-2 camera study and the LISST - HOLO. a) Mean aspect ratio of
each class, as function of time for LISST - HOLO data (at the survey sampling times) from the 12m
mooring. b) measured mean aspect ratio of each class, as function of time for LabSFLOC-2 camera
samples taken during the survey. c¢) measured aspect ratio per density as function of time for the
LabSFLOC-2 data. d) Settling velocity corresponding to the particles, measured with LabSFLOC-2
camera.

discrepancies between the two techniques [132], the overall mean size of the particles
obtained from the LabSFLOC-2 camera correlates with the mean particle size obtained
from the LISST data and fluctuates between 150 and 220 ym. The averaged PSD mea-
sured by LISST 100X is trimodal with peak particle sizes being 300, 200 and 70 ym for the
whole day, whereas the LISST-HOLO displays two peaks which overlap the LISST- 100X
200 pm and 300 um size peaks.

The LabSFLOC-2 data on the other hand displays one wide peak that tends to be bi-
modal, overlapping mainly the 200 um peak and slightly the 300 um peak. The larger
sizes correspond to elongated bare algae whereas the peak in the range of 100-200 ym
corresponds to flocculated organic rich particles. The clay size fraction (< 10 micron) is
however observed only by the LISST 100X, which is out of the LISST-HOLO and LabSFLOC-
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Figure 2.6: Comparison of density trend for two samples: a) Sample at t = 8:04 h where a low
amount of algae particles are detected and the sample contains mostly sediment mineral particles.
b) Sample at t = 10:39 where low sediment mineral content is present and significant amount of
algae species are present (bar represents 1000 pm). LISST-HOLO density was evaluated according
to eq 2.3 using ps = 2600 kg.m ™3, LabSFLOC-2 density was evaluated according to eq 2.5.

2 range, since they are both camera based techniques. Graham et al.[133] similarly
showed that the PSD produced by LISST-HOLO overlap with the PSD of LISST 100X in
sizes 20-500 um. They also observed that the LISST 100X reports a larger number of par-
ticles in the same size range, and that the LISST 100X enables to measure the smallest
size classes in the suspension i.e. below 20 pm [133].

Graham and Nimmo Smith [134], who compared the LISST-HOLO PSD with the Malvern
Hydro 2000G PSD, have found that the LISST-HOLO PSD showed multiple modes as
compared to the monodal PSD produced by the Malvern Hydro 2000G, which were at-
tributed to overlapping large particles in the field of view of the holographic system. In
our case, the presence of highly anisotropic particles leads to same kind of effect. It was
shown by Karp-Boss et al. that biological species cause trimodal distributions due to
their shape effects [115].

Agrawal et al. inverted the data found by LISST 100X using different kernel matrix to pro-
duce particle size distribution for non-spherical particles [135]. However their method
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does not cover very anisotropic particles such as bare algae and flocculated algae as are
present in our observations. This is why a combination of holographic pictures and/ or
other video or camera recording, are necessary to interpret the LISST 100X PSD as was
also concluded by Graham et al. [133].
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Figure 2.7: Influence of particle density ps on the estimation of floc density (given on the y-axis).
The density is calculated using eq 2.3 from LISST HOLO particle size data. Density of the particles
as function of major axis for the sample taken at t = 10:39, with a) ps = 2600 kg.m™3. b) ps = 1016
kg.m™3

LABORATORY EXPERIMENTS RESULTS

The untreated PoR sediment was suspended in seawater as described in Materials and
Methods section, the PSD was measured during flocculation. Figure 2.9, upper panel
shows the SLS (Malvern 2000) measurements of particles size evolution in time. PoR
sediment particles do flocculate with each other, 2.9a, as the water is saline. The sam-
ples have been disturbed during sampling, and therefore the particles are re-flocculating
during the jar test. It has been shown that salt-induced flocs are extremely fragile, and
that their (fully reversible), growth/break-up is proportional to shear shear stress [26].
The organic matter in the PoR samples is dead organic matter that could be decayed, as
the sample has been stored for long time in a fridge. It is unclear at this stage whether
the organic matter plays a role in the flocculation process. According to [136] fresh TEP is
one of the most important constituent controlling the settling of the particles in coastal
waters.

The floc growth in the jar is different from in-situ as the sample is continuously stirred
and pumped though the device. This results in flocs having a low anisotropy. Moreover,
the raw data processing by the Mastersizer software results in smoothed particle size
distributions which hide possible multiple peaks [43]. After reaching steady state, Living
Algae (LA) is added to produce 5% LA + 0.2 g/L suspension. After reaching a steady state,
the LA content is increased to reach 20% LA + 0.17 g/L clay. Note that the suspension is
slightly diluted and the PoR sediment concentration is lower. This procedure is repeated
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Figure 2.8: Comparison of particle size distribution measured by the LISST 100X (full line), the
LISST-HOLO (dashed line) and LabSFLOC-2 (dashed dotted line). Clay minerals: < 10 ym, small
aggregates: 70 um, flocs (large aggregates): 200 um and algae: 300 um

for the 30% LA + 0.15 g/L clay suspension. The SLS data show a small shift in D50 over
time upon increase in LA concentration. A tail is observed in the distribution between
1 and 10 um (clearly visible in d). This tail exists for all LA concentrations, and the PoR
sample (0% LA). This size range is attributed to the fine size class that will not neces-
sarily aggregate. After reaching steady state a sample was taken to be analysed with the
LabSFLOC-2 camera system. The settling velocity and the diameter were estimated and
the density was calculated according to Stokes’ law.

The LabSFLOC-2 measurement of PoR sediment sample (Figure 2.9a) shows that the
sample consists of a wide range of particle in the size range 20-200 ym with a wide range
of settling velocities and densities. In the sample with 5% LA content (Figure 2.9b), the
particles have grown such to form roughly uniform settling velocity clusters of between
0.1 mm/s and 0.5 mm/s with a wide size range (10-200 um.). One large cluster with
density of about 160 kg/m? is found in the size range of 10 - 100 um, indicating floc-
culated sediment with algae, and a smaller cluster with a density between 160 kg/m3
and 16 kg/m? is found in the size range < 100 um. These low density particles are algae
particles.
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Figure 2.9: Flocculation experiments PoR sediment with Living Algae (LA), left panel: SLS particle
size measurements, right panel: LabSFLOC-2 measurements of the same samples after reaching
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The sample with 20% of LA (Figure 2.9c), shows a cluster of roughly uniform density
of 160 kg/ m®, with wide range of settling velocities between 0.05 - 10 mm/s and wide size
range (50-300 um ). Some of the particles however, have densities of 16 kg/ m3, which are
probably bare unflocculated algae particles.

The sample with 30% LA (Figure 2.9d), shows a spreading in clusters, while the settling
velocity remains large (0.01 - 10 mm/s). A large amount of particles are found in the
density range 160 - 16 kg/m? and sizes > 100 um, which indicates that these particles
are algae-reach.

The aspect ratio of PoR sediment sample did not show a significant difference compared
to the samples with LA. The AR was measured to be between 1-3 for all samples. This is
due to the fact that the samples were taken after the flocs had reached steady state and
that the flocs could not grow anisotropically, due to the shear imposed in the jar. This
condition is most probably different in situ, where the shear is different and differential
settling can occur, whereby particles can "catch-up" with each other. Lab experiments
could be designed to study the change in AR of sample in different shear conditions, but
this is beyond the scope of this thesis. The Aspect Ratio (AR) and densities of PoR and
PoR +5% LA and PoR + 30% LA are shown as examples in Figure 2.10. Dividing the sam-
ples into two clusters based on their density (Figure 2.10 upper panel), shows that lower
density particles have higher aspect ratio in the PoR + 5% LA and the PoR + 30% LA sam-
ples, while the PoR sample shows uniform AR for both densities.

It is worthy to mention the sampling method could possibly had an influence on the
aspect ratio of the particles. The jar stirrer had to be stopped prior sampling, and the
flocs could settle to the bottom of the jar. This can cause a change in size and shape of
flocs resulting in higher AR.

In Figure 2.10 lower panel, the density is plotted as function of size for the size classes
D10 - > D90 for the same samples. It is clear that every size class consists of a wide range
of densities. Upon addition of LA, the density/size profile changed and an exponential
decreasing function density is found as function of size, as it is usually observed in es-
tuarine conditions [111]. It seems that sediment and dead organic matter (PoR sample)
has a much wider spread in density for a given particle size compared with sediment and
living algae. The Dk% of the sizes found in situ and lab is given in table 2.2. The sizes of
the > D90 class is quite similar in the lab and in situ, indicating that very large particles
(algae) are not very sensitive to shear. All the other classes have sizes that are smaller in
the lab as compared to in situ, as by shearing the particles get denser and smaller.
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Table 2.2: The D10, D50, D90 and > D90 based on LabSFLOC2 measurements for in-situ and
laboratory samples

In-situ

sample D10 D50 D90 > D90
t=6.00 56.09 | 114.48 | 183.42 | 310.52
t=9:25 61.16 | 128.47 | 223.11 | 269.12
t=9:50 85.80 | 149.73 | 292.28 | 449.75
t=10:00 89.38 | 99.09 | 130.39 163
t=10:40 115.63 | 154.15 | 414.55 | 836.21
t=12:30 70.69 | 130.24 | 171.27 | 179.15
t=14:10 81.92 113.6 | 185.25 | 225.759
t=17:30 67.60 | 131.87 | 175.89 | 311.79
Lab experiments

PoR 29.7 65.66 | 142.63 | 357.15
PoR + 5% LA 25.89 46.27 | 107.38 | 220.77
PoR +20% LA 20.17 | 58.77 | 11091 | 358.17
PoR +30% LA 27 60.81 105.28 317.1

2.3. CONCLUSION

In this study, the results of a one-day field survey in the Rhine ROFI region, during neap
tide calm weather conditions were presented. The SPM characteristics for these typical
neap tide conditions were analyzed with a variety of optical and camera techniques.

Videos from the underwater camera and LISST-HOLO data, show the presence of many
algae particles in the bottom water layer. These particles can be found in the form of
elongated chains, or bound to debris and mineral particles in different degrees of coil-
ing. From sample analysis done on board with a LabSFLOC-2 camera, the aspect ratio of
the particles could be quantified and was found to be close to 2 for the lightest particles
(relative density < 160 kg/m?®) and at given moments in time, aspect ratios between 3
and 8 were observed for this class of particles. According to their density estimations,
and confirmed visually from the LISST-HOLO and underwater camera video recordings,
these lightest particles were algae-rich flocs or bare algae particles. All the other particles
have an aspect ratio close to 1 for any condition.

In the laboratory experiments, no floc or algae strain had an AR larger than 3, suggesting
that the creation of highly anisotropic particles (as observed in the field data), requires
environmental conditions that are different from the lab.

The particle density was estimated using Stokes’ law from the LabSFLOC-2 data. It could
in principle also be estimated from the solidity derived from the LISST-HOLO data, how-
ever due to presence of organic rich particles, the conversion is not straightforward, as
the density of organic and inorganic particles are very different. Further research is re-
quired to find a proper calibration between the gray-scale recorded from LISST-HOLO
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and density.

The fact that particles are highly anisotropic leads to multiple peaks in the PSD found
using the LISST 100X. This fact has to be accounted for when longer time series will be
analysed, solely based on LISST 100X data from the mooring (chapter 4). The mean
particle size obtained by LISST 100X for the larger flocs is in agreement with the mean
particle size obtained with the LISST-HOLO and LabSFLOC-2 camera system.

The use of different measurement techniques provide a full spectrum of particle size
distribution: LISST 100X detects the fine fraction (< 20 ym) properly, while from the
LabSFLOC-2, LISST-HOLO and underwater camera information about the coarser frac-
tion, the flocs, their shape, settling velocity and density can be obtained.

Based on these findings the SPM particles are categorized into three classes, in view of
creation of a flocculation model (chapter 3). In contrast to what is currently the practice,
it is proposed that the particles classification is done based on their composition rather
than their size. These classes are defined as follows:

Class 1: Sediment inorganic particles (clay minerals): the particles in this class have
high effective density and small anisotropy. These can flocculate with organic mat-
ter (including algae) for the non-sand fraction.

Class 2: Flocculated particles: these class have a wide range of sizes, effective densities
and settling velocity based on availability of the other classes, the floc history and
hydrodynamic conditions.

Class 3: Bare algae and/or bare organic matter: particles in this class have low effective
density (and an anisotropic shape) and can flocculate with sediment particles.

It is expected that these three classes are also present during spring tide and storm con-
ditions, however in different relative ratios. For instance, during storm a large amount of
Class 1 is expected to be in the water column.







APPLYING LOGISTIC GROWTH THEORY TO MODEL
FLOCCULATION

In the present Chapter we are aiming to parameterize a new flocculation model by con-
ducting different types of experiments in the laboratory. The suspension constituents are
chosen such that they mimic the natural floc composition as much as possible based on
the particles identified in the previous chapter and literature [40]. In addition these floc-
culation experiments will strengthen our understanding of sediment / algae and sedi-
ment / organic matter flocculation process whereby the aggregate size exceeds the Kol-
mogorov length scale in natural waters [137]. In addition these flocculation experiments
will strengthen our understanding of sediment / algae and sediment / organic matter floc-
culation process whereby the aggregate size exceeds the Kolmogorov length scale in natural
waters [26].

The model can be used to study either the evolution of a class volume concentration as
function of time, or the change in size of a given class as function of time. It will be shown
that the data can be used to parameterize the model. Different flocculation characteristic
time scales are found for different constituents. The flocculating agents cover a wide range
of constituents starting from monovalent and divalent salts to natural organic matter and
living algae species. Divalent salts are shown to promote flocculation of clay and sediment
and play a crucial role in flocculating the organic matter to the sediment particles. A dis-
cussion about the mass balance between the two classes is given.

Parts of this chapter have been published in Marine Geology (2020) [26].

33
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The particle identification performed in the previous chapter showed that the flocs
are composed of clay minerals, transparent organic matter structures, algae and other
microorganisms. Organic matter such as polysaccharides and proteins fall under generic
name of Extracellular Polymeric Substances (EPS) which are complex high molecular-
weight mixtures of polymers. These particles have a wide size range of < 3 up to > 100
pm. As these substances are mostly excreted by diatoms and phytoplankton’s, their con-
centrations and abundance are seasonal dependent. Because of their large size and high
stickiness they facilitate or enhance flocculation of solids [30, 31, 138-140]. The size evo-
lution and effective density of flocs are depending on these constituents as well as on the
dissolved salts that are naturally present in seawater, and shear stresses.

Many studies have been conducted to model flocculation using Population Balance Equa-
tion (PBE) models [28, 141-146]. The earliest and simplest PBE originates from Smolu-
chowski (1917). It describes the rate of early aggregation and it contains two general
growth (K,4) and break-up (Kp) terms. The generic form of a PBE is given by:

dN

E—KA(Q_KB(I) (3.1
where N represents the number of particles in a given size class and ¢ is the time. Most
models assume that the particles are hard spheres and that the flocs maintain their shape
during the flocculation process. Some studies use a time varying floc size, which intro-
duce new parameters in the PBE model [147]. The general break-up term in PBE usually
accounts for binary break-up by shear, which results in the ’birth’ of two small particles
by the 'death’ of a large one. [145, 146, 148, 149].

The Smoluchowski model has been successfully applied to salt-induced flocculation
[77, 147, 150]. However, when polymers are involved in the flocculation process, de-
crease in size is predominantly caused by reorientation of the polymer and by aggregate
restructuring and densification [148] rather than breakage, due to the elasticity of the
polymers. Modifying the PBE to account for this effect would introduce new variables
that cannot properly be measured, and therefore this step would not add to the system
understanding. Modifying the PBE to account for organic matter induced flocculation
requires for instance the inclusion of parameters such as the sticking probability of a
specific EPS or its reconformation under shear. Additionally, there is a problem in defin-
ing the properties of a particle within a given size class, as each particle in a size class
may have a different composition. This implies that particles of same size can have a
different settling velocity as they have different effective densities. For this reason, the
PBE cannot be used for numerical modeling purposes, whereby a size class is associated
with a settling velocity.

In view of simplification, other researchers model flocculation using a single equation
that represents the change in size of the average particle size (the D50) [37, 75, 145, 151].
This approach has the advantage to be easy to implement in large-scale models, but the
disadvantage to not properly account for the sediment (mineral) mass conservation. The
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model proposed by Chassagne and Safar [26], makes use of mass conservation and is as
easy to implement as the D50 models.

Open questions thus remain: How to parameterize and calibrate this new model? How
are the flocculation dynamics, in particular timescales, associated to different floccula-
tion mechanisms?

To answer these questions, the interactions between sediment, EPS and microorgan-
isms are analysed trough flocculation experiments conducted under controlled labora-
tory conditions. The size class evolution in time with different constituents is then used
to parameterize the flocculation model as was proposed in [26].

