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SUMMARY

Deep-sea mining Industry and academia are presently investigating the potential of
deep-sea mining for valuable resources such as poly-metallic nodules. Nevertheless, the
process of manoeuvring, excavating, and processing these resources poses a threat to
the deep-sea environment through the generation of plumes of suspended fine-grained
solids, which have the potential to damage benthic fauna by smothering or burying
them. Assessing the impact of plumes requires an understanding of how far they disperse
through bottom currents and how their suspended loads change over time. The affected
area may be overestimated by current numerical simulations as they neglect the crucial
process of flocculation, whereby fine particles aggregate into larger and faster-sinking
clumps. The effect of flocculation on plume dispersion is still not well comprehended,
engendering ambiguity in monitoring techniques dependent on optronic and acous-
tic sensors that are sensitive to particle size but do not take into account flocculation.
To tackle these concerns, it is essential to undertake research that centres on studying
flocculation characteristics in marine sediments. This includes carrying out controlled
laboratory experiments to gain a better understanding of the critical conditions for floccu-
lation. Additionally, it involves scaling up these experiments to replicate real-world plume
dispersion and devising precise measuring methods for flocculated particle suspensions.
This thesis focuses only on benthic sediment plumes.

In the course of this work, laboratory experiments were conducted to gain a better un-
derstanding of the impact of flocculation on turbidity currents, focusing on clays that
are representative of deep-sea mining areas. Turbidity currents were generated in a lock
exchange and the results are presented in Chapter 3. The study’s findings however are
quite generic and might be applied to other types of fluid flows, such as sediment plumes
created during dredging activities. The experiments were specifically focused on the in-
fluence of salt and organic material as flocculant agents. The experiments demonstrated
that the presence of organic matter resulted in flocculation within a short amount of time,
leading to decreased current propagation and notable changes in both floc sizes and
settling velocities.

The impact of particle concentration on floc size and settling velocity was investigated
using a high-magnification digital video camera with a settling column. An important
question was how much settling velocities of individual particles would differ when
compared to batch settling. Anionic polyelectrolyte in combination with illite clay was
used at various clay concentrations in these experiments, at a given flocculant to clay
ratio. Experiments demonstrated that the average settling velocity of flocs is strongly
dependent on the concentration of transferred flocs. Although the same flocculant to
clay ratio was used and mixing time was kept constant (enabling particle sizes to reach
steady-state), the size of flocs and their settling velocity differed with clay concentration.

xi



xii SUMMARY

Elevated clay concentrations yielded larger flocs. The reason is linked to flocculation
kinetics, as described in Chapter 4.

In Chapter 5, laboratory experiments are presented regarding the flocculation ability of
deep-sea clay samples collected from two different regions of the Clarion Clipperton
Fracture Zone (CCFZ). The findings indicated that the clay particles aggregated into larger
flocs in a brief period of 2.5 minutes, ranging from 50 to 150 microns, and up to 500
microns due to the presence of natural organic matter. The study also reveals that at high
shear (larger than 125 s−1) an increase in floc sizes with shear is observed, while below
that threshold floc sizes would decrease with increasing shear. This peculiar behaviour of
floc size as a function of shear was attributed to the hydrophobic (surfactant) nature of
organic matter. This feature of organic matter could also explain the dynamic particle
size changes observed in resting-time behaviour experiments.

In Chapter 6, two flocculation models were compared, which describe the time evolution
of floc size. One model (LG) is based on logistic growth theory while the other one (S
model) originates from Smoluchowski’s theory. It was shown that these models exhibit
different flocculation kinetics. Through a series of laboratory experiments where the floc-
culation of mineral clay by polyelectrolyte was studied as a function of clay concentration
and shear rate, it was found that the LG model effectively replicates the observed time-
dependent floc sizes, unlike the S model. The LG model was subsequently parameterized
and could serve as input to a sediment transport model.