After briefly describing logistic growth theory, the relevant materials and methods will
be presented. The flocculation behaviour and the modelling results for different sus-
pension composition and environmental conditions will be discussed.

3.1. LOGISTIC GROWTH THEORY FOR FLOCCULATION

The analytical model used in this chapter is derived from logistic growth theory, that
is used to describe the time evolution of a living population [37, 152-154], with "birth’
and 'decay’ parameters. Every class in a flocculating suspension can be seen as a 'living’
population that is growing or decaying in time depending on other classes and external
parameters. Standard logistic growth models account for either growth of population,
until steady state is reached, or decay of a population, until a steady state is reached. For
populations that experience first a growth and then a decay, specific growth and decay
functions should be given. These functions are depending on parameters that should be
studied as function of suspension composition and environmental conditions.

During flocculation each class has a number of individuals (V) which is changing in
time (#). The decrease of number of particles with time is associated to the decay func-
tion d(¢) and their increase with the birth function b(#). The functions b(#) and d(¢)
should be chosen such that they best mimic the time evolution of all classes. In Chas-
sagne and Safar [26], the following model is proposed:

dN
ar - [b(t) —d(t)]N 3.2)

The production (birth) rate and the decay rate are given by:

1 apexp(—+
b()= ——
th1+ abexp(—t—b)

(3.3)
agexp(—-L)
At = L d 7]

_— 3.4
td 1+adexp(—é) G4

where ay, ag,t, and t; are parameters to be fitted. The analytical solution for this differ-
ential equation is:
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[e.0]

t
N(t) = [1+ adexp(—t—)] (3.5)

1+abexp(—é) .

For a full discussion about the model, see [26]. In this chapter, the logistic growth
model is used to fit either the time evolution of the particle size or the volume % con-
centration of a size class, measured by static light scattering as it was done in [26]. In
the last case the variable N then represents the relative volume occupied by particles in
a size class. The volumes are normalized to volume %, such that by summing all of the
volumes over all the classes a 100% volume is obtained.

3.2. MATERIALS AND METHODS

3.2.1. MATERIALS

SEDIMENT

Two different sediments were used in the experiments. One is a clay referenced K-10.000,
which was purchased from the company VE-KA (The Netherlands). The original clay
lump has a water content of 35.7% and a sand content of 21%. The clay was dispersed
in demineralized water, the obtained suspension having conductivity less then 0.005
mS/cm. The other one was a natural sediment that was obtained from Port of Rotter-
dam (PoR), that was used as such.

Clay Composition: X-Ray Powder Diffraction (XRPD) patterns were recorded in a Bragg-
Brentano geometry in a Bruker D5005 diffractometer equipped with Huber incident-
beam monochromator and Baraun Particle Size Detector (PSD) detector. The samples of
about 20 milligrams were deposited on a Si 510 wafer and were rotated during measure-
ment. Data collection was carried out at room temperature using monochromatic CuK
a1 radiation (A = 0.154056nm) in the 20 region between 5A and 904, step size 0.038 de-
grees 20. Data evolution was done with the ruker program EVA. From X-Ray Diffraction
(XRD) measurement the composition of the clay sample is found to be: quartz, calcite,
anorthite and muscovite.

ESEM Measurements: The clay was analysed with a Phillips XL30 Environmental Scan-
ning Electron Microscope (ESEM), from Microlab in the Faculty of Civil Engineering and
Geosciences, TU Delft. The ESEM image of PoR sediment is shown in Figure 3.1, right
panel. The sample description and PoR sediment mineralogy are given in Chapter 2 (ta-
ble 2.1). During the ESEM measurement the sample was under vacuum, with a beam
acceleration voltage of 20 kV, with back-scattered electrons imaging mode and a spot
size of 4 (Figure 3.1, left panel). Note that these clay characterization analysis were done
in [43] and they are not repeated for this study.

SUSPENDING MEDIUM

Demineralized water and filtered seawater were used separately as suspending medium.
For salt flocculation, monovalent NaCl and divalent CaCl, and MgCl, were used in dif-
ferent concentrations in demineralized water.
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Figure 3.1: ESEM pictures of clay (left panel) and PoR sediment (right panel)

DEAD ORGANIC MATTER

Extracellular Polymeric Substances (EPS) and Frozen Dried Algae (FDA) were used as
dead organic matter. The EPS was obtained from the municipal waste water extractions
and contained: proteins: 200 mg/L, humic acids: 40 mg/L and polysaccharides: 110
mg/L. Note that the proteins and humic substances are negatively charged whereas the
polysaccharides are positively charged [155]. The FDA was obtained from NIOZ (Royal
Netherlands Institute for Sea Research). This FDA was analyzed by ESEM to identify its
composition. The ESEM analysis is shown in Figure and table 3.2.

LIVING ORGANIC MATTER

Living algae Skeletonema Costatum was chosen because it is a common algae species in
coastal waters. The living algae was obtained from Roem van Yerseke company for algae
and oysters cultivation. The algae bulk concentrations was 5 x 108 cells/L, and every two
weeks a fresh batch of this algae was used to keep the bulk concentration constant. The
suspending medium was filtered seawater, to keep the living algae in good condition.

3.2.2. EXPERIMENTAL SET-UP AND PHYSICAL CONDITIONS

Flocculation experiments were carried out in a jar that was connected with tubes to the
Malvern MasterSizer 2000 for measuring Particle Size Distribution (PSD). The physical
conditions, such as shear rate, clay concentration and the jar size were kept constant for
all of the experiments. The flocculation experiments were performed in a JLT6 jar test
set-up from VELP scientific. The dimensions of the jar are 95 mm for the inner diameter
and 110 mm for the height of the fluid. The suspension is stirred using a single rectan-
gular paddle at 30 rpm. The paddle is 25 mm high and 75 mm in diameter. It is placed
10 mm above the bottom of the jar. The suspensions were pumped through the Malvern
MasterSizer 2000 in which the SLS measurements are performed, with the help of a peri-
staltic pump from the mixing-jar to the MasterSizer and back again to the mixing-jar.
This set-up allowed us to control independently the speed of the pump and the paddle
of the mixing-jar. The internal diameter of the connecting tubes is 6 mm and the shortest
total length allowed by the geometry of the set-up (2400 mm from the jar back to the jar).
The shear rate was optimized and chosen as the best shear rate for optimal flocculation
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Figure 3.2: FDA ESEM analysis: The elemental concentration in weight % in the table correspond
to the cirkeld spots in the FDA image.

with this setup. It was found to be 10 rpm pump rate and it corresponds to about 12 s~

The clay concentration was 0.7 g/L and the PoR sediment concentration was 0.2 g/L.

SALT FLOCCULATION

In these experiments clay and three most dominant salts in seawater were used, the
monovalent salt NaCl, and two divalent salts, CaCl, and MgCl,. Three concentrations
were used for each salt. These concentrations were chosen as below, same as and above
the concentration they have in seawater.

DEAD ORGANIC MATTER FLOCCULATION

In these experiments two types of organic matter, EPS and FDA were used without salts,
and in combination with salts and either clay or PoR sediment. These organic matter
represent the excreted 'dead’ organic matter debris present in the natural waters.

LIVING ALGAE FLOCCULATION

Living algae Skeletonema Costatum was used in this experiments with either clay or PoR
sediment. For these experiments the medium was filtered seawater, which was used to
keep the living algae in good condition. There were no salts used for these experiments.
Additional experiments were performed for algae without any clay or PoR sediment. This
was done by suspending different volume % concentrations of algae in seawater. A gen-
eral overview is given in table 3.1.



Table 3.1: Experimental set-up: constituents and their concentrations

Salt flocculation
Salt type Concentration (M) Medium sediment type | concentration (g/L) | OM type | Concentration
NaCl 0.1 Demi-water clay 0.7 - -

0.2

0.3
CaCl, 0.005 Demi-water clay 0.7 - -

0.01

0.02
Mgcl, 0.01 Demi-water clay 0.7 - -

0.05

0.1
Natural OM flocculation
NaCl 0.2 Demi-water clay 0.7 EPS 10 mg/g
CaCl, 0.005 Demi-water clay 0.7 EPS 10 mg/g
Mgcl, 0.01 Demi-water clay 0.7 EPS 10 mg/g
- - seawater PoR sediment 0.2 EPS 2mgl/g
NaCl 0.3 Demi-water clay 0.7 FDA 0.05 g/L
CaCl, 0.005 Demi-water clay 0.7 FDA 0.05 g/L
Mgcl, 0.01 Demi-water clay 0.7 FDA 0.05 g/L
- - seawater PoR sediment 0.2 FDA 0.05 g/L
Flocculation with LA:
Skeletonema Costatum
- - seawater clay 0.7 LA 10 % (v/v)
- - seawater clay 0.7 LA 30 % (v/v)
- - seawater clay 0.7 LA 50 % (v/v)
- - seawater PoR 0.2 LA 10 % (v/v)
- - seawater PoR 0.2 LA 30 % (v/v)
- - seawater PoR 0.2 LA 50 % (v/v)

SAOHLAN ANV STVIMHIVIN ‘Z2'€
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3.3. RESULTS

The experiments performed with the clay in suspension are presented first in this sec-
tion. The experiments with PoR suspensions are presented in a second subsection. After
these experimental observations, the model fittings results will be presented in the con-
text of large-scale modeling. For each experiment the flocculating agent (salt and/or
organic matter) was added at the time defined arbitrary to be 1s (as at t = 0, the curve
represents the unflocculated clay or PoR sediment).

3.3.1. CLAY SUSPENSION

SALT FLOCCULATION

The Particle Size Distribution (PSD) of the experiments performed with three different
salts at different salt concentrations are shown in Figure 3.3. In the first panel floccu-
lation by the monovalent salt NaCl is presented and in the middle and last panels the
flocculation by the divalent salts CaCl, and MgCl,. As it can be seen the D50 does not
exceed 20 pm at equilibrium. This equilibrium size is in agreement with study of Mietta
[77] who showed that the equilibrium particle size obtained by salt flocculation can not
exceed the Kolmogorov length scale. The Kolmogorov microscale was calculated to be
between 8 and 23 ym for the conditions used in the experiments.

The difference however is in the time needed to reach an equilibrium size. The char-
acteristic time t-eq is defined as the time for which the full PSD reach steady state, see
Figure 3.3. Flocculation with NaCl takes much more time than with CaCl, and MgCl,.
This confirms the efficiency of divalent salt in the flocculation of clay [156]. The t-eq was
in the range = 150-400 s for divalent salts and = 600-1000 s for monovalent salt, for the
concentrations used. The way that t-eq is linked to the ’birth’ and 'decay’ times #; and #,4
will be shown in the modelling section.

FREEZE DRIED ALGAE (FDA) FLOCCULATION

The experiments with clay and added FDA (dead organic matter) in demi-water are dis-
played in Figure 3.5. The first PSD (t-start) represents the clay monomodal PSD without
addition of any EPS or FDA. The EPS, (upper pane)l and the FDA (Lower panel) is added
immediately in after the first 30s (t-start). After injecting EPS no change in the PSD was
observed until 240 s after injection, indicating that there was no flocculation between
the EPS and the clay. Clay in presence of FDA displays a similar behaviour, see the lower
panel of Figure 3.5, where the bimodal distribution is caused by the elongated shape of
the strings made by the algae cells. The absence of flocculation in both cases is expected
as both EPS and FDA are negatively charged and electrostatic repulsion forces prevent
flocculation.

Flocculation with anionic (negatively charged) polymers is possible in case cations can
act as bridging agents [29]. After addition of salt to the clay and organic matter sus-
pensions, flocculation takes place, see Figure 3.5, and the D50 increases eventually ex-
ceeding the Kolmogorov microscale of the system. The divalent salts (CaCl, and MgCl,)
produce larger flocs in shorter times, compared to NaCl. The D50 decreases after reach-
ing its maximum size D, 4. At this stage the flocs coil under shear and become denser,
hereby decreasing in size. At the end of the experiment (t-end) the D50 is therefore lower
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Figure 3.3: flocculation of clay (0.7 g/L) with salt, t-start and t-end correspond to the start of ex-
periment and t-end corresponds to the time at which the Dsg achieved equilibrium.

than at t-Dy,; 5.

LIVING ALGAE FLOCCULATION

Living algae in seawater at different volume percentages were studied to check whether
the algae cells would flocculate over time. The corresponding PSD’s are shown in the
first panel of Figure 3.6. The PSD’s are multimodal for every algae concentration and
do not vary significantly over time, which indicates that the algae kept their elongated
structure over time. After addition of clay to the suspensions, see lower panel of Figure
3.6, flocculation takes place gradually and the PSD’s reached an equilibrium size. The
flocculation time (time to reach t-eq, i.e the time for which the full PSD reach steady
state) was observed to increase with algae concentration.
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Figure 3.4: Salt flocculation: time needed to reach equilibrium size (t-eq) as function of salt con-
centration, the error bars indicate the deviation between the duplicate samples.

3.3.2. SEDIMENT FROM PORT OF ROTTERDAM (POR)

Natural sediment obtained from Port of Rotterdam (PoR), was suspended in filtered sea-
water and left to flocculate without addition of any flocculating agent. The left panel of
Figure 3.7 shows the PSD of PoR sediment, that reaches an equilibrium PSD, with a D50
of about 30 um after 2040 seconds under constant shear. This equilibrium size is larger
than the Kolmogorov microscale of the system, which indicates that the natural PoR sed-
iment might contain some organic matter, or large silt particles.

PoR samples in combination with EPS and FDA are displayed in the mid and right panel
of Figure 3.7. With EPS an equilibrium D50 of about 31 um is achieved in 1830 seconds,
which is virtually the same as when no EPS was added. With FDA the achieved equilib-
rium D50 is about 107 ym at 2010 seconds.

3.3.3. MODEL RESULTS

The flocculation results obtained from the experiments were used to parameterize the
flocculation model given by eq.(3.5). The model enables to fit both the concentration
(in % volume) of a given size class as well as the evolution of D10, D50 and D90 sizes as
function of time. In [26], it was shown that the equation 3.2 can also be used to model
the particle size evolution as a function of time for any size class. The concentrations
of 7, 15, 45 and 60 um as function of time and the size evolution of the D10, D50 and
D90 are displayed in Figure 3.9. The class of 7 um was chosen because it is represen-
tative for the D50 of the unflocculated clay. In addition to this class, 15 pm class was
chosen to represent the first flocculated class, which can occur by aggregation of two 7
pm particles. The 45 and 60 um, represent the coarse classes that are formed during the
flocculation process by consumption of the fines. The 45 um can be compared with the
D50, as it shows a similar behaviour in most of the experiments. The D10 however does
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Figure 3.5: Flocculation of clay (0.7 g/L) with EPS and FDA (natural organic matter) in demi-water,
t-start and t-end represent start and end time of the experiment respectively, t-Dmax represents
the time at which D50-max is achieved and after this the D50 decreases. This does not apply for
the 'Clay + EPS + 0.2M NaCl’ sample as it grows very slowly in time until the end of experiment.
Note that the FDA (the lower panel, the three figures on the right) was added to the sample when
it was already flocculated with salt, therefore the t-start is not the pure clay PSD.

not represent the fines, as it displays a behaviour that is different from the 7 and 15 ym.

SALT FLOCCULATION

The curves with values obtained from the model and corresponding experimental data
are plotted in Figure 3.9 for one concentration of each of the three salts. From these
figures it can be seen that salt type influences the flocculation timescales (#; and #).

As it can be seen the model can be used to fit the experimental results quite accurately
for salt flocculation. Most of the size classes especially for flocculation by NaCl, are fitted
with values of #;, and t; which are very close to each other. It has been demonstrated in
[26] that having #;, = f; is mathematically equivalent to set a; = 0 (equivently d(t) = 0)
and hence to consider only a birth term. This has been done for all the D50 classes in
Figure 3.9. Let us define 7 = 1, = #4. Eq.(3.5) then results in:

N (t)— Nooaglay _ Noo
1-ag/ay - 1+ apexp(t/T)

(3.6)

Setting a4 = 0 (and using 7 = 1) in eq.(3.5) gives
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Figure 3.8: PSD of PoR sediment without and with living flocculation

Both eq.(3.6) and eq.(3.7) are sigmoidal funtions and display the same time-dependent
behaviour.

The reason why the d(f) term is not necessary here is due to the fact that the flocs
do not grow larger than the Kolmogorov microscale and are therefore not prone to coil,
which would lead to a size decrease in time. As the shear is constant, neither do the flocs
break. The behaviour of the smaller classes in Figure 3.9, reveal pair-wise aggregation, as
when the 7 um concentrations starts to decrease, the 15 pum starts to rise. The character-
istic time t-eq defined in the previous section is the largest of the times t;, and ¢; found
from fitting the size class concentrations.

FLOCCULATION WITH ORGANIC MATTER (EPS)

The experiments of clay with EPS and salts were fitted with the model equation, and the
obtained model results are plotted in Figure 3.10, with the corresponding experimental
data. The evolution of each size class in time differs significantly from that of the salt
flocculation, which highlights the impact of EPS on the flocculation process. The t;, and
ty are different as the floc size does not reach a steady state as discussed in the previous
section. The fine classes experience some ’birth’ at the start of the experiment, due to
the aggregation of smaller classes and are thereafter consumed.

The coarse classes on the other hand show two phases of ’'birth’. One is at start of the
experiment and is very fast especially in the case of CaCl,, (see Figure 3.10 mid panel, 45
and 60 ym). This 'birth’ is well captured in the MgCl, experiment (Figure 3.10, last row,
mid panel: 45 and 60 um), as the flocculation with MgCl, is slightly slower than in CaCl,
experiment. After reaching their maximum possible volume concentration the volume
concentration decreases again experiencing ‘decay’. After several hundreds of seconds,
the concentration increases again which can be seen as second ’birth’ which is slower
than the first one.

This second birth is only fitted for the CaCl2; case, for which the first birth is not visi-
ble (the volume concentrations of the 45 and 60 pum classes do not start at 0) implying
that the first birth occurs before the first measurement, within 30 seconds. Both births
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Figure 3.9: Flocculation with different salts as indicated above each graph in the first column.
Comparison between the model results (full lines) and the experimental results (circles), for the
fines (left panel), coarse (mid panel) and the d10-d90 (right panel).

(as they appear for the MgCl, case) could be simultaneously fitted without problem by
adding a second b(t) function to the equation. While the first birth is related to the aggre-
gation of organic matter with clay, the second birth is related to the coiling of particles of
large size into smaller size particles. Breakage and new aggregation are excluded in this
case as the shear is kept constant and coiling of elastic organic matter is an established
fact [43]. The experimental data for the PoR sediment were also fitted with the model.
The model data is compared with the corresponding experimental data in Figure 3.11.
The obtained #; and ¢, for most classes differ significantly for the PoR sediment samples,
and PoR with EPS samples.

FLOCCULATION WITH LIVING AND FREEZE DRIED ALGAE

Living Algae (LA) flocculation with clay or PoR sediment was fitted, even though the
PSD’s were bi-modal. The fitted classes for the 30 % LA suspension with PoR and clay
are shown in Figure 3.12. The discontinuities in the class volume concentrations are
artefacts due to the overlap of two size peaks (since the PSD’s are bimodal). The D90
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curves are excluded from the figures as the D90 class is associated with extremely high
sizes caused by the fact that the algae particles are very anisotropic. From the behavior
of 7 and 15 um classes, it can be concluded that the flocculation mechanism is different
from the salt induced flocculation, as particles do not flocculate in pairs at the onset of
flocculation. The small clay particles aggregate with the large algae particles,resulting in
the production of large particles. A similar behavior is found for the experiments with
FDA, as can be deduced from Figure 3.5.
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3.4. DISCUSSION

SALT VERSUS ORGANIC MATTER FLOCCULATION

The flocculation experiments show that with salt flocculation the system achieves an
equilibrium size, which can be fitted using only the birth function b(t). This is also a case
where the PBE model is known to work perfectly, as it was derived for this case [26]. Flocs
are spherical in shape and their density decreases with increasing size (see Figure 2.10).
The flocculation mechanism in presence of organic matter differs fundamentally from
that of salt-induced one. In salt-induced flocculation, at the onset of aggregation, two
fine particles form a pair creating a large particle by electrostatic attraction. The created
flocs are fragile and can break or erode by small shear differences to produce the fines. In
the case of a time-dependent shear both b(¢) and d(¢) would therefore be required to fit
the data. Both (#) and d(¢) are required to fit the organic matter mediated flocculation at
constant shear. Indeed the D50 starts to decrease after achieving a maximum size. This
decrease is attributed to restructuring and recoiling of the polymer chain that results in
densification of the particle after flocculation. Flocs can have different shapes depend-
ing on the coiling degree of the long chains high molecular weight polymers and algae
strains. For this reason the PBE model coupled with fractal dimension theory [146, 157]
do not provide physically meaningful parameters as the flocs can not be treated as self-
similar entities.

In presence of organic matter, long polymer chains [28] scavenge a large amount of fines
at the onset of aggregation. The flocs are much stronger than the salt-induced ones due
to the elasticity of the polymer chain which can coil under shear. Therefore a particle
break-up (under very high shear differences) does not produce fines, but smaller flocs
[29]. In table 3.2, the characteristics of both flocculation mechanisms are summarized.

Table 3.2: Summary of salt versus organic matter induced flocculation characteristics

Salt-induced Organic matter-induced
spherical flocs (monomodal PSD) | non-spherical flocs (multimodal PSD)
< Kolmogorov microscale > Kolmogorov microscale
pair formation mechanism particles scavenging mechanism
break-up into fines coiling or break-up into smaller flocs

In view of modeling the mass transfer between classes, two major classes of particles
are proposed:

Class 1: Inorganic particles that can be clay, silt and/or sand particles. In theory, salt
flocculated particles also belong to this class, because they do not grow beyond the Kol-
mogorov microscale and they can easily break-up, but for the purpose of the present
study, salt induced flocs belong to Class 2. This will be done when salt-induced floccu-
lation is studied in the absence of organic matter.

Class 2: Organic-matter flocculated particles (in the presence of salt). These flocs can
grow larger than Kolmogorov microscale, coil and eventually break-up. Inorganic sed-




50 3. APPLYING LOGISTIC GROWTH THEORY TO MODEL FLOCCULATION

iment particles are not released from this class, because organic matter will always re-
main aggregated to the sediment.

These classes can be compared to the classes defined at the end of Chapter 2. There,
a Class 3 was defined, which contained only organic matter. This Class 3 plays an indi-
rect role in the (inorganic) sediment balance as its availability will determine whether or
not Class 2 will be formed.

Most studies on phytoplankton flocculation [30, 121, 142, 158] do not take the presence
of salt in natural waters into account when studying phytoplankton flocculation dynam-
ics. Laboratory studies on salt and organic matter flocculation have used salts and or-
ganic matter in separate experiments [159, 160]. In a study that used natural seawater
and NaCl-supplemented tap water as control, better flocculation was found in seawater
where low density particles of larger size (therefore containing a lot of organic matter)
were formed compared to the NaCl-supplement tap water control samples [161]. The
transitions between the fresh to saline water in the estuaries and ROFI systems is there-
fore an important physical condition [162] promoting flocculation of organic matter and
sediment particles. This will result in high concentrations of SPM which accumulates
near the bed close to the estuary mouth or deltas [163, 164].

INFLUENCE OF THE COMPOSITION ON THE FLOCCULATION RATE

Figure 3.13 shows the ’birth’ rate b(t), 'decay’ rate d(t) and the total evolution of a size
class (dN/dt = b(t)N — d(t)N) as function of time for the classes used for three differ-
ent compositions. This Figure shows clearly that different sample composition results in
different flocculation mechanisms.

For the clay and salt flocculation (upper panel of Figure 3.13) for instance the pair form-
ing flocculation mechanism is clear, the fines (7 um) show first a positive flocculation
rate dN/dt for 70s, their volume concentration starts from positive values and go to neg-
ative values in less than 500s. The coarse classes functions in contrast, start from positive
values taking up the fines, growing through a maximum ( the peak of the maximum shifts
in time as function of size). After 600s all flocculation rates are zero, indicating that the
system has reached steady state.

This is different in presence of EPS where the b(t) and d(t) go through a faster time evo-
lution. The total volume evolution in time for this sample, (the mid panel of Figure 3.13)
is also different, the fines show a fast decrease from positive to negative in their volume
concentrations. The coarse particles are formed and decayed very fast, therefore their to-
tal evolution in time remains close to 0, as they can be taken into larger particles classes.
For PoR and LA (lower panel of Figure 3.13), the flocculation rates are different as well.
This is due to the bimodal PSD that causes the 7 ym and 60 ym to be constant in time.
The flocculation does not take place gradually as it is the case for the clay and salt and
salt and EPS flocculation.
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COMPARISON BETWEEN MODELS

As has been discussed in [26], the equations 3.1 and 3.2 can also be used to model the
particle size evolution as a function of time for any size class. This implies that the equa-
tions can be written as:

L
i = Ka (1) - Kp(1) (3.8
dL
T [b(t)—d(t)]L 3.9)

where K4 and Kp are aggregation and breakup parameters and L a characteristic size.
The functions b; and d; are given by egs. 3.3 and 3.4 respectively.

In 1998, Winterwerp proposed the following equation for the time evolution of a size
class, with characteristic size L:

dL
= kacGL? - kpG®'? (L-L,)L* (3.10)
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where c is the clay concentration, G the shear rate, L), the size of the primary particle
and k4 and kp are constants. From eq.3.10 and eq. 3.8 it can be deduced that:

KAZ kACGL (3.11)

Kg = kgG®'PL (3.12)

The b(t) and d(t) can be compared to the (K4) and (Kp) in the model proposed by Win-
terwerp et al. [145, 146]. The difference with our model is that in the Winterwerp model
a size L = L¢4 is obtained when K4 = Kp. In our model the b(t) and d(t) are time-
dependent functions and decay to zero at very long times, implying that the system,
provided that all parameters (concentration, shear, salinity, etc.) are constant over time
will always reach a steady state irrespective of the relative values of b(t) and d(t).

In particular, in the case that the characteristic size L is only increasing as function of
time, eq. 3.9 reduces to:

ar _ b(HL (3.13)
dr '

the solution of which is:
Leg

L(t)= —
1+ abexp(—t—b)

(3.14)

This is the sigmoid function that is used in many research fields, like in biochemistry
and pharmacology to model the binding of ligands to macromolecules (Hill-Langmuir
equation). Even though, L(#) depends only on the birth function b(t) (no decay), the
growth of L is limited in time. In practice this limitation is a result of the depletion in
flocculating agent (or ligand in the Hill-Langmuir equation).

Lee et al. used a two-class PBE to model the bimodal particle size distributions measured
for marine and estuarine sediments [141]. This model relies on fitted parameters such as
collision efficiency for aggregation and breakup, fraction of microflocs created by break-
age and fractal dimension of macroflocs, but no parameter is depending on flocculating
agent or does account for the fact that particles could change size and shape over time.
As it is shown in Chapter 2 bimodality can especially be due to the fact that the compo-
sition of microflocs and macroflocs is very different: microflocs are usually composed
of clay minerals whereas macroflocs are composed of clay minerals aggregated with or-
ganic matter. It is shown in this chapter that aggregation can be limited by the supply
and type of flocculating agent which means that the relative ratio between microflocs
and macroflocs as well as the floc size are functions of both flocculating agent type and
concentration. Shear rate will also limit floc growth. This has not been explicitly studied
in this thesis, but general results can be found in [28, 29]. For salt-induced flocculation
the floc size will be limited by the Kolmogorov microscale whereas for organic matter-
induced flocculation flocs can grow larger than the Kolmogorov microscale but will get
denser over time due to recoiling of the polymeric ends. The two-class PBE of Lee et al.
has been refined into a three-class PBE by Shen et al. [71].
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MASS TRANSFER BETWEEN CLASSES

In this section only the case studied in the laboratory will be discussed whereby no sink
and source terms are present. To set-up the mass balance, we make use of the 2 Classes
defined in previous subsection. This implies that at start:

Meiay =M1 (£ =0),me(t=0)=0
Over time, the clay is aggregating and Class 2 is formed:
Meiay = My (1) + ma(1)
where m; and m; are the mass of clay within Class 1 and Class 2 per unit of total volume
respectively. It follows that:

dmz _ dm1

dt dt

This is because the m;4y does not change in time. The mass transfer between Class 1
and Class 2 can be expressed as the decrease in mass of fine size classes as function of
time with a rate:

d
_;’Zl = —di (1) x my (3.15)
dm

d—tz =bo() x My (3.16)

Using the clay density and the volumes obtained from the MasterSizer an estimation
for m; can be done:

my = Cy X Pelay 3.17)
where pqy is the absolute density of clay (2600 kg/ m3). We have:

Vior

where V is the volume occupied by Class 1 (fine particles) and V;,; is the total vol-
ume. The static light scattering device expresses concentrations in volume % of the total
volume of classes V,j,ss, Wwhich is the sum of all the volumes of all the size classes. The
total concentration (the total volume of particles detected by the MasterSizer divided by
the total volume of fluid) is given by:

C (3.18)

Velass
Ctor =

(3.19)

The MasterSizer software gives the relative volume of each classi.e. V;1/V, 4 in % vol-
ume and the total volume concentration C,; (mL/L).

In Figure 3.14, the dm, / dt for the fine classes is plotted. The curves indicated by < 5y, <
7pm and < 15um represent the masses evaluated according to eq.3.17 whereby V; is the
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Figure 3.14: Decay rate of the fine classes (dm;/dt) as function of time for salt-induce (0.7 g/L
clay + 0.2 M NaCl), left panel and organic matter induced (with EPS), the right panel.

sum of all the detected volumes smaller than 5, 7 or 15 um respectively. The dashed curve
7 pm represents the mass corresponding to the volume detected for the 7 yum class. The
difference in decay behaviour of salt-induced and organic matter-induced flocculation
is clear. The 7 um class is in good approximation representative of the time evolution of
the mass of the finer classes (< 7 um) for salt induced flocculation. The < 5 pm in that
case displays only decay as the fines smaller than 5um are mainly consumed leading to
dmy/dt <0 for all times. As expected, the < 7 um class is depleted before the < 15 um
class shifting from dm,/dt > 0 (accumulation by aggregation of small particles into <
7um particles) to dm,/dt < 0 (depletion by aggregation of < 7um particles into larger
flocs).

In the sample with EPS in contrast, the flocculation mechanism is completely different.
At onset of the experiment (t = 30s), all of the fine classes are depleted and large flocs are
produced. The particles size changes due to recoiling during the rest of the experiment.
The estimation of dmy/dt is complicated, as it requires to have an estimation of the
density p(¢) and V,(t) of Class 2, which can be time dependent due to recoiling of the
particles. For the present investigation, it was decided to use:

my=Cyxp (3.20)
V;
Cy= —2 (3.21)
Vtot

where V5 represents the volume of the D50 class. The density p was kept constant
with a value of 2600 kg/ m3 (clay mineral). Figure 3.15 shows the m; (mass of the fines),
my (mass of the D50) and the total mass, which is obtained by m,; + m; as function of
time for both clay + 0.2M Nacl and with EPS samples.
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Figure 3.15: Mass balance for two samples: 0.7 g/L clay + 0.2M NaCl, the upper panel and clay 0.7

g/L + 0.2 M NaCl + EPS (10 mg/L), the lower panel. The total mass is calculated using the < 7 yum
particles.

The total mass should remain constant as the clay concentration does not change in the
system. It can be seen that defining the <7 um class as 'Class 1’ and the D50 as "Class 2’
leads to a relatively constant (m; + my) over time.

TOWARDS IN SITU FLOCCULATION MODELING

One important process in flocculation is the mass transfer between Class 1 and Class 2.
This transfer occurs in timescales that are short compared to the numerical timescales
in sediment transport models, in the case of organic matter based flocculation which is

the most important flocculation, in situ. In order to calibrate the model with in situ data,
the following parameters are required:

1. The mass of primary particles in the system. This mass can be assessed by sampling
in situ, removing the OM and weighting. Note that the calibration of the OBS is

most often done on the total (organic and inorganic) suspended sediment con-
centration.

2. The relative volume concentration of Class 1 and 2 and the total volume of measured

particles per unit of volume (Cy,;), this can be obtained from the LISST and OBS
data.

3. The concentration and type of organic material (Class 3 in Chapter 2). Quite some in-
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formation can be obtained from Chlorophyl-a measurements [78], but the link be-
tween organic matter models and sediment flocculation models remains an open
topic of research.

This calibration does not give the flocculation rate. In order to estimate flocculation time
scales, one can only rely on size time series determined by lab measurements. The im-
portant parameter lacking for numerical transport models is the average Stockes’ settling
velocity which can at present only be estimated on board by settling equipment.

3.5. CONCLUSION

In this chapter flocculation experiments were presented and modeled. These experi-
ments aimed to mimic the natural water flocculation process as much as possible, using
natural organic matter EPS and FDA and living algae, Skeletonema Costatum, in sea-
water. The D50 did not exceed the Kolmogorov microscale, in salt-induced flocculation
experiments in agreement with other studies [28, 146]. Divalent salts flocculated the clay
more efficiently than monovalent salts at short timescales. There was no breakage as the
shear was kept constant, and this caused the system to achieve a steady state condition.