SAMENVATTING

Vanuit de diepzeemijnbouwindustrie en de academische wereld wordt momenteel onder-
zoek gedaan naar het potentieel van diepzeemijnbouw voor de winning van waardevolle
bronnen, zoals polymetallische nodules. Het proces van manoeuvreren, uitgraven en
verwerken van dit materiaal vormt echter een bedreiging voor het diepzeemilieu doordat
pluimen van fijnkorrelig materiaal ontstaan, die de bentische fauna kunnen beschadigen
via verstikking of begraving. Het beoordelen van de impact van pluimen vereist inzicht
in hoe ver ze zich verspreiden door bodemstromingen en hoe hun eigenschappen in de
loop van de tijd veranderen. Het getroffen gebied van de pluimen kan overschat wor-
den door de huidige numerieke simulaties, omdat ze het cruciale proces van flocculatie
verwaarlozen, waarbij fijne deeltjes samenklonteren tot grotere, en sneller zinkende,
klonten. Het effect van vlokvorming op de verspreiding van pluimen wordt nog steeds
niet goed begrepen. Dit leidt tot onduidelijkheid in monitoringtechnieken die afhankelijk
zijn van optronische en akoestische sensoren die gevoelig zijn voor de grootte van de
deeltjes, maar geen rekening houden met flocculatie. Om deze problemen aan te pakken,
is het essentieel om onderzoek te doen dat zich richt op het bestuderen van flocculatie
eigenschappen in mariene sedimenten. Dit omvat het uitvoeren van gecontroleerde
experimenten om een beter begrip te krijgen van de kritische parameters voor flocculatie.
Daarnaast moeten deze experimenten worden opgeschaald om de verspreiding van plui-
men in de echte wereld na te kunnen bootsen en moeten nauwkeurige meetmethoden
worden ontwikkeld voor het meten van suspensies van samengeklonterde deeltjes. Dit
proefschrift richt zich alleen op bentische sedimentpluimen.

In de loop van dit werk zijn laboratoriumexperimenten uitgevoerd om een beter begrip te
krijgen van de invloed van flocculatie op turbiditeitstromen, waarbij de nadruk lag op klei
die representatief is voor diepzeemijnbouwgebieden. De turbiditeitstromen werden opge-
wekt in een zogenaamde “lock-exchange” en de resultaten hiervan zijn gepresenteerd in
Hoofdstuk 3. De bevindingen van het onderzoek zijn echter vrij algemeen en kunnen wor-
den toegepast op andere soorten vloeistofstromen, zoals sedimentpluimen die ontstaan
tijdens baggerwerkzaamheden. De experimenten waren specifiek gericht op de invloed
van zout en organisch materiaal als vlokmiddel. De experimenten toonden aan dat de
aanwezigheid van organisch materiaal resulteerde in vlokvorming binnen een korte tijd,
wat leidde tot opmerkelijke veranderingen in zowel vlokgrootte als bezinkingssnelheden.
Met als effect een verminderde verspreiding van de pluimen.

De invloed van de deeltjesconcentratie op de vlokgrootte en bezinkingssnelheid werd
onderzocht met behulp van een bezinkkolom en digitale videocamera met een hoge ver-
groting. Een belangrijke vraag was in hoeverre de bezinkingssnelheden van individuele
deeltjes zouden verschillen in vergelijking met bezinking in groepen. In deze experimen-
ten werd anionisch polyelektrolyt in combinatie met illietklei gebruikt bij verschillende
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kleiconcentraties en een gegeven verhouding tussen vlokmiddel en klei. De experimenten
toonden aan dat de gemiddelde bezinkingssnelheid van vlokken sterk afhangt van de con-
centratie van overgedragen vlokken. Hoewel dezelfde verhouding vlokmiddel-klei werd
gebruikt en de mengtijd constant werd gehouden (zodat de deeltjesgrootte de stationaire
toestand kon bereiken), verschilde de grootte van de vlokken en hun bezinkingssnelheid
afhankelijk van de kleiconcentratie. Verhoogde kleiconcentraties resulteerden in gro-
tere vlokken. De reden hiervoor is gekoppeld aan de vlokkinetiek, zoals beschreven in
Hoofdstuk 4.

In Hoofdstuk 5 worden laboratoriumexperimenten gepresenteerd met betrekking tot
het flocculatie vermogen van diepzeekleimonsters uit twee verschillende gebieden van
de Clarion Clipperton Breukzone (CCFZ). De bevindingen gaven aan dat de kleideeltjes
samenklonterden tot grotere vlokken in een korte periode van 2,5 minuten, variërend
van 50 tot 150 micron, en tot 500 micron door de aanwezigheid van natuurlijk organisch
materiaal. Het onderzoek toont ook aan dat bij hoge shearing (groter dan 125 s−1) een
toename in vlokgrootte met shearing wordt waargenomen, terwijl onder die drempel-
waarde de vlokafmetingen afnemen met toenemende afschuiving. Dit vreemde gedrag
van vlokgrootte als functie van afschuiving werd toegeschreven aan de hydrofobe (opper-
vlakteactieve) aard van organisch materiaal. Deze eigenschap van organisch materiaal
zou ook de dynamische veranderingen in de deeltjesgrootte die werden waargenomen in
experimenten met rusttijden.

In Hoofdstuk 6 werden twee vlokmodellen vergeleken die de evolutie van vlokgrootte
door de tijd beschrijven. Het ene model (LG) is gebaseerd op de logistische groeitheorie,
terwijl het andere model (S-model) is gebaseerd op de theorie van Smoluchowski. Er werd
aangetoond dat deze modellen verschillende flocculatiekinetiek vertonen. Door middel
van een reeks laboratoriumexperimenten waarbij de flocculatie van minerale klei door po-
lyelektrolyt werd bestudeerd als functie van de kleiconcentratie en afschuifsnelheid, werd
gevonden dat het LG-model de waargenomen tijdsafhankelijke vlokafmetingen reprodu-
ceert, in tegenstelling tot het S-model. Het LG-model werd vervolgens geparametriseerd
en kon dienen als input voor een sedimenttransportmodel.



1
INTRODUCTION

The chapter introduces key concepts crucial in the context of deep-sea mining: deep-
sea organic matter, sediment, polymetallic nodule mining, mining technology, sediment
plumes, turbidity currents, and flocculation. It explores the composition of deep-sea organic
matter and sediment layers while delving into mining technologies and the environmental
impact of sediment plumes and turbidity currents. Additionally, the concept of flocculation
in deep-sea contexts is elucidated. This chapter establishes the foundation for the thesis,
with definitions, a literature review, and an outline for subsequent discussions.

1
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2 1. INTRODUCTION

1.1. PROBLEM STATEMENT
Over the past few decades, the global demand for metals and rare earth elements has
experienced a remarkable surge. This growth can be attributed to several factors, includ-
ing the rapid expansion of economies, advancements in technology, the push for green
energy solutions, and the ongoing development of civilizations (Beyond-mining, 2011;
Hein et al., 2020).

In 2015, the United Nations Climate Change Conference marked a crucial milestone
with the unanimous approval of the "Paris Agreement". This landmark international
treaty established legally binding commitments to combat climate change and laid the
foundation for global climate action. Embracing the Paris Agreement, the European Union
(EU) set an ambitious target of going climate-neutral by 2050 to fulfil its obligations. By
the year 2030, the EU aims to generate at least 32.5% of its energy from renewable sources.
To accomplish this, the EU strategically focuses on developing renewable energy sources
while being faced with the challenges of harnessing the essential raw materials necessary
for clean technology development.

In this context, the utilization of vital raw materials such as lithium, cobalt, and rare earth
metals becomes essential. These elements play a pivotal role in developing renewable
technologies, including wind turbines, electric vehicles, and solar panels, which are
crucial for sustainable energy solutions (European Commission et al., 2018).

However, the increasing demand for these critical raw materials comes with a downside,
as the diversity of their supply diminishes. Even though prudent resource management
and sustainable extraction practices are crucial in ensuring a steady and reliable supply
(Ragonnaud, 2023), there is an escalating demand for metals, which has placed immense
pressure on the global supply chain, depleting terrestrial deposits in the process. Conse-
quently, extracting these metals has become more arduous and costly, leading to a host
of issues like skyrocketing prices, supply shortages, and heightened competition for re-
sources. These challenges have prompted a growing interest in exploring unconventional
sources that could potentially offer access to new reservoirs of vital raw materials.

One such promising source is the deep sea, known to hold a wealth of metals like cobalt,
nickel, manganese, and other valuable minerals (Wedding et al., 2015). The estimated
resources of critical mineral deposits, such as nickel and cobalt, in certain parts of the
abyssal ocean, particularly the Clarion-Clipperton Fracture Zone (CCFZ) in the Pacific
Ocean, surpass global land-based reserves by multiple times (Hein et al., 2020). For this
reason, industries and countries are now turning to enriched mineral deposits in the
deep-sea environment as a potential solution (Hein and Koschinsky, 2014; Wedding et al.,
2015).