The flocs with natural organic matter reach higher sizes than the Kolmogorov microscale
also in agreement with other studies [137]. Flocculation experiments with EPS and FDA
resulted in high D50 of about 70-100 um and it was demonstrated that the floc size is
strongly composition dependent. Therefore for modeling flocculation in situ, the avail-
ability of organic matter has to be known. This should be done by analyzing the water
column composition in the laboratory as constituents such as EPS and FDA can not be
visualized by in situ techniques. Living organic matter content and its availability are
depending on the different biological species that are variable on seasonal basis.

The natural EPS and FDA, however do not flocculate easily with the clay, despite their
high stickiness and large sizes [140]. This has to do with the fact that these polymers
are mostly negatively charged particles and hence experience an electrostatic repulsion
with the negatively charged clay. For this reason the presence of salts, and in particular
cations is crucial, as these cations will help bridging the polymer and clay [165]. This
is why the divalent salts, having two charged sites are more efficient in the flocculation
process. Therefore estimating salt concentrations and identifying salt types is impor-
tant for modeling flocculation in situ. Combinations of organic matter and salt provide
the most efficient flocculation by shortening the flocculation timescales. Model fitting
results have shown strong dependency of flocculation timescales (specially f;) on sus-
pension composition.

For sediment transport models the particles can be divided into two major classes. The
first class (Class 1) contains the fine particles which can only flocculate (not break or re-
coil). Salt induced flocs can belong to this class because they do not grow beyond the
Kolmogorov microscale and their breakage returns the fines into Class 1. The effective
density of Class 1 can be assumed to be equal to the one of sediment minerals (about
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2600 kg/m3). The second class (Class 2) contains organic matter induced flocs with a
size and effective density range. This range can be large as shown in Chapter 2. The
breakage of these flocs does not return Class 1 mineral fine particles but microflocs, be-
longing to Class 2.

Knowing the source and concentration of the primary particles (Class 1) in the system,
and flocculation agents such as organic matter and/or algae species and salts, a mass
balance could be established whereby the mass concentration of the fines decrease in
time by uptake, and the mass concentration of the mean size (D50 class), increases as
function of time. The model parameterization showed that the flocculation time-scales
are too short (in order of seconds to minutes), to be relevant in large-scale sediment
transport models. These timescales are however, found in jar test experiments where
the residence time is infinite and therefore do not correspond to in situ conditions where
differential settling can play role [78]. This is why a more through analysis of in situ data
is required, based on long time series, which will be the topic of the following chapter.







THE ROLE OF ORGANIC MATTER ON SUSPENDED
PARTICULATE MATTER DYNAMICS IN THE RHINE REGION OF
FRESHWATER INFLUENCE

In this chapter we investigate the Suspended Particulate Matter (SPM) source and dy-
namics in terms of resuspension and advection in the mid field region of the Rhine Re-
gion Of Freshwater Influence (Rhine-ROFI). In this area of the Rhine-ROFI, the sediment
transport mechanisms are governed by the Rhine freshwater plume originating from the
Rhine-Meuse estuary and propagating towards the coast in northward direction. During
the neap tides strong salinity stratification and low turbulence result in SPM accumula-
tion at the bottom forming a fluff layer, if the weather is calm. At spring tides in contrast,
a fast switch between stratified and well-mixed water column conditions caused by tidal
mixing results in resuspension of SPM. The freshwater front transports algae and biologi-
cal species and related organic matter from the estuary into the coastal area. These algae
and organic matter debris can interact with sediment, contributing to SPM formation and
accumulation.

The SPM near the bottom is analyzed in term of concentration, particle size and shape in
correlation with frontal dynamics and weather conditions for two seasons of winter 2013
(12 February -0 7 March) and autumn 2014 (17 September - 06 October). Stormy weather
conditions play an important role in resuspending fine sediment from the bed. Seasonal
variations change the algae and phytoplankton species and biogenic organic matter avail-
ability which contribute to the observed changes in the particle size over time.

Particle Size Distribution (PSD) and mean particle diameter are correlated to water col-
umn stratification, current direction and bed stresses to differentiate between resuspended
and advected particles.

An article based on this chapter is in preparation.
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The interactions between natural organic matter and algae were studied under con-
trolled laboratory experiments in Chapter 3. It was found that algae and organic matter
interact with clay particles and natural sediment and that salt plays a crucial role pro-
moting their flocculation. Consequently the transitions between fresh and saline water,
that cause stratification in the Rhine-ROF]I, play an important role in SPM formation and
dynamics in the Dutch coastal area.

In the present chapter we are analyzing SPM particle dynamics in correlation with the
hydrodynamics based on in situ data acquired over periods of several weeks. The in-situ
observations are given in terms of Particle Size Distribution (PSD), shape and concentra-
tions during the late winter of 2013 and autumn of 2014 using LISST 100X (Laser In-Situ
Scattering and Transmissometry) in conjunction with LISST-HOLO (Submersible Digital
Holographic Camera). This analysis aims to firstly, differentiate between the advected
and resuspended particles by short time scale analysis, based on spring-neap tidal cy-
cle. Secondly, the aim is to analyse the impact of organic matter and biological species
on SPM dynamics based on availability of organic matter and biogenic species in winter
and autumn.

The ultimate goal is to get a better understanding of SPM dynamics and fluff forma-
tion, whereby the role of organic matter is discussed, based on available literature and
the in situ data analysis. At present, sediment transport models are primarily calibrated
for the clay mineral fraction settling and transport, while the organic matter content in
the river-estuary mouth and coastal area plays a crucial role in SPM dynamics.

4.1. BACKGROUND

FRESHWATER PLUME INFLUENCE

River plumes play an important role in terms of sediment transport and have an enor-
mous influence on the Suspended Particulate Matter (SPM) particle properties and dy-
namics. Tidally dominated river plume fronts are occurring every tidal cycle and strat-
ify the water column by generating freshwater lenses. The Rhine river plume trans-
ports phytoplanktonic species such as algae and related organic matter 100 km along
the dutch coast [84, 87, 94, 95, 163]. These particles can be advected by the freshwater
front along the coast [32-36].

Studies on phytoplankton and biogenic species have shown tidal fluctuations with tidal
currents and spring-neap tidal cycles in the Dutch coastal area and southern North sea
[89, 166]. These species enrich the water column with organic matter content that can
interact with suspended sediment and the created flocs can be transported over long
distances northward the Rhine-ROFI due to their low densities [167]. This suspended
matter, algal species and sediment can be temporary trapped in the halocline, at the
interface between fresh and saline water layers. The possibility of accumulation of parti-
cles at the interface of different density water layers was also experimentally confirmed
[162, 168]. The trapped particles can aggregate at this layer especially during slack water
[32, 35], and the decoupling of surface layer from the bottom layer of the water column
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impacts the SPM properties within these layers [169]. Jago et al. found different concen-
trations and particle sizes in the surface and bottom layer of a thermally stratified water
column [170]. The relation between salinity stratification and SPM particle properties
are to our knowledge poorly studied. The presence of different salt types with different
concentrations in both fresh and saline water layers is crucial in SPM formation by ag-
gregation.

In the Rhine-ROFI region that covers the Dutch coastal area, the near bottom sediment
transport is mainly determined by the freshwater front dynamics which impact the hy-
drodynamics and sediment dynamics close to the bed. The interaction between tidal
asymmetry, gravitational circulation, and river freshwater discharge makes the hydrody-
namics in this part of Rhine-ROFI quite complicated [17, 98, 99]. The freshwater front
is determining SPM dynamics and sediment transport in the shallow coastal region of
the Rhine-ROFI. Different 'cross-shore’ sediment transport mechanisms depend on the
neap-spring tidal difference in stratified conditions. These mechanisms can be defined
as frontal pumping during spring tides, stratified tidal transport during neap tides and
storm transport during the stormy weather conditions [17, 98].

SEDIMENTOLOGY

The particle size analysis of the central part of Dutch coastal area, shows a mixture of
fine and coarse sand in the range 175-325 ym. The coarse fraction > 325 pym is domi-
nant close to the shore between Hoek van Holland and IJmuiden (Figure 1.2). The finer
fraction containing a clay and silt fraction (< 50 ym -160 pym) is seaward located. This
fine grained material originates mainly from the rivers (Rhine, Meuse) [171]. Fluvial sus-
pended particles from the Rhine are composed of mineral particles aggregated with bac-
terial exopolymeric substances and organic matters debris. Eisma [172] and later Lar-
tiges et al. [42] confirmed that these aggregates are formed within the river and cannot
be simply related to particles inherited from eroded soils. From the fluvial system to
the coastal region, the composition of flocs changes under the influence of coastal mi-
croorganisms present in the water and the change in salinity. The tidal resuspension and
settling are the cause for the northward transport of SPM by the Rhine river plume.

De Nijs et al. have found that high concentrations of (inorganic) clay mineral settled and
deposited at Botlek harbour at the mouth of Rotterdam Waterway, at the tip of the salt
intrusion wedge. The wedge is associated with the presence of the Estuarine Turbidity
Maximum zone (ETM) of the Rhine-Meus delta [173]. The cross-shore transport mech-
anism caused by the Rhine-ROFI appears also to contribute to the presence of the tur-
bidity maximum in the area [163]. The clay/silt sediment fraction is tidally resuspended
and settles again in the ETM where it accumulates by advection into the area. Differen-
tiating between resuspended and advected sediment particles can be done in different
ways. Li et al. estimated horizontal SSC time series, and vertical SSC profiles and decou-
pled advection-induced SSC and resuspension-induced SSC using a box model [174].
Another study [175] differentiates between the eroded material by analyzing the parti-
cle size distribution and settling velocity and Stokes driven effective density. They found
that cohesive sediments are generally eroded as aggregates and not as single particles.
These eroded aggregates have higher effective densities and higher settling velocities,
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compared to not eroded particles [175].

Fluff material at the top of sediment bed can resuspend and accumulate on a tidal and
seasonal basis. This fluff layer is easily erodible by relatively low bed stresses and can
develop by settling and deposition during the calm periods combined with biological
activity at the bed [170, 176-178]. On seasonal basis, Fettweis and Baeye who studied
the southern North Sea, have found that SPM floc size and settling velocity differ sea-
sonally rather than by SPM volume concentration. This is mainly due to the seasonal
microbial activity which is the main driver of the observed variation in the floc size and
settling velocity [179].

4.2. SETUP AND METHODS

The STRAINS I and II projects conducted moorings at two different seasons in late winter
on 12 February to 7 March of 2013 (STRAINS I) and in autumn, 17 September to 10 Oc-
tober, of 2014 (STRAINS II) to study the impact of salinity stratification on the sediment
transport along the Dutch coastal area of Rhine-ROFI. Both measurement campaigns
covered spring-neap tidal cycles and a stormy period was captured at each season dur-
ing the neap tides. The moorings were deployed at 12m and 18m depth, corresponding
to 2 km and 6.5 km from the shoreline 10 km from the Port of Rotterdam and seaward
of the Sand Engine (Figure 1.2). In this study, the 12m mooring data is analysed. A de-
tailed description of the deployments is given in previous studies [17, 98, 99, 180] and it
is not repeated here. These previous studies focused on the hydrodynamics of the ROFI
system and the correlation between the frontal dynamics and sediment fluxes, using a
variety of instruments. Water velocity profiles were measured using ADCP, SSC profiles
with OBS, bed elevations with ABS (Acoustic Backscatter System), water column salinity
profiles by CTD. The wind speed and directions, the significant wave heights and river
discharge were obtained by the Dutch weather organizations KNMI and Rijkswaterstaat
at Hoek van Holland (close to the Rhine-mouth).

LISST 100X

LISST 100X (Laser In-Situ Scattering and Transmissometry) was deployed in both 2013
and 2014 moorings at 0.95 meters above the bed (mab) and 1.65 mab respectively. LISST
100X uses laser diffraction to determine the volume concentrations of particles in 32
logarithmic spaced effective spherical diameter classes (PSD) ranging for the 100X type
from 2.7 to 460 um [59, 60]. The mean particle diameter is calculated by eq. (4.1):

2(Vg x Dy)
Dean = Z—Vk (4.1)

where V. and Dy represent the measured volumes and given the size of each class k.
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LISST HOLO

LISST-HOLO (Submersible Digital Holographic Camera) was also deployed at the 2014
mooring at 1.4 mab. LISST- HOLO is an in-situ digital holographic technology that uses
solid-state diode laser at 658 nm and 4.4 pm pixel size digital camera (1600 x 1200 pix-
els). The raw data is converted into equivalent spherical diameters in the size range of
25 - 2500 um, within 50 log spaced size classes.

The LISST-HOLO data is available for the first period of the measurement (neap tide
calm weather). As the storm initiated, the LISST-HOLO stopped working due to high
suspended sediment concentration. The LISST-HOLO data, however gives useful insight
on the particles shape during the neap tide and initiation of the storm. Combining the
shape information obtained from the LISST-HOLO pictures with the PSD obtained from
the LISST 100X allows to identify the impact of the shape on the PSD measured by LISST
100X. Taking the PSD peak modality as an indication of the shape of the particles (see
Chapter 2), we can make an hypothesis on the composition and subsequently the source
of the SPM.

SALINITY DIFFERENCE AS

The interaction between the PSD and the water column salinity stratification is analyzed
by comparing the PSD at salinity differences. The salinity difference AS is defined as the
difference between the bottom and surface salinities in PSU (Practical Salinity Units).
The AS is taken as a measure for the degree of stratification.

4.3. RESULTS AND DATA ANALYSIS

As the Rhine-river plume is a tidal dominated plume, its frontal propagation dynamics
differ on spring-neap tidal cycles. This results in different salinity stratification during
each tidal cycles. In addition, weather conditions such as wind and wave activities im-
pact the propagation of the front and its dynamics (see section 2.5).

During neap tides when the weather is calm with low mixing forces, strong fronts strat-
ify the water column for long periods of the day. In contrast during spring tides, the
water column stratification holds for short periods due to fast switches between strati-
fied and well mixed conditions. This difference in frontal dynamics impacts SPM source
and transport. In this section, we describe the observations for each season (autumn,
winter) separately. We start with autumn 2014, because the LISST-HOLO was available
only for this season. The second spring tide data of autumn 2014 are discarded due to
bio-fouling.

4.3.1. AUTUMN 2014, NEAP TIDE

CALM WEATHER CONDITIONS

The first recorded neap tide (days 260 - 267) starts with a period of calm weather con-
ditions (days 260-264 weather data are shown in Appendix A). During these days, the
salinity stratification is strong, caused by front arrivals at the surface that divide the wa-
ter column into layers of fresh and saline water (Figure 4.1a). The SSC concentrations
measured with OBS over the entire water column were generally low, however OBS can
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not properly record the organic matter or the algae species which are semi-transparent
and have low densities, as it is calibrated with clay mineral particles [17]. At the near bot-
tom a higher concentration peak is detected with both OBS and LISST 100X at specific
periods of time that appears with a time lag of 1.0 - 1.5 h after the front arrival, Figure
4.1b. This peak cannot be attributed to local resuspension, because the current induced
bed stresses (Figure 4.1c) are too low, as was stated by Flores et al. [17]. The mean diam-
eter calculated from the LISST 100X is between of 150 - 200 um and it correlates with the
cross-shore current velocity (Figure 4.1d).
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b) During the front €} 55C peak after front

Figure 4.2: LISST-HOLO pictures during the calm weather period of the first recorded neap tide:
a) before, b) during the frontal passage and c) during high SSC peaks occurring 1.5 hours after the
frontal passage.

The observed PSD’s are multimodal during these calm weather days of the neap tide.
Figure 4.1 right panel shows the PSD during the frontal passage (upper row), and during
the high SSC peak (lower row), for these days. These trimodal distributions are known
to be caused by the presence of elongated particles (see Chapter 2). These particles are
algae and other biological species and organic matter which not only can have elongated
shapes but also a low density, enabling them to travel through the water column in the
form of cell strings [65, 67, 181].

The presence of elongated biological species is also confirmed by the LISST-HOLO mea-
surements. Before the front arrival (Figure 4.2a), the LISST-HOLO pictures show much
less biological species and elongated particles before and during the front then 1.5 hours
after. This occurred for three consecutive days of neap tide calm weather period. Dur-
ing the high SSC peak, however, the LISST-HOLO shows particles with different sizes
and structures indicating different composition, such as open structures with low effec-
tive density, elongated particles and very dense almost spherical particles (Figure 4.2c).
The density of the particles was estimated thanks to additional video microscopy exper-
iments performed on board, as detailed in chapter 2. This high near bottom SSC peak is
not significant in terms of quantitative sediment concentration, because it is still much
lower in concentration than the SSC peaks found during the following periods of stormy
weather or spring tide with high SSC [17].

FROM CALM WEATHER TO STORM

After these typical neap tide days, the weather conditions changed to storm (days 264
-266) with high wind speeds from the north and high wave heights (Appendix D). The
water column turned to well mixed and the stratification broke down (Figure 4.3 a). The
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near bed SSC increased up to 200 mg/L (Figure 4.3 b). The total bed stress (current and
wave induced) increased due to wave action. The increase in the bed stress coincided
with a decrease in the mean diameter (Figure 4.3c). The mean diameter started to de-
crease gradually at day 264, as the cross shore velocity increased in onshore direction,
and decreased in offshore direction (Figure 4.3d).