The extraction of minerals from the ocean floor is done by deep-sea mining (DSM). It is a
relatively new and rapidly evolving industry, and it is seen by some as controversial and
complex, involving potential environmental risks and uncertainties linked, for instance,
to the spreading of sediment plumes and density currents (Kaiser et al., 2013; Peacock and
Alford, 2018). This thesis aims to provide a better understanding of the chemo-physical
processes occurring in sediment plumes and density currents during their propagation.
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1.1.1. DEEP SEA MINING
Similar to the terrestrial landscape, the seabed displays a complex and diverse terrain,
having a wide array of topographic features and geological structures. Three potential
resources (Figure 1.1) with significant economic potential are under consideration for
extraction (Boschen et al., 2013; Hein and Koschinsky, 2014; Hein and Petersen, 2013;
Miller et al., 2018; Sharma, 2017): ferromanganese crusts on seamounts, massive sulfides
beneath hydrothermal vents, and polymetallic nodules on the seafloor (the focus of this
PhD thesis). In all three cases, mineral ore is obtained using operational vehicles or a
combination of vehicles, which are then lifted to the surface through a vertical transport
system. An operational vessel handles the mineral ore at the ocean surface and may
perform preliminary preparations before shipping it to a land-based processing facility. In
some cases, there might be a return water discharge into the ocean. The main difference
between the three types of mining lies in the nature of the mineral-gathering activity. For
polymetallic nodules, which are centimetre-scale concretions found partially buried in
the seabed at depths of around 5,000 meters, a collector vehicle system is used to pick
up the nodules from the abyssal plain while minimizing disturbance and resuspension
of the upper sediment layer in which they are located. For seafloor massive sulfide
deposits around hydrothermal vents, a more direct form of mining is required to remove
overburden and extract buried ores. When it comes to cobalt crusts, the machinery needs
to operate on the seamount’s slopes and extract the desired crust which are centimetre-
thick metallic layers that form on the flanks, and sometimes the summits, of submarine
volcanoes (WOR, 2014; Yeo et al., 2019). Over the past seven decades, the extraction
of marine minerals from the deep sea has been a subject of extensive research and
development. However, in the last decade, interest in this field has surged significantly
(Hein and Koschinsky, 2014; Miller et al., 2021; Miller et al., 2018).

1.1.2. POLYMETALLIC NODULE MINING
The exploration conducted during the HMS Challenger expedition in 1868 led to the
discovery of polymetallic nodules. Polymetallic nodules (Figure 1.2), which are abundant
in metals and rare earth elements, are located on the surface of abyssal plains in the
oceans, typically at depths ranging from 4 to 6 km. Over millions of years, these formations
are created through the precipitation of minerals from seawater, gradually accumulating
around a central nucleus, which could be a rock or a shell fragment. They are marine
concretions which range from 1-12 cm (Kuhn et al., 2017). On average, polymetallic
nodules exhibit a slow growth rate of 10 – 20 mm per million years (Kuhn et al., 2017),
rendering them one of the slowest geological formations found on Earth. Among the
most extensive known nodule deposits, significant findings have been made in the CCFZ
within the Pacific Ocean and the Indian Ocean Nodule Field. The northeast equatorial
Pacific, specifically the CCFZ, is believed to have around 21 billion dry tons of polymetallic
nodules (Hein et al., 2020). These nodules are known to contain over 6 billion dry metric
tons of valuable metals like manganese, nickel, copper, and cobalt (Petersen et al., 2016).
The finding of these nodules in the CCFZ and other deep-sea floor regions has sparked
significant interest in the possibility of DSM operations to extract these valuable minerals.

The extraction of polymetallic nodules poses a significant challenge in developing tech-
nology that can efficiently and cost-effectively retrieve these minerals from the seabed
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Figure 1.1: On the world map, the locations of the three primary marine mineral deposits are displayed with
distinctive colours: polymetallic nodules (blue), polymetallic or seafloor massive sulfides (orange), and cobalt-
rich ferromanganese crusts (yellow) (Miller et al., 2018).

while minimizing environmental impact. Specialized equipment and techniques must be
developed to ensure safe and precise extraction.

To address these challenges and, in particular, study the environmental impact of sed-
iment plumes, various companies and research institutes worldwide are collaborating
to create the necessary technology and expertise for mineral extraction. Their collective
efforts aim to innovate new solutions, reduce production costs, enhance efficiency, and
mitigate environmental impact.

The primary focus of interest in mining marine minerals lies in international waters,
creating a necessity to regulate DSM operations in these regions. In response to this
need, the International Seabed Authority (ISA) was established as an intergovernmental
organization responsible for managing, regulating, and overseeing all mineral-related
activities in the international seabed area. This mandate is driven by the goal of benefiting
humanity, as outlined by countries that have signed the United Nations Convention on
the Law of the Sea (UNCLOS).

Since 2001, the ISA has entered into contracts with 29 contractors to explore deep-sea
minerals, including polymetallic nodules. These contractual arrangements play a pivotal
role in advancing the understanding and responsible extraction of valuable resources
from the ocean floor.

1.1.3. MINING TECHNOLOGY FOR THE DEEP SEA
The two main methods for extracting minerals from the ocean floor are seabed mining
and subsea mining. Seabed mining involves dredging the ocean floor with large machines,
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Figure 1.2: (A) This is a close-up view of a polymetallic nodule resting on the seafloor of the Pacific Ocean (WOR,
2014). (B) Polymettlic nodule (Green-car-congress, 2021).

while subsea mining involves drilling into the ocean floor and extracting minerals from
rock formations. Both methods require specialized equipment and technology, including
remotely operated vehicles (ROVs), autonomous underwater vehicles (AUVs), and deep-
sea drilling equipment.

Technological constraints have limited the success of mining trials in extracting nodules
from the seafloor, but these attempts have been instrumental in advancing the develop-
ment of the next generation of deep-sea mining nodule collectors. Notably, in 1978, two
pilot mining tests were carried out by Mining Inc. (OMI) and Ocean Mining Associates
(OMA) in the North Equatorial Pacific, employing the first hydraulic collector system
described in the literature (Ozturgut et al., 1981). This system utilizes a water jet with low
pressure and scouring action to lift nodules from the seafloor. Over the years, mining
technology has matured, leading to the development of various versions of polymetal-
lic nodule mining tools. Among these, the hydraulic Polymetallic Nodule Mining Tool
(PNMT) stands out as the most commonly utilized method (Elerian et al., 2021). A poly-
metallic nodules mining system comprises three main components: the Polymetallic
Nodule Mining Tool (PNMT), the Vertical Transport System (VTS), and the Production
Support Vessel (PSV) (see Figure 1.3). The PNMT is responsible for collecting nodules
from the sea floor, primarily separating them from excess water and fine sediments, which
are discharged back into the surrounding environment. Subsequently, the VTS transfers
the nodules to the PSV, where they undergo further separation from Sediments, Waste,
and Other Effluents (SWOEs). Lastly, the VTS returns the water-SWOEs mixture back to
the deep sea. This mining concept is based on the work of Bath and Greger, 1988 and
Oebius et al., 2001. Deep sea mining equipment is nowadays still in the development and
testing stages (Helmons et al., 2022).
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Figure 1.3: This illustration depicts three distinct types of proposed deep-sea mining activities, along with their
associated sediment plumes (please note that the plumes and vehicles are not drawn to scale, and the mining
operations are located in distant geographic areas). (a) A polymetallic nodule mining operation is shown using
a single collector vehicle, and (b) a potential associated return water discharge. (c) A massive seafloor sulfide
mining operation is depicted around a hydrothermal vent site. (d) Lastly, a cobalt crust mining operation is
illustrated on the flank of a seamount. (Peacock and Ouillon, 2023).

1.1.4. SEDIMENT PLUMES AND TURBIDITY CURRENTS
Sediment plumes are a common environmental consequence of human activities such as
dredging, mining, and construction in aquatic environments (Decrop et al., 2013; Sharma
et al., 2001). These plumes consist of suspended particles, including sediment, organic
matter, and potentially pollutants, released into the water column during disturbances of
the seafloor or water column. They can travel long distances from their source and have
ecological and economic impacts, including smothering habitats, altering water quality,
and reducing light penetration, which can harm marine life (Gollner et al., 2017; Jones
et al., 2017; Ramirez-Llodra et al., 2011; Van Reusel et al., 2016), though these hypothesised
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potential outcomes require confirmation by measurements from test mining.