The PSD measured during the front three hours before the storm initiates (Figure 4.3
right panel, upper row), is still sharply multimodal, while at the high SSC peak of the day
(the lower row of this Figure), the measured PSD is less multimodal. This gradual transi-
tion from multimodal to monomodal is analyzed in more details with the last available
LISST-HOLO measurements. In Figure 4.4a, the LISST-HOLO shows the particles mea-
sured during the front arrival before the storm and corresponding PSD obtained from
the LISST 100X which is multimodal.

When the storm initiates at around 06:00 am (Figure 4.4b), the LISST-HOLO shows sub-
stantially higher concentration of particles of different size and shapes. This is also re-
flected in the PSD measured at this time, which is less multimodal but the volume con-
centration is still not very high and bed stresses are about > 2 Pa. As the storm proceeds
(Figure 4.4c), and the bed stress increases gradually, the multimodality of the PSD de-
creases and the volume concentration increases, until the PSD turns into completely
monomodal at bed stresses > 5 Pa, with high concentrations during the very well mixed
conditions with low AS (Figure 4.4c-d). There are no LISST-HOLO measurements for this
time period, because of the high SSC during the storm, that caused instrument satura-
tion.
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Figure 4.4: First storm day of autumn 2014 neap tide: Storm initiation and proceeding, compari-
son between the PSD obtained from LISST 100X and pictures obtained from LISST- HOLO

The second neap tide of the measurement period (days 274 - 280, data are shown
in Appendix A and B), is comparable with the first one in terms of weather conditions
and salinity stratification. The near bottom sediment concentrations are low during the
fronts and relatively low bed shear stresses coincide with a high mean diameter indi-
cating advection of large particles. From day 278 until the end of this period slightly
higher wind and wave activities and a weaker stratification pattern was observed. These
conditions resulted in higher bed stresses and higher SSC with lower mean diameter, in-
dicating resuspension of finer, but denser particles.

The observed PSD’s are mainly trimodal as they were during the first neap tide. However,
there are sometimes bimodal PSD’s observed especially during the sudden decrease in
salinity at the front arrival. This might be caused by a near bottom cross-shore low tur-
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bulent peak, as during the spring tide [17] (see section 4.1) which induces a resuspension
of the fluff layer. Bimodal distributions turn to trimodal again as the water column strat-
ifies again and different salinity layers are fully developed. As the well mixed periods of
the water column are very short before the stratification period at the next front, the PSD
is barely changing to monomodal. However monomodal distributions are observed at
day 278, which is a windy day with a wind speed of almost 15 m/s and slightly higher
significant wave heights that contribute to water column mixing (see Appendix A and B
for the weather data and second neap tide data).

4.3.2. AUTUMN 2014, SPRING TIDE

During the spring tide of the autumn season (days 267 - 273) the weather conditions are
normal with low to moderate wind speeds and low significant wave heights. The wind
directions is downwelling favorable and forces the front coast-wards (Appendix A). This
causes the front to contribute to the cross-shore transport of the sediments. The water
column switches between stratified and well mixed conditions, with shorter periods of
stratification by tidal forcing (Figure 4.5a).

Near bottom SSC is higher than at neap tides, with a high SSC peak that appears 0.5 h
after the front arrival (Figure 4.5b). The mean diameter is correlated with the bed stress
(Figure 4.5d) and high mean diameters coincide with high bed stresses at days 267 to
270. The mean diameter correlates with the cross shore velocity as well (Figure 4.5d).
However for the rest of the period (days 270 - 272), the correlation between the mean
diameter and bed stress is inverse. High mean diameter coincides with low bed shear
stresses and vice versa (Figure 4.5e). The PSD’s for these days fluctuate between mul-
timodal, bimodal and monomodal (Figure 4.6). For this period the bed stresses are in
phase with the cross shore velocities.
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4.3.3. WINTER 2013, SPRING TIDES

The winter measurement campaign of 2013 covered almost two spring-neap tidal cycles
in February and March (days 45-66). The weather conditions were normal during both
spring tides (Appendix C). Wind speeds were generally moderate with some windy days
in between, consistently from the northeast almost during the whole measurement pe-
riod. These upwelling favorable winds from northeast force the freshwater front onshore
contributing to the plume mixing and breakdown of stratification.

The front arrivals stratify the water column into different salinity layers but the water
column switches to well mixed conditions by tidal forcing (Figure 4.7a). In addition the
wind and wave contribute to mixing during the first days (43-46 and 57-60), whereas the
stratification is stronger during the last four days (47 - 50, and 61-63) probably due to
calmer weather conditions. At these days the SSC is high with a peak during the front
arrival (Figures 4.7b).

The bed stress and the mean diameter are inversely correlated and fluctuate with the well
mixed and stratified periods of the water column specially during the first windy days.
These relatively high bed stresses and the fluctuations in mean diameter indicate resus-
pension of bed material (Figure 4.7c). The mean diameter is increasing during the last
days (47-50 and 61-63) as the stratification becomes stronger and SSC and bed stresses
are lower (Figure 4.7 ¢). The correlation between the mean diameter and cross shore ve-
locity (Figure 4.7 d) is not clear.

The observed PSD’s are generally monomodal with a mean diameter of 100 - 200 um
even during the stratified periods of front arrival (Figure 4.8). This indicates the pres-
ence of spherical particles with low anisotropy that are probably inorganic, rather than
elongated ’'algae’ particles and organic matter rich SPM. In the first days when the mean
diameter is fluctuating between high and low sizes, the PSD shows a slight multimodal-
ity especially during the SSC peak. This might be an indication of resuspension of fluff
material from the bed. However the main appearance is momomodal with fine sand size
that indicates fine particles resuspended from the bed, since the bed stresses are higher
compared to the autumn season and algae particles are assumed to be absent during
the winter. The second recorded spring tide shows almost the same patterns, the data
are shown in Appendix D.
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Figure 4.7: First recorded spring tide of winter 2013, Weather conditions and the hydrodynamics obtained from [98] and corresponding mean
diameter calculated from LISST 100X data. The AS given in the legend, represents the degree of stratification.
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4.3.4. WINTER 2013, NEAP TIDES

CALM WEATHER DAYS

The first recorded neap tide of the winter season (days 50 - 56) can be divided into calm
and stormy periods in terms of weather conditions (Appendix C). The first two days (50
- 51) were characterized with typical neap tide conditions with moderate wind speed
and wave heights. The freshwater fronts maintained long periods of strong stratification
(Figure 4.9a). The SSC is low with a higher peak after the front arrivals as it was also ob-
served during the neap tide calm weather days of the autumn season (Compare Figure
4.3b and Figure 4.9b). This peak is however small compared to the stormy weather with
high SSC, but is representative for neap tides.

The mean diameter is high as the bed stress is low (Figure 4.9¢) indicating advection
of SPM, which is typical for neap tide conditions. The PSD’s are different every day,
for instance, at the first day directly after the spring tide monomodal distributions are
observed during the front and during high SSC peaks (Figure 4.10), while multimodal
distributions are observed at the second and the third days before the storm initiates.
These multimodal distributions are typical for the neap tides during strong stratifica-
tion with high AS, and indicate the presence of elongated particles. For the second neap
tide only two days were recorded, these days show similar behavior in terms of weather
conditions, bed stresses, SSC and corresponding PSD’s (data are shown in Appendix D).

STORM DAYS

After these calm weather days, stormy weather conditions came into play at days 53-55
(Appendix C). The wind and wave activities elevated and the water column became well
mixed (Figure 4.9a) with increased SSC (Figure 4.9b) due to increased bed stresses (Fig-
ure 4.9¢). In agreement with the previous storm during the autumn season, these high
bed stresses and high SSC coincide with low mean diameter that is also correlating with
the cross shore velocity (Figure 4.9d). This indicates resuspension of bed fine sediments
during this stormy period as the bed stress is higher during these days. The PSD’s of these
stormy days turned from multimodal to monomodal very fast (Figure 4.10). The PSD’s
show the resuspension of fine sand particles during the last day indicating, resuspension
of fine sediment from bed.
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4.4, DISCUSSION

SPM source in terms of advection and resuspension depends on the spring-neap tidal
dynamics of the river plume and it is influenced by the weather and seasonal conditions.
The Rhine freshwater fronts stratify the water column and transport biogenic species
and organic matter along the coast [182-184]. Otsuki and Hanya [185] showed that most
of dead algae cells can also remain as particulate organic matter [125, 185]. Besides this,
organic matter availability is a seasonal variable depending on the algae blooms periods
of the year [179, 186]. This dynamic behavior of organic matter with time and location
(water column/ sediment bed) is reflected in the measured particle shape and densities
of flocs. In most of the studies the biological activity is expressed in Chl-a concentration
which is generally measured to be low during the winter months and high during the
summer [78, 187].

4.4.1. SPM SOURCE AT NEAP TIDES

AUTUMN SEASON

At neap tides with calm weather conditions, the salinity stratification prevails for a long
period of the day. The well mixed water column conditions are very short and the wa-
ter column turns into stratified with the next front arrival and turbulence is dampened
by this stratification [32-36]. The suspended sediment concentrations are generally low
especially at the surface layer [17, 93], but algae, phytoplanktonic species and organic
matter can not be detected properly with the OBS measurements and are generally not
taken into account as SPM concentrations. The near bottom SSC is low as well during
the neap tides, with a peak in SSC that appears 1.0 - 1.5 h after the front arrival during
the calm weather days. This peak is still low in concentration compared to the spring
tide and storm concentrations, but it is a recurring peak during the neap tides at calm
weather conditions.

The composition of particles in this peak is analyzed by comparing the LISST-HOLO pic-
tures with the PSD obtained from the LISST-100X. The observed PSD during this peak is
multimodal, indicating that this SPM is composed of elongated particles. Comparison
between the LISST-HOLO pictures before, during and after the front (Figure 4.2) showed
clearly more elongated (fresh algae particles) during the fronts for three days of calm
weather neap tides of autumn 2014 data. As the freshwater is nutrient rich, microorgan-
ism and planktonic species and related organic matter originating from the estuary can
be transported with the river fronts [36, 44, 49, 88, 94], but unfortunately no measure-
ments were performed in the freshwater lens to confirm this in our case.

The Multimodal PSD and LISST- HOLO pictures that show the presence of significantly
more algae particles during the fronts, in addition to low bed stresses, confirm that the
SSC peak can not be composed of resuspended local bed material. Taking this into ac-
count, front arrival and dynamics are determinant for the appearance of this near bot-
tom SSC peak.

Front arrival at the surface of the water column, causes a return flow near the bed in
opposite direction (onshore), see Figure 1.3. This flow can advect sediment from the
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shoreline into the water column. This sediment interacts with the advected organic mat-
ter in the freshwater layer and forms this SPM cloud that appears finally as a high near
bottom SSC peak at the mooring location 1-1.5 hour after the front arrival. During the
calm weather conditions, the low density organic matter can be trapped in the freshwa-
ter layer due to salinity discontinuities and will experience a delayed settling. Back-of-
the-envelope calculations indicate that this matter will reach the bottom 1.0 - 1.5 hour
after the front arrival which is in agreement with the observed delay [32-36, 188]. Even-
tually this advected SPM cloud accumulates near the bed developing the fluff layer that
can easily be resuspended [175, 177] during the storms or even by low mixing during the
spring tides.

The settled material (composed in great part of organic matter) form a fluff layer at the
bed. The presence of this fluff layer was detected during the first hours of the storm ini-
tiation. At the first hours of higher wind and wave activities, the increase in bed stress
coincided with a decrease in mean diameter and the observed PSD turned gradually
from multimodal into monomodal with increasing volume concentrations. This grad-
ual change during the storm initiation confirms the presence of a fluff layer (formed of
anisotropic flocculated particles and algae) that is depleted during the first hours of the
storm.

The bed stress increased gradually as the storm proceeded, reaching the erosion thresh-
old of sand and silt [180]. This is also reflected in the PSD modality and volume concen-
trations measured with the LISST 100X. At the second day of the storm, higher volume
concentrations and monomodal distributions with fine sand sizes confirm the wave-
induced resuspension of fine sediments from the bed. This fine sediment becomes avail-
able to interact with advected organic matter. It will then settle and accumulate again as
the weather calms down, developing the fluff layer again after the storm. An other study
in the far- field region confirmed the development of a fluff layer composed of settled
Chl-arich particles deposited after a storm [167].

WINTER SEASON

During winter, the biological activity is expected to be low [44], the observed PSD’s are
mainly monomodal for any degree of stratification. There are however some multimodal
PSD’s with high mean diameters observed during the neap tide of winter 2013. These
multimodal distributions appear mainly during the strong stratified periods of freshwa-
ter front passage with low bed stress and at cross-shore water slack. The shape of these
multimodal distribution is however different, there is no extra sharp peak present as it
was for the PSD measured in the presence of elongated particles. These multimodal
PSD’s thus indicate different classes of particles present in the water column [71, 189].
The mean diameter however, is inversely correlated with the bed stress, a high mean di-
ameter corresponding to a low bed stresses and vice versa. This indicates that the front
advects organic material even during the winter.

The PSD’s of the stormy days turned from multimodal to monomodal very fast and not
gradually as was observed during the storm of autumn season. This fast change indi-
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cates that the fluff layer is more depleted in winter than in autumn season. The SSC
peak was about 100 mg/L with a mean diameter that decreased to below 100 um in the
winter indicating presence of sandy particles near bed which are not easily resuspended
compared to the autumn season where concentrations were recorded up to 200 mg/L
with gradually decreasing mean diameter from 200 to 150 - 100 ym during the storm,
due to the presence of an easily resuspendable fluff layer.

4.4.2. SPM SOURCE DURING SPRING TIDES

AUTUMN SEASON

The particle size distribution for the spring tide of the autumn 2014, switches between
a multimodal distribution and a monomodal distribution with fine sand size. This in-
dicates that the SPM source during the spring tides can be advected algae and organic
matter particles by the front as well as resuspended fine material from the bed.

During the spring tides, the freshwater front, in addition to advection, causes a near bot-
tom turbulent peak during its arrivals due to higher velocities and tidal mixing forces.
This higher turbulent peak can cause local resuspension of bed material. This resus-
pended sediment is advected in offshore direction. However this turbulent peak is caused
only by thick fronts with cross shore propagation with high speeds (in order of 0.4 -
0.5ms™1) [17]. This near bed turbulent peak results in resuspension of the fluff layer,
because the bed stresses are lower than during stormy weather conditions and of shorter
duration.

The fluctuations in the mean diameter are positively correlated with the cross shore ve-
locity with higher mean diameter when the velocity is onshore directed. Higher mean
diameter also coincided with low bed stresses and lower mean diameter coincided with
high bed stresses. This typical contradiction between the mean diameter and the bed
stress was found also by another study [190].

Due to lack of LISST-HOLO measurements for these periods, we can not visually confirm
the presence of the algae and biological species in the water column. However, taking the
neap tide pictures as a reference and other studies that confirmed the presence of plank-
tonic species by multimodal distribution measured by the LISST 100X [67, 123, 191, 192],
we can accept that these multimodal distributions are attributed to presence of elon-
gated particles that are mainly biological species. This fluctuation in the PSD modality
indicates that the measured particles are resuspended material that can be from the fluff
layer (bi or multimodal), or fine sediments from the underlying bed (monomodal distri-
butions). This resuspension might be caused by the frontal passage generating offshore
near bottom sediment fluxes that are defined as near bottom turbulent peak by Flores et
al. [17].

Accepting that the advected particles are mainly phytoplanktonic species and biogenic
organic matter (as shown during the neap tide calm weather), this organic matter can in-
teract with the resuspended bed sediment during the energetic mixing conditions. This
interaction between advected organic matter with resuspended fine sediment from bed
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contributes to SPM formation during the spring tides.

WINTER SEASON

In winter with low biological activity and high wind and wave activities, the fluff layer is
depleted. Mainly monomodal PSD’s with fine sand sizes are found in the near bottom
layer. Despite the lack of LISST-HOLO measurements for this period, we can reasonably
assume that these particles are mineral-based.

As monomodal distributions are combined with low concentrations, resuspension can
be seen as the main source of SPM during the spring tides of this season. Higher SSC con-
centrations were found in winter compared to autumn, in agreement with other studies
that have found higher sediment concentrations during the winter [164, 167, 177, 179].

4.4.3. FLUFF LAYER FORMATION AND EROSION

The presence of phytoplanktonic species and biogenic organic matter have large impact
on the formation and particle properties of SPM, such as size, settling velocity and ef-
fective density on seasonal basis [126, 127, 130, 182, 193, 194]. In addition the presence
of biological species and related organic matter in the near-bottom layer influence the
erodibility of the fluff layer [195, 196]. This layer can be resuspended by low energetic
mixing, bringing fine flocs and sediment into the water column to interact and flocculate
again with newly advected organic matter and algae species with the freshwater front.

During the storm period of the autumn season, the fluff layer was resuspended during
first hours of storm initiation (Figure 4.4), at bed stresses of about > 2 Pa. While the fine
sand and silt were eroded after depletion of this layer at bed stresses of > 5-7 Pa. The fluff
layer erosion threshold however depends on the compaction degree of this layer which
in turn depends on the effective density of the particles and the portions of the clay, silt
and sand within this layer and the layers beneath [96, 197, 198].

In addition seasonal changes in the weather conditions and availability of organic mat-
ter and biological species are deterministic for formation, compaction and erosion of
this layer and its interaction with the underlying bed [199]. Sediment dynamic models
algorithms modeling the bed, have to be calibrated with different size classes and dif-
ferent particle types to be able to predict the deposition and erosion rates of SPM and
fine sediments [200]. Therefore understanding biologically mediated flocculation pro-
cesses is important to predict the erosion threshold for this fluff layer on seasonal basis
[37, 45, 47, 90]. In addition seasonal fluctuations in SPM concentrations and properties
depending on the availability of organic matter play an important role in determining
the source and transport of SPM [163, 164, 167, 179]. This aspect needs to be included
in sediment transport models, as these models ignore the presence of phytoplanktonic
species and organic matter and their substantial role in sediment dynamics. An average
effect of the organic matter role is however empirically included (to certain extent) by
calibration.



4.5. CONCLUSION 83

4.5, CONCLUSION

In this Chapter we identified the source of SPM during spring-neap tidal cycles at two
seasons of winter and autumn in the mid-field region of Rhine-ROFI. During the neap
tides with calm weather conditions, advection of organic matter and biological species
by the Rhine front are the main source of SPM. This advected organic matter interacts
with fine sediment in the water column and eventually accumulates at the bottom to
form a fluff layer. This fluff layer is resuspended as first during stormy weather condi-
tions after which the fine silt and sand are resuspended while the storm proceeds. Both
SPM and fluff layer composition are seasonal dependent as they depending on the in-
organic and organic matter present in the water column and/or advected by the Rhine
freshwater front. The fluff layer is also resuspended by tidal currents notably at spring
tide as a consequence both the arrival of freshwater front and tidal mixing forces.

Comparison of the autumn and winter seasons showed that multimodal Particle Size
Distributions (PSD’s) where observed mostly during the autumn season, indicting the
presence of elongated particles in the water column (algae and organic debris). Algae
and biogenic organic matter are indeed expected to be present during the autumn sea-
son. During winter, on the other hand, the observed PSD’s where mainly monomodal
indicating the presence of rather spherical particles that are expected to be mainly of in-
organic origin.

The freshwater front is known to resuspend fine sediment from the coast and creating
a return flow (seawards) near the bottom. The resuspended sediment interacts subse-
quently with the organic particles present in the water and form a SPM cloud that is ob-
served 1.0 - 1.5 hour after the front arrival at the mooring location. Another hypothesis
for the presence of the SPM cloud is linked to the organic matter trapped in the fresh-
water layer. Flocculation by differential settling can occur when this organic material
slowly settles and aggregate with suspended inorganic particles present in the water col-
umn. The time for these flocs to reach the sea floor is alos of the order of 1.0 - 1.5 hour
after the front arrival. This hypothesis could be tested by performing measurements as
function of depth.

The gradual transition from multimodal PSD’s into monomodal PSD’s at the first hours
of storm initiation in autumn confirms the presence of a fluff layer which is depleted
first. Less multimodal PSD’s appeared afterwards, when inorganic sediment is eroded.
In the winter season, in contrast, the PSD’s turned very fast into monomodal PSD’s in-
dicating a less thick fluff layer. The PSD’s in winter were also less multimodal than in
the autumn season at neap tide. During storm conditions, inorganic fine sediments are
eroded after the depletion of the fluff layer and hence made available for flocculation in
the water column. It was found that the fluff layer can resuspend at relatively low bed
stresses (about 2 Pa). The released inorganic fines will aggregate with organic matter
during the calm weather conditions and contribute to development of the a new fluff
layer.

The mean particle diameter near bottom was found to be inversely correlated with the
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bed stresses in both seasons: low bed stresses coincided with high mean diameter and
vice versa. This correlation between the mean diameter and the bed stresses can be un-
derstood as follows: at low bed shear stresses the SPM found near bottom is composed
of flocculated material of low density which is in general large in size as it contains large
organic particles, whereas at high bed shear stresses the SPM is composed of (smaller)
particles of higher density which contains more inorganic particles. Organic-rich par-
ticles are predominantly formed in the water column and advected whereas inorganic-
rich flocs are mainly resuspended from the bed.

Large sediment transport models like Delft3D calculates the SPM concentration (SSC)
based on inorganic particles dynamics solely and do especially not account for dissolved
organic matter and its availability. Particulate organic matter is often included in the cal-
ibration, but its interaction with clay minerals is not well accounted for. From the work
presented in this chapter, it can be concluded that in estuarine regions organic matter
plays a crucial role in the creation of flocs and fluff and therefore organic matter needs
to be accounted for in realistic sediment transport models. In the next chapter, a more
general discussion is performed about sediment transport modelling, whereby results
obtained from Delft3D modelling are taken as example.



4.6. APPENDICES 85

4.6. APPENDICES

Appendix A: 1st Neap tide autumn 2014 weather data, Spring tide and second neap tide
of autumn 2014
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Figure 4.11: Wind and wave conditions obtained from Rijkswaterstaat for Hoek van Holland: up-
per panel: first recorded neap tide, middle panel: spring tide and lower panel: second recorded
neap tide of autumn 2014




Cross shore velocity (m/s)

salinity (PSU)

N
o

a) Salinity

Appendix B1: hydrodynamics of second neap tide autumn 2014

3 mbs 7 mbs

7.6 mbs

10 mbs

w
o

N
3]

b) SSC/ volume concentration

U
A |

c) Bed stress (wave + Current) / mean diameter

7 (Pa)

d) Cross shore/ mean diameter

o
[

o

<)
)

274

275 276 277 278 279 280
time (days)
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Appendix C: Winter 2013 weather data
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Appendix D1: hydrodynamics of second spring and neap tides 2013

4 mbs 7 mbs

a) Salinity —— 1mbs 8 mbs
= = S = T

11 mbs

salinity (PSU)
N w
[$3] o
T T

N
o
T

SSC (mgiL)

L =]

7 bed (pa)
N

o

o o
S0

o

'
o
a

57
time (days)

Cross shore velocity (m/s)

Figure 4.15: Second recorded spring tide of winter 2013, weather and hydrodynamic conditions obtained from [98].

1000

= N

[+ [=

o o
Mean D (zm)

-
o
[=]

N
o
[e=}

Mean D (zm)

Volume {pL/L)

SADIANHAAY ‘9'F

68



Stratified condition(front)
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Appendix D3: Second spring and neap tides 2013
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Figure 4.17: Second recorded spring tide of winter 2013, weather and hydrodynamic conditions obtained from [98] and corresponding PSD obtained

from LISST 100X. The AS given in the legend, represents the degree of stratification.
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Appendix E1: PSD of Flood and ebb tidal cycle 2013
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Appendix E2: PSD of Flood and ebb tidal cycle 2014
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COMPARISON BETWEEN DATA AND MODEL
NEW APPROACH AND CONCEPTUAL MODEL

Sediment transport models, such as Delft3D, typically use 2 or 3 classes of particles, each
one being defined by its computed concentration (g/L) and a given settling velocity (mm/s),
to predict fine grained sediment transport in coastal areas. In this chapter, the data set
obtained from the LISST 100X presented in Chapter 4 will be used for comparison with
Delft-3D (ZUNO-DD) numerical model output. A detailed analysis of the behavior of the
classes is performed. The relation between size and settling velocity is analyzed in relation
with the particles’ shape, using the survey day data (see Chapter 2). The role of different
environmental parameters on particle size distribution and settling velocity is summa-
rized in a conceptual diagram at the end of the chapter.

The overall conclusion is that organic matter should be an input parameter for sediment
transport models, as the presence of organic matter (living or dead) drastically changes
the density of flocs and hence their settling behavior. From the analysis of the data, it was
found that one class with a particular settling velocity can cover a wide range of particle
sizes [70-160 um]. The estimated densities for each size class cover a wide range. This den-
sity range indicates that most flocs observed during the survey (Chapter 2) have different
organic matter content. From this, it can be concluded that sediment mass transport could
be wrongly estimated in (coastal) regions where organic matter is abundant, if clayey par-
ticle mass concentration is estimated using a single density for a given floc size as is often
done in the literature.
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Sediment transport models are widely used to predict sediment dynamics, bathymetry,
sediment erosion and deposition. Two of these models (ROMS and Delft3D) are gener-
ally without accounting explicitly for flocculation [201]. Another model, TELEMAC 3D,
does account for flocculation. In that model, the settling velocity is a dynamic function
of salinity and shear rate [145, 146, 202]. Recently Shen et al. [203] proposed a floccula-
tion model based on Population Balance Equations (PBE’s) for 3 size classes. This model
that was implemented in TELEMAC and successfully used to simulate particle size evo-
lution at the WZ Buoy station on the Belgian coast [141, 143, 203]. The model depends
on 18 adjustable parameters most of which can only be fitted to the data [204].

PBE’s containing a large number of classes, like the ones used by Mietta [28] cannot be
used in sediment transport models as they are typically too CPU intensive to run. More-
over, as discussed in Chapter 3, PBE models apply to salt-induced flocculation and are
not suited to describe organic-matter induced flocculation, due to different aggregation
and breakup mechanisms. In Chapter 3 a two-class model is proposed that accounts
for inorganic mass conservation during flocculation, and which relies on variables to be
measured in situ. The model can be parameterized by performing lab experiments, as
discussed in that chapter.

In Chapter 4 the mooring data, acquired during two monitoring surveys in winter 2013
(STRAIN I) and autumn 2014 (STRAIN II) was analysed. It was shown that the transitions
between fresh and saline water, that cause stratification in the Rhine ROFI [17, 98, 99,
205], play an important role in SPM formation and dynamics in the Dutch coastal zone,
but, importantly, this occurs in combination with the availability of organic matter.

Parts of this data are used in the present chapter and are compared with the Delft3D
model data. We chose the first neap-spring tidal cycle of autumn 2014 for the compari-
son. This period was selected because it covered a period of calm and a period of stormy
weather conditions. We focused on the comparison of the modelled sediment classes,
their settling velocities and concentrations. In addition we investigated their correlation
with hydrodynamics and salinity.

A brief description of Delft-3D and the ZUNO-DD module (Module for sediment dynam-
ics) is given in Appendix E Currently ZUNO-DD is running using 3 classes of sediment
particles (defined as IM1, IM2 and IM3), each of them is defined by a single and constant
settling velocity. Each class is defined based on its concentration (mg/L) and its associ-
ated (Stokes’) settling velocity (Ws ) as given in table 1.1. From the settling velocity, a
corresponding range in possible diameters can be estimated, based on densities found
for in situ particles (see Chapter 2). The three classes do not interact and their transport
is governed by advection (in particular settling) and turbulent diffusion.

Flocculation kinetics have been studied in Chapter 3 and characteristic timescales for
flocculation have been found. These timescales are very different from sediment trans-
port timescales. The question therefore arises whether a flocculation model is required
in large scale sediment transport modeling, or if it is sufficient to model the transport of
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flocculated matter. In the latter case, using a dynamic settling velocity that would be a
function of parameters such as salinity, organic matter content and shear stress would
be sufficient to have meaningful large-scale sediment transport.

Three questions are addressed in this chapter:

1. Is the commonly used assumption of having three classes of sediment based on a
constant settling velocity sufficient to capture the essence of sediment transport?

2. How does the interaction between particles (flocculation), change the size-settling
velocity relation?

3. Do we need to implement a flocculation model into sediment transport models, or
would the implementation of organic matter as an input parameter be sufficient
to simulate the flocculated matter?

Before answering these questions, we will start by comparing numerical and in situ data.
We will end by proposing a conceptual model that details the influence of environmental
conditions on particle size distributions and settling velocities. The conceptual model
can be used as a reference for further studies.

5.1. COMPARISON BETWEEN THE IN SITU AND THE MODEL DATA
The first neap-spring tidal cycle of the autumn 2014 measurement period was chosen
for this study, because the neap tide covered a period of calm and a period of storm
weather condition. The neap tide data for the calm and storm periods are plotted sep-
arately in Figures 5.1 and 5.2. As shown in Figure 5.1 and 5.2 a, the predicted salinity
is in agreement with the measured one. The predicted SSC is relatively higher than the
measured one, but it has a similar trend with a pronounced peak after the front arrival
during the calm weather period (Figure 5.1 and 5.2b). This higher SSC is the result of a
higher predicted bed stress (Figure 5.1 and 5.2 c), that is caused by the overestimation
of the wave-induced bed stress by the model. During the storm days, the predicted SSC
increases as the storm develops to a point where the predicted SSC is higher than the
measured one. The predicted bed stress is at this point also higher in absolute values
than the measured one but it agrees with the measured data in terms of trend and fluc-
tuations during the storm days (Figure 5.1 and 5.2¢). The predicted cross-shore velocity
seems to be slightly out of phase, compared to the measured one. For the spring tide
similar trends are observed, the SSC and the bed stress are slightly overestimated by the
model (data not shown).

The characteristics of the three classes IM1, IM2 and IM3 are given in Table 1.1. Gen-
erally during normal (calm) weather conditions, the model results show that the IM1
and the IM3 classes have relatively similar concentrations at the surface and bottom lay-
ers (Figure 5.1 and 5.2 e and g), which means that they represent the fines that are evenly
distributed through the water column. This implies based on density calculation, see ta-
ble 5.1, that clay mineral of size < 10pum can populate the whole water column. The IM2
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class, however shows higher concentration near the bottom, representing the fast set-
tling silt particles that are not present in the surface layer (Figure 5.1 and 5.2f). This IM2
class can be composed of inorganic content of size of about 30 um or of flocs as large
as 300 um, if their density is close to water. This class shows a significant increase in
concentration during the storm days, due to bed resuspension (Figure 5.2 f). We recall
that by definition, the 3 classes have no interactions and their concentrations change
independently of each other, being a function of the hydrodynamics and gravity only.
However, as the fluff layer resuspended by the storm contains sticky particles, it could
well aggregate with the particles in suspension.
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Figure 5.1: Comparison between the model and in situ data for the first neap tide of autumn 2014
during the calm weather period. The full lines correspond to the model results and the dashed
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5.2. RELATION BETWEEN PARTICLE DIAMETER AND ITS SETTLING

VELOCITY

In situ measurements and the laboratory experiments in the previous chapters have
shed light on sediment-organic matter interactions. Particle classes have been defined
based on particle’s composition (clay, algae and/or EPS), see Chapter 2. It was found that
composition and settling velocity are linked: low settling particles are mainly bare algae
(Ws < 1 mm/s) that are present in the entire water column and the inorganic content in
this class is negligibly low. Settling flocs cover a range of settling velocities between 1-10
mm/s.

The diameters that correspond to the particles classes from the ZUNO-DD models (IM1,IM2
and IM3) are evaluated by applying Stokes’ law see table 5.1. The density range 1016-
2600 kg/m? used to convert the settling velocities corresponds to the typical density
range found in Chapter 2, obtained from the analysis of LabSFloc-2 camera data. The
smallest diameter for each class corresponds to the highest density (2600 kg/m®) which

is the density of a pure clay particle. As organic matter has a lower density than clay, flocs
containing organic material have a larger size for same settling velocity compared to a
(pure) mineral sediment particle.

Table 5.1: Classes used in Delft-3D model; the equivalent diameter is calculated from Stokes’ law
using the density range p = 1016 — 2600kg/ m3

Class IM2 IM1 IM3
Wg(mm/s) 1 0.125 0.001
Diameter (um) | 33-338 | 11-119 | 1-10

The data obtained from LabsFLOC experiment (see Chapter 2) is plotted in terms
of IM1 and IM2 classes. The plots represent the size range and effective density range
corresponding to particles having a settling velocities of 0.125 mm/s (IM1) and 1 mm/s
(IM2). This figure confirms that particles having very different sizes can have the same
settling velocity, because their effective density is different. This result brings the relation
between mass of clay content transported by flocs into question. It is usually assumed
that the relation between floc density (and hence clay mass content per floc) and size is
an inverse power law (density = size™", where n is a positive fitted exponent). However,
from the measured data data it is found that density bandwidths should be attributed
instead. This is particularly the case for the IM2 class.

This can be linked to the discussion initiated in Chapter 2 about the classification of
flocs based on composition rather than on size (see Figure 2.3). For sediment transport
models it is important to solve a mass balance for the clay minerals part, and hence to
distinguish between flocs containing a lot of clay mineral content and the flocs predom-
inantly composed of organic material. In Chapter 3, while analyzing laboratory data, a
two class balance was proposed, whereby Class 1 is composed of mineral sediment and
Class 2 of flocculated material. Clay mineral mass transfer between Class 1 and Class 2
will be the process leading to the largest change in settling velocity: a mineral particle
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(density 2600 kg/m?®) from Class 1 that is bound to organic matter of low density (close
to density of water) will have its settling velocity drastically changed when transferred
to Class 2. The question that arises is where in the water column is this happening? To
answer this question we will use the flocculation results described in Chapter 3. The lab-
oratory experiments have shown the importance of salt ions in flocculating sediment to
organic matter by electrostatically binding the negatively charged sediment particles to
the negatively charged organic matter. Therefore flocculation is unlikely to occur in the
freshwater part of the ROFI, in particular within the freshwater lens at the top of the wa-
ter column originating from the river discharge. Moreover, this layer has been shown to
contain very little suspended sediment particles [93] but is likely to contain significant
supply of organic matter. Additional measurements should be able to confirm this.

When the organic matter is brought into contact with saline water, by settling or hy-
drodynamic advection/ diffusion flocculation can occur. The timescales for aggregation
are very short in laboratory experiments. In situ it is expected that these timescales are
sediment-concentration dependent. As confirmed by numerical modeling, sediment
particles having a settling velocity of 0.001 and 0.125 mm/s and corresponding to clay
particles (< 10 um) fraction populate the whole water column. Clay particles of larger
size (IM2, 1 mm/s) will mainly interact with organic matter close to the bottom. The
sediment size is rather polydisperse at the bottom of the water column in the Port of
Rotterdam (PoR), see Figure 5.4. This sample is representative for an in situ sample, con-
taining small amounts of organic matter that could be degraded. When living algae is
added to this sample in a flocculation experiment in the laboratory (see also Figure 3.12),
itis observed that the spread in settling velocity is greatly reduced, reflecting the fact that
even the silt particles ( of settling velocity > 5 mm/s) are embedded in a flocculated ma-
trix of lower density, which reduces their settling velocity (Figure 5.4). The samples are
flocculated until steady state in less than 10 minutes, during the laboratory experiments.
This might be not representative for in situ conditions (where a steady state might never
be reached) but proves that the sticking efficiency of sediment to living algae is high.
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Figure 5.4: Settling velocity as function of number of particles measured by LabsFLOC for floccu-
lated samples PoR and PoR with 30% LA corresponding to 5.10% cells/L. The sediment concentra-
tionis 0.2 g/L.

Due to differences in density between organic matter and sediment particles in in situ

conditions, differential settling is playing an important role. Particle size measurements

as function of depth correlated to SSC and Chlorophyl-a concentrations enable to show

that in the Yangtze estuary differential settling between algae and clay is occurring [78].

Such measurements in the Rhine ROFI would confirm a similar mechanism in this coastal
area. Because of flocculation the settling velocity of flocs would therefore become a func-

tion of depth.

5.3. PARTICLE STRUCTURE ANALYSIS, BASED ON IN SITU DATA

The LISST-HOLO and underwater camera have shown that the composition of the par-
ticles can be derived to some extend from the aspect ratio and the particle size distribu-
tion. From analyzing the in situ data in Chapter 4, we have seen that the mean diameter
and particle shape (linked to its composition), depend on the water column stratifica-
tion conditions and corresponding bed shear stress.

In this section we analyze this relation in more details, focusing on day 269 which is a
spring tide day in autumn. The hydrodynamics of this day and in particular bed shear
stresses, are covering both stratified and well mixed water column conditions. Figure
5.5a (upper panel), shows the SSC (mg/L) by OBS at near bottom and the volume con-
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centration measured by LISST 100X (see Chapter 4 for details). In Figure 5.5 b AS and
Tped are displayed. Some interesting time periods ("Spots") are highlighted in gray rect-
angles and labeled S1-S6. In Figure 5.5 (lower panel), the PSD corresponding to the times
of these spots are plotted.

For S1 (Figure 5.5 b1) and S5 (Figure 5.5 b5), the PSD starts bimodal and becomes nearly
monomodal. This is due to the fact that 7j,,4 increased over the same period. The shift
from multimodal to monomodal indicates that particles are resuspended, which can be
seen from the sharp increase in SSC. For S1, the period starts at a relatively high AS (at
a value of 3). This AS increases in the next half hour up to 5.4 at around 3:00 AM. For S5
AS fluctuates over time.

For S2, the PSD (Figure 5.5 b2 ) starts relatively monomodal at the time where AS is low
(0.7) and the water column is well mixed. The 75,4 remains low over the S2 period, im-
plying that the particles are settling rather than eroding from the bed. As a consequence,
the PSD is becoming more and more bimodal over time. This is due to the fact that
only slow settling particles remain in suspension. These particles are anisotropic flocs
containing a large amount of organic matter. The same happens for the time period S4
(Figure 5.5 b4 and s6 Figure 5.5 b6), whereby the shear stress is low over the whole pe-
riod, and the PSD remains bimodal over the whole period.

During S2 period, the degree of stratification increases. The relationship between PSD
modality and salinity stratification AS is different for S3 (Figure 5.5 b3). During that pe-
riod, AS increases, but 74,4 as well. The increase in 7.4 leads to the fact that more
particles are resuspended from the bed over time (see also the small increase in SSC dur-
ing that period). Consequently the PSD becomes monomodal over time.

In conclusion, the near-bottom PSD behavior is primairly a function of shear stress and
not salinity, which is to be expected as particles at that position never experience fresh-
water salinity. Low shear stresses are associated with bimodal PSD’s and high shear
stresses with monomoal ones. The fact that a PSD is monomodal is only implying that
there is a majority of non-elongated flocs in suspension. In winter, the PSD’s measured
by LISST 100X were always monomodal as the bed stresses were high.

In Figure 5.6, the in situ data (day 269) is compared with the data obtained from the
model. The mean diameter is calculated using the LISST 100X data. The gray rectan-
gles correspond to the same periods S1-S6 as in Figure 5.5. The evolution of the mean
floc size observed in situ is correlated with the IM1 and IM2 classes for S1, S2, and S3.
When D50 is increasing the concentrations of IM1 and IM2 classes increases and vice-
versa. For S4 and S5 a different trend is observed, the D50 obtained from the LISST data
is observed to decrease, while the concentration of all three classes increases. This is
primarily due to the mismatch between the modeled shear stress and the measured one.
The model predicts an increase in shear during the period before S4, hence more parti-
cles get suspended in the water column. The estimated stress displays a decrease in the
period prior S4 that leads to a decrease in D50 and SSC. It confirms that the sediment
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concentration in suspension in the numerical model is a function of shear stress. There-
fore high shear stresses are correlated with a high suspended sediment concentration
and vice-versa.

It is expected that when the shear stresses are high, a large amount of sediment parti-
cles is in suspension. In that case, it seems reasonable to assume that current transport
models are doing well in predicting sediment transport. When particles in suspension
are primarily clayey particles, flocculation does not play an important role. Flocculated
material and organic matter present in the water column can aggregate with clay and silt
sized clayey material, but overall this effect will be that a bulk of pure clayey particles is
transported from one part to another.

When the shear rates are moderate or low, on the other hand, it is found that a large
amount of organic matter remains in suspension. This organic material can be coated
with clayey particles. In that case, the question arises whether the predicted transported
amounts of clayey particles are in line with the actual ones. This will be discussed in
the subsection after the next, where existing sediment transport models including floc-
culation are analyzed. In the next subsection, we will study how the flocculation model
presented in Chapter 3 can be adapted to account for the presence of organic matter.
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Figure 5.5: Data analysis of day 269 (a spring tide day of the autumn season 2014), (a) SSC of the
surface (1 mbs) dashed blue line and near bottom, full black line. (b) AS versus bed stress. The
lower panel shows the PSD’s that correspond to the rectangles chosen in the upper panel graph,
representing the relevant times in terms of hydrodynamics.
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Figure 5.6: Comparison between in situ and model data for day 269. The full lines correspond to
the model data and the dashed line to in situ data. a) 73,4 vs AS, b) SSC (ing/L) and the mean
diameter (um) obtained from LISST measurements, c) the IM1 class, d) IM2 class and d) the IM3
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in Figure 5.5.
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5.4. TOWARDS A NEW APPROACH IN MODELING FLOCCULATION

As was done in Chapter 3, two classes of particles are considered, Class 1 correspond-
ing to sediment particles (whereby, the salt-induced flocs can be included as discussed
before). A Class 2, corresponding to flocs created by the aggregation of organic matter
and sediment particles. A recent study has shown that Chl-a concentration (CC) and in
particular the CC/SSC ratio can be used to study the dynamics of Class 2, when Class 2
is predominantly formed by aggregation with living algae [78]. Recalling from Chapter 3,
the sediment particles mass transfer between Class 1 and Class 2 is expressed as:

dn’lg _ dm1 5.1)
dr — dt '
The transfer from Class 1 to Class 2 is described by:
dm
dtz = by1oc(t) x my (5.2)

where by, is the birth rate of Class 2 which is proportional to the concentration of
organic matter present in the water column: i.e. Cops:

bfloc(t) =~ Com(1)) (5.3)

When Copr = 0, byjoc = 0 there will be no flocculation, and thus no mass transfer be-
tween classes. Laboratory experiments [206] have demonstrated a faster than linear de-
pendence of the flocculation rate D50/dt on flocculant dose, and therefore the proper
dependence of b, on Cops remains to be investigated. In contrast to laboratory experi-
ments, as studied in Chapter 3, the sediment mass balance is conditioned to inflow and
outflow of mass through the boundaries of the system. A numerical approach is given in
[204]. For near-bed transport the suspension/erosion flux is of great importance. This
flux is expressed as [26, 200]:

Foe0=81-E (5.4)

where F,—( represents the flux (mass transport in space and time). S; represents the
mass settling flux and E; represents the erosion flux. The settling flux of Class 1 particles
can be expressed as:

S1 = Ws1 X My(z=0) (5.5)

where w;, represents Stokes’ settling velocity. The associated sediment density can
be taken constant over time and size of Class 1 particles is then the mean particle size of
the suspended sediment fraction. If required, Class 1 can be divided into sub classes as
explained in [26]. Equations similar to eq.(5.4) and (5.5), can be set-up for Class 2 parti-
cles and this class could also be divided in sub classes [26].

In a first step it is assumed that Class 1 and Class 2 are represented by the mean settling
velocity value of particles within these classes. It has been shown in Chapter 4 that at
the onset of a storm (or during well mixed periods of spring tides) first the fluff top layer
of the bed is eroded, this fluff layer contains in majority Class 2 particles. Subsequently
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mainly Class 1 particles are resuspended. Expression for erosion (rate or coefficient) E;
used in literature are [200]:

T
E1 = C1(— = 1)"my(z=0) (5.6)

Tl

whereby the empirical exponent m is found to be close to 1 for fine sediment bed.
The parameter C; depends on the bottom contact forces between particles. A similar
equation can be set-up for Class 2 particles. The precise formulation of such an erosion
is an ongoing topic of research. It is expected that quite a substantial amount of floccula-
tion is occurring in the fluff layer when sediment is deposited and it comes into contact
with the previously deposited flocs or biofilm that might grow on the bed. It remains to
be investigated whether this type of flocculation is dominant compared to water column
flocculation.

5.5. DISCUSSION

Other authors proposed different flocculation models to be implemented in large-scale
sediment transport models. Some of these models are based on a simplified PBE model,
whereby three classes are defined based on the multimodal PSD’s obtained from LISST
data. These classes are therefore size-dependent and labeled fines, macro-flocs and
mega-flocs [102, 186, 203]. As discussed in Chapter 2, the trimodality observed in mea-
sured PSD is mostly caused by the anisotropy of organic-rich particles [67]. A disad-
vantage of even a simplified PBE is the number of unknown parameters to use which
amounts to 18 parameters for a 3-class PBE [203, 206]. Simplifying the PBE to the ex-
treme, as is done by for example Winterwerp [145, 146, 207], who proposed a single rep-
resentative class related to D50 size cannot be seen as a flocculation model in the sense
that a proper mass balance between classes is missing. Moreover, this type of model does
not account for the bimodal distribution (un-flocculated fines/ flocs) that is measured
in-situ.

Other authors use Lattice Boltzmann simulation to model flocculation during differen-
tial settling and turbulence-induced flocculation [208, 209]. A drawback of the approach
used by these authors is that they use DLVO forces and monodisperse primary particles
in their simulations. Moreover, this type of simulation cannot be implemented in large-
scale sediment transport for being too CPU intensive.

A pragmatic approach, used in particular in the large-scale sediment transport model
TELEMAC-3 and also coded in Delft-3D is to use a variable settling velocity for a given
size-class, which enables to avoid the problem of mass conversation. Different settling
velocities have been proposed [113]. The changes in settling velocity should however be
coupled with a clear understanding about the timescales associated to these changes,
which is still an open research question.
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5.6. CONCLUSION

In this chapter in situ data was compared with the output from the ZUNO-DD (Delft3D)
numerical model. The salinity predicted by the model is in broad agreement with the
measured one as was also found by Rijnsburger et al. [210]. The predicted SSC is rela-
tively higher than the measured one, this is mainly due to higher predicted bed stresses
that are caused by overestimation of the wave-induced bed stress. In general the trend
of the modeled SSC is in agreement with the measured one.

The sediment classes IM1 and IM3 used in the numerical model represent particles hav-
ing settling velocities of 0.001 and 0.125 mm/s, and are shown to have relatively similar
concentration at the surface and bottom layers. The IM2 settling class have a settling
velocity of 1 mm/s and have a concentration that increase near the bottom during the
storm period due to resuspension. This class does not occur in the surface layer. After
comparison with the measured in situ data, it was found that particles having settling
velocities corresponding to IM1 and IM3 classes cover a wide range in terms of size.
There is however, no interaction between the classes and their concentration changes
independently from each other, they are distinguished by their settling velocities that
are obtained from Stokes by using the clay, silt and sand sizes.

At this stage, there is no good link between particle size and settling velocity in coastal re-
gions where the amount of organic matter is high. The organic matter content is highly
variable depending on the seasons with the highest concentrations during the spring
season as the primary production is highest in this season [136]. From analyzing the
data collected during the survey day (in autumn season, during neap tide), it was found
that most flocs in the water column have high organic matter content. The presence
of this organic matter in the flocs leads to a wide range of effective densities, sizes and
settling velocities. At present the link between sediment content of a floc and floc size
is done using an inverse power-law function, which does not account for the observed
large spread in floc density. Consequently, sediment mass transport could be overesti-
mated in (coastal) regions where organic matter is abundant, if the mass concentration
is estimated from this relation.

Organic matter should therefore be an important input parameter for sediment trans-
port models. It has been found that one way to estimate organic matter content is to use
Chl-a measurements (which is a proxy for algae content) and the ratio between Chl-a
and SSC (CC/SSC), which is a promising parameter for further studies [78].

The flocculation model proposed in this thesis is based on a mass balance between two
classes of particles that are defined on floc composition base rather than its size. The
transfer between classes, and the processes leading to that, are schematically given in
the conceptual model presented in Figure 5.7 at the end of this chapter. This conceptual
model can be used as a reference to implement organic matter as a parameter into sed-
iment transport models. It is expected (but not yet verified) that most of the exchange
between classes occur at the bed. To study this, new laboratory experiments should be
set-up whereby the interaction between the bed and water column can be studied in de-
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tail. The results of this thesis are based on time series during autumn and winter, seasons
that do not have a high primary production. It would be interesting to compare this data
with a spring and/or summer season of high primary production.
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5.7. APPENDIX

Appendix F

DESCRIPTION OF ZUNO-DD MODEL

Zuno-DD is part of large Delft3D program developed by Deltares. Delft3D It is a fully
integrated software suitable for a multi-disciplinary approach and 3D computations for
coastal, river and estuarine areas. It calculates non-steady flow and transport phenom-
ena resulting from tidal and meteorological forcing on a rectilinear or a curvilinear grid.
The numerical system solves the unsteady shallow water equations in two or three di-
mensions using finite difference methods. The system of the equations consists of the
horizontal equation of motion, the continuity equation and the transport equation for
conservative constituents.

ZUNO-DD GRID

The ZUNO-DD module has three grids covering the North sea, especially the southern
part of Dutch coastal area. The coarse grid is 61 x 133 cells, the intermediate grid is 64 x
244 cells and the fine grid is 109 x 213 cells. The intermediate and the fine grids describe
the SPM fluxes from the Maasvlakte area towards the south and vice versa (Figure 8).
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Figure 8: Right panel: The ZUNO-DD grids, Left panel: A zoom in the intermediate and fine
ZUNO-DD grid.

By applying domain decomposition, the computational grid resolution can be opti-
mized for the areas of interest, while keeping the overall grid size limited. In this way,
the hydrodynamics are adequately represented in the model and therefore suitable for
modelling sediment transport in the region. This hydrodynamic conditions are used for
the SPM transport computations. By analyzing the difference in SPM flux over the cross-
shore transects, a quantification of the change in the residual alongshore SPM flux is
obtained [211].

S. Rijnsburger developed a 4" domain version with a very fine grid around the Sand
Engine (Zandmotor) near the Rhine and Meuse mouth [7].
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6.1. GENERAL FINDINGS AND SUMMARY

Flocculation models that are used at present in sediment transport models are based on
Population Balance Equations [24, 25, 107, 212]. This type of model is only valid for salt-
induced flocculation whereby primary particles are all alike [26]. Therefore as discussed
in the thesis, it is doubtful that this type of model would be suited to capture the key
processes in the case of organic matter induced flocculation, i.e flocculation of clay min-
erals with organic matter. This type of flocculation represents the dominant flocculation
type in estuaries and coast, where organic matter is known to be abundant [21, 169, 190].

The aim of this PhD research was to propose a flocculation model that properly pre-
dicts the SPM formation by flocculation in space and time in a Region Of Freshwater
Influence (ROFI) like the Rhine-Meus delta which was the study site of this thesis. One
requirement was that the model ought to be easy to implement in a numerical sediment
transport model.

To confirm the abundance of organic matter in the composition of flocs, a first re-
search question was addressed in chapter 2:

1. What are the type of particles that are found in situ (in the Rhine ROFI)? what are
their properties (size, effective density, shape/ composition and settling velocity)?

It was confirmed that most particles found in situ of size > 10 um are composed
of sediment aggregated by organic matter in different amount. These flocs are hence
formed by organic matter induced flocculation. Three major classes of particles were
identified:

Class 1 corresponds to inorganic particle, having an effective density close to 1600
kg/m3. These particles have a rather compact (spherical) form and appear with dark
color (high density) on the video images.

Class 2 particles correspond to flocculated sediment particles with organic matter
having an effective density in the range 16-160 kg/m3>. These particles may display a
non-spherical structure and have overall a lighter color than Class 1 particles in the im-
ages, indicating a lower density. Some flocs have a high anisotropy that is caused by
the presence of elongated algae strings which are recognizable in the flocs’ structure. In
other cases the algae strains are in some state of coiling and the flocs are hence rounder
in shape. These particles exhibit a wide spread in settling velocity of the order of 1-10
mm/s.

Class 3 particles correspond to the bare algae, or algae bound to very little amount
of sediment and have a very low effective density of about 16 kg/m3. This implies that
they have a low settling velocity. These bare algae particles have the highest anisotropy
among all recorded particles and can have an aspect ratio of about 8.

As any model calibration relies on in situ monitoring, the quality of in situ monitor-
ing is addressed by the second research question:
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2. How do particle shape and composition affect light scattering measurements? How
reliable is the obtained in situ data?

It was shown that the elongated particles cause an additional peak in the particle size dis-
tribution when measured by laser diffraction techniques (LISST 100X equipment). More-
over the detected light signal is affected by particles having sizes beyond the LISST 100X
measurement range and by water column stratification (schlieren effect) [62-64]. This
makes the interpretation of the laser diffraction measurements not straightforward and
additional data is required to correct for the biased signal. This can be done using video
camera images, which enable to record particles of size > 10 pm. Particles below 10 ym
can only be assessed by LISST. It is expected that since these particles are not strongly
anisotropic and have homogeneous density, they are correctly estimated by LISST.

Numerical fine sediment transport models give sediment concentration as function

of space and time by class of particles. These models are not directly function of particle
size or shape. The classes are sediment fractions to which, a given (constant) settling
velocity is associated. The reason that numerical models depend indirectly on particle
size is due to the fact that models are used to estimate settling velocity from in situ data.
From particle size and concentration, a mean density of particles is estimated, and ap-
plying Stokes’ law a mean settling velocity is deduced [26]. As discussed above, in situ
particles are of different size, shape and composition. This is why it is very difficult to
associate a settling velocity to a particle of a given size. Therefore it is shown in chapter
2, that a given particle size is rather associated with a range of settling velocities.
A flocculation model expresses the transfer of mass between one class of particles an an-
other. Traditional flocculation models make use of Population Balance Equations (PBE)
to express this mass transfer. This type of models rely on the ability of a floc to aggre-
gate and break-up, whereby aggregation and break-up parameters are function of shear,
sticking probability and break-up distribution function. A recent model, based on the
mass transfer between 3 classes (microflocs, macroflocs and megaflocs) has as many as
18 parameters [26], which cannot be assessed from in situ measurements. PBE models
are suitable to study systems composed of monodisperse particles, i.e salt induced floc-
culation [25, 206, 213, 214]. In the case of organic matter induced flocculation, as is the
case in estuarine systems, these models do not capture some of the essential physical
processes [204]:

- The size of a floc is not an unique function of the number of primary mineral clay par-
ticles that is made of, since for a same size, a floc could be formed by aggregation
of different amounts of organic matter and mineral sediment.

- Particles can break-up due to shear, but polymeric flocs are elastic and usually tend
to coil under shear without breaking. Their shape and size thus can change over
time from elongated to spherical without loss of mass.
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- The collision frequency in PBE models is a function of the diameter of the collid-
ing particles. Organic matter can have very anisotropic shape, and extracellu-
lar polymeric substances (EPS) that are a major driver for flocculation consist of
elongated, flexible polymeric chains (such as Polysaccharides, proteins and DNA).
Their radius of gyration is a function of shear and water properties (such as salin-
ity). The expression for the collision frequency in unknown.

For these reasons, a new type of model was introduced in this thesis to describe floccu-
lation of suspended matter in situ. This model, based on logistic growth theory which is
a theory that is used for example to estimate the auto-catalysis rate [80] or growth rate of
bacteria [81].

The model has the advantage to be analytical, and therefore easy to implement in a sed-
iment transport model. The amount of classes of particles can be arbitrary chosen. The
sediment transport model Delft3D is often used in combination with 3 sediment frac-
tions with settling velocities of the order of < 0.01 mm/s, 0.1 mm/s and = 1 mm/s. These
fractions enable to correctly predict the Suspended Particulate Matter (SPM) in space
and time for a large number of situations in coastal areas [18-21, 215].

In this thesis it was chosen to work with two sediment classes, based on floc com-
position rather than settling velocity: Class 1 (clay mineral), with a constant settling ve-
locity and Class 2 (flocculated particles class), with a time dependent settling velocity.
It is shown that the mass transfer between these two classes can be studied by labora-
tory experiments from which characteristic timescales for flocculation can be obtained
(Chapter 3). This enabled to answer the third research question:

3. What are the flocculation timescales and how are these associated with different
flocculation mechanisms?

To understand how these particles are formed and which timescales describe their for-
mation, laboratory experiments were conducted to create flocs under different condi-
tions. The growth of the particle size in time was analysed by the analytical logistic
growth model. The flocculation timescales #;, and t; that describe the 'birth’ and 'de-
cay’ of particles respectively, where identified by parameterizing the flocculation model
with experimental data. It was found that the salt induced flocculation is fundamentally
different from the organic matter induced one.

The D50 in the salt induced case at constant shear, reaches a steady state over time.
This steady state does not exceed the Kolmogrov microscale, as was already found by
other authors [28] and hence no reduction in floc size (associated to the decay time
t7) was found. The birth time #;, was found to represent the characteristic flocculation
time scale. Typical timescales for birth, in lab experiments, were #;, = 200-1000s for salt-
induced flocculation.

The flocculation in presence of EPS and salt is faster than salt-induced flocculation and
it was found that ¢, < 500s. In contrast to salt-induced flocculation, it was found that
the D50 first experienced an increase (‘birth’) and then a decrease ('decay’) as function
of time (for a given shear).

The decay occurred at times > 500s. This decay was associated to the coiling or breakage
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of flocs under shear. From the experimental results, the mineral class (Class 1) which
consists of pure clay mineral particles could be associated with a D50 of < 7 um for the
used clay samples and the Class 2 (flocs) were presented by the D50 size.

Class 1 particles flocculate in less than 500s generating flocs that grow over time during
this period, reflected by the increase in D50 over time. For longer times (t > 500s), the
D50 is decreasing, but class 1 is not populated, implying that if the flocs break, they break
into smaller flocs and not into clay mineral particles. It was indeed shown that flocs cre-
ated by organic matter have a size at steady state that exceed the Kolmogrov microscale,
after a shear up/ shear down cycle, and remain elastic [29]. The relative fractions of
Class 1 and Class 2 particles can be assessed from in situ measurements, by combin-
ing LISST and OBS measurements to obtain the volume concentrations of these classes.
Their mass concentrations are obtained though sampling.

By using the two classes defined above it is therefore possible to test and calibrate the
flocculation model proposed in this thesis using in situ data, which is an advantage over
existing models that require to adjust parameters that cannot be quantified. It was also
shown thations (and in particular divalent cations) promote aggregation of organic mat-
ter, which confirms the role of fresh/salt water transition in flocculation process.

To get better understanding of the temporal and spatial distribution of suspended par-
ticles in the Rhine-ROFI a large data set was analysed (Chapter 4). This data set consists
of Particles Size Distribution (PSD) measured by LISST 100X and LISST-HOLO in winter
2013 and autumn 2014, during two monitoring campaigns named STRAIN 1 and STRAIN
11 [17, 99]. These data shed light on the longer term SPM dynamics in Rhine-ROFI. With
this data the following research questions are addressed:

4. How do the SPM concentration and size correlate with water column hydrodynamic
conditions (when are they advected, and when resuspended)?

5. How do the seasonal changes in hydrodynamics and organic matter availability de-
termine the composition and shape of the SPM particles and fluff layer develop-
ment and depletion?

From the data analysis it was found that the SPM was organic matter rich during the au-
tumn season. Both flocs (clay mineral with organic matter) and algae strains (without or
with very little sediment attached) were found. Due to the lack of Chl-a measurements (a
proxy for algae concentration), a chl-a to clay ratio could not be calculated as was done
in [78]. SPM particles were found to be mainly advected during strong stratified periods
at neap tides with calm weather conditions. The particles are originating from the Rhine
front or from the shoreline due to the return flow near the bottom caused by the front
arrival at the surface. Due to the lack of depth profile measurements through the water
column, these hypothesis cannot be proved.

Particles settle and accumulate at the bottom at low shear, developing a fluff layer during
the neap tides. This fluff layer resuspends during spring tides and settle again limiting
its consolidation. Storm weather also causes this layer to resuspend, but in this case the
fluff layer depletion is reached, after which the silt and sand fraction layer underneath
is resuspended as well. It was found that the resuspension threshold of the fluff layer at
the beginning of the storm was about 2 Pa.

Mainly clay mineral particles (silt and sand) are found during the winter season, and no
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fluff layer erosion was observed during the winter storm. This is expected as the biologi-
cal activity is low during the winter period and therefore the fluff layer, if present, would
be very thin. These observations are in line with previous studies in different estuaries
[170, 176-178].

The last research question that was defined in the introduction chapter is related to
the general aim of the thesis:

6. What are the main features of a flocculation model that could be implemented in
sediment transport models?

A first underlying question to answer is: how well do current sediment transport
models whereby no flocculation is implemented perform? This question is answered
in chapter 5. In this chapter the is-situ data is compared with the data obtained from the
numerical sediment transport model Delft3D. The suspended sediment concentration
(SSC) at the measurement location was calculated with the so called ZUNO-DD model
[82, 83]. It was found that the model overestimates the SSC. This is attributed to the fact
that the calculated SSC is a function of bed shear stress which is overestimated by the
model.

In the model, particle classes are defined according to settling velocity, whereas the in
situ measurements to which these classes could be compared are based on size. It was
therefore not possible to comment further on the numerical results at this stage, since
for a given particle size a range of settling velocities is observed.

The only flocculation that could be observed from the video imaging was an occasional
floc-floc aggregation. The present video data was insufficient to allow for a statistically
representative study of this type of aggregation. Flocculation occurring at the micro-
scopic scale cannot be monitored in situ. It is however the most interesting type of floc-
culation from a sediment transport modeling point of view. The two classes defined in
the present thesis have distinct settling velocities: the settling velocity of Class 1 parti-
cles can easily be estimated, since the density of sediment mineral is known, and it is
constant. The settling velocity of Class 2 particles, on the other hand, is depending on
several variables: the organic matter/ sediment mineral ratio of the floc and the state of
coiling (which is a function of shear and floc history). Floc-Floc aggregation (called also
macro-flocculation) will probably not affect the output of sediment transport models,
because when a floc aggregates with another floc, their settling velocities is not affected
much, especially when the organic matter content of the flocs is high since the density
of organic matter is close to water.

The aggregation of a sediment particle by organic matter (called also microflocculation)
is the type of flocculation creating the largest changes in the system. When a clay parti-
cle of 20 um is captured by organic material it will become part of a floc with a size that
is much larger than 20 ym, and its settling velocity will be changing from < 1 mm/s to
a value of the order of 1-10 mm/s. Micro-flocculation is therefore of key importance in
areas where unflocculated sediment comes into contact with organic matter. This hap-
pens for instance during dredging works, or during storm events, when the fluff layer is
depleted.

The micro-flocculation happens very fast( at very small time scales) in laboratory con-
ditions. However, the experiments performed in the laboratory are performed in ideal
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mixing conditions and do not account for the diffusion and advection of particles that
occur in natural environment.

A flocculation model to be included in a numerical sediment transport model, based on
two classes as proposed in this thesis, should be function of several parameters:

- Organic matter content: both living and dead organic matter play a role in the floccu-
lation process (Chapter 3)’

- Salinity: a change in salinity can enhance the flocculation rate (Chapter 2 and 3).

- Shear: it influenced both the collision probability and the coiling / break-up of flocs
(Chapter 2 and 3)

Salinity and shear are currently available in numerical models. Ecological models are
available, which describe primary production, respiration and mortality of phytoplank-
ton. Biochemical models also exist that could be used to estimate Particulate Organic
Matter (POM) and Dissolved Organic Matter (DOM) to be used as input parameters [89].
These models could serve as input for a flocculation model.

6.2. OUTLOOK AND RECOMMENDATIONS

In order to pursue the work initiated in this thesis, several research lines and recommen-
dations are proposed. From the in situ monitoring perspective, it is advised for future
monitoring campaigns to:

- Monitor SPM as function of depth. It will be extremely interesting to observe the dif-
ferences in SPM between the freshwater lens layer of the water column and the
saline environment underneath. This study will allow to verify whether a majority
of particles trapped above the pycnocline settle through it until reaching the sea
floor or if a majority is advected with the freshwater front till the coast, where it is
transported back seawards by bottom return currents.

- Combine several monitoring techniques: besides LISST and OBS, it is recommended
to use an underwater camera. Current camera’s combined with LED illumina-
tion allows to use video imaging as a regular monitoring tool. In addition com-
bining optical and acoustic measurement techniques is of great benefit to study
mud/sand mixtures as shown by Pearson et al. [216].

- Link the suspended sediment studies to ecological studies, whereby at each loca-
tion, the type and concentration of organic matter is recorded. In recent studies,
Chlorophyll-a (Chl-a) is routinely monitored as a proxy for algae concentrations
[39, 78]. Furthermore other fractions of organic matter such as TEP, POC, PON
measurements can provide more insight on the role of organic matter content and
biomass in formation and dynamics of SPM in coastal and marine environment,
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as presented by [136]. Ecological studies will also enable to link flocculation to the
seasonal variability of organic life.

- Sampling: take samples to be used in the laboratory for further characterization and
flocculation studies, as micro-flocculation cannot be monitored in situ. Particles’
settling velocities can be monitored onboard, as was done in this study.

From a modeling perspective, in order to extend the flocculation model proposed in
this thesis, the following steps are suggested:

- The flocculation study should be extended to larger tanks, to study the effect of differ-
ential settling and sediment concentration gradients on the flocculation kinetics.
This study can be linked to the numerical modeling following the steps proposed
in [204].

- Large flocculation tanks can also serve to study the erosion of flufflayers. This study is
of prime importance for sediment transport models, as the bed acts as source/sink
for sediment particles [26, 204].

- Additional laboratory experiments should be performed to parameterize the settling
velocity of flocs (Class 2 particles) as function of organic matter content and shear
history. New video imaging techniques are currently developed to link the gray-
scale of floc images to density. In the future, underwater imaging could record
this gray-scale and each floc’ settling velocity could be derived from it. From video
imaging mean settling velocities could therefore be deduced on a statistical basis.
This would greatly benefit sediment transport models.
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