DSM also has the potential to significantly alter the deep sea environment by disturbing
seafloor habitats (burying benthic organisms), releasing toxic metals from sediment pore
water and contaminating food supplies for marine life (Gollner et al., 2017; Jones et al.,
2021; Smith et al., 2020; Weaver et al., 2022). Seafloor mining, in particular, can destroy
or alter habitats that support unique and sensitive ecosystems (Oebius et al., 2001) by
releasing sediment plumes (see Figure 1.3). Small individual grains and low density
particles (such as organic matter flocculated sediment) have low settling velocities, which
implies that ocean currents can transport them over considerable distances. The potential
impacts of DSM are complex and difficult to predict, and there is still much to be learned
about the ecological consequences of this emerging industry.

There are four primary origins of sediment plumes associated with PNMT, with three of
them being in close proximity to the seabed. The first source arises from the discharge of
the sediment-water mixture remaining after the separation process in a PNMT (Decrop
and Wachter, 2019). The second source occurs after the completion of the dewatering
and ore handling process on the PSV, where the Sediment-Water Ore Mixture (SWOE) is
discharged from the VTS (Rzeznik et al., 2019). The third source is the sediment distur-
bance caused by the movement of the PNMT tracks. Lastly, the fourth source of sediment
plumes results from spillage during the hydraulic collection process.

There are three distinct phases in the evolution of sediment plumes associated with
deep-sea mining (Elerian et al., 2021; Elerian et al., 2022; Peacock and Ouillon, 2023). The
discharge phase is distinguished by the dominance of inertial and turbulent processes
in the immediate vicinity of the mining equipment. The second phase is buoyancy-
driven, in which the suspended sediment’s negative buoyancy and any persistent induced
turbulence interact with the surrounding ocean environment. The third and final phase
is passive transport, which is characterized by the passive advection of a dilute plume
by background currents, horizontal and vertical diffusion by ambient turbulence, and
sediment settling and deposition. The spatial and temporal scales linked to each of these
three phases increase progressively from the discharge to the passive-transport phase.
However, the specific points at which these transitions occur and the existence of all three
phases are heavily influenced by the design and operation of the mining equipment and
the surrounding environmental factors.

At present, the exact size of the affected area and the severity of the resulting environmen-
tal impact remain unknown. To address this, two key technical objectives are of utmost
importance: firstly, accurately predicting the trajectory of these plumes and the resulting
deposition layers, and secondly, minimizing the area impacted by these near-bed plumes.

Turbidity currents studied in this thesis are generated by negative buoyancy and are
expected to be representative of the ones generated by the mining vehicle during mining
activities. Turbidity currents generated by a lock-exchange experiment will be used in this
thesis to study the properties of sediment flows. They will be created such as to mimic,
the near-bed plumes created by the mining vehicles.

The combination of water, sediment, and fine-grained nodule debris released behind the
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mining vehicle can be described as a negatively buoyant jet or plume. Owing to its greater
density, the plume will rapidly sink to the seabed and then continue to move as a turbidity
current. PNMT-generated turbidity flows exhibit two distinct regions: the near-field and
far-field regions. The near-field region, situated close to the PNMT, is characterized by
relatively small lengths and time scales, usually measured in meters and minutes. This
area is of particular engineering interest as it is where potential solutions can have a direct
impact.

On the other hand, the far-field region extends beyond the near-field and encompasses
much larger spatial and temporal scales, typically in the order of kilometres and days. The
precise transition between these two regions remains poorly understood. Nonetheless,
the classification of turbidity flows into these two categories provides valuable insights
into their nature in each region, thereby influencing the development process of the
PNMT. Although there is still much to uncover regarding the link between these regions,
this classification framework serves as a solid foundation for studying and comprehending
the flow dynamics associated with the PNMT.

During the exploitation phase of nodule mining, a typical seafloor mining tool is designed
with a width of 10–20 m and moves forward at a speed of approximately 0.3–0.5 m per
second (Global Sea Mineral Resources NV, 2018). Various estimates of seabed disturbance
or erosion depth exist, with some sources indicating around 7 cm (Lang et al., 2019),
while others propose a range of 5–15 cm (Global Sea Mineral Resources NV, 2018) or
10–15 cm (Nauru Ocean Resources Inc, 2021). Information on the amount of excess
water discharged by the collector system is limited in the public domain, but some
studies suggest a range of 125 to 375 litres per second per meter width of the collector
(Lang et al., 2019). Considering the estimated erosion depth and discharge flow rate, a
volumetric sediment concentration of approximately 1–3% is anticipated, equivalent to
25–80 gL−1(Jones et al., 2021).

Sharma et al., 2001 conducted experimental investigations to examine the impact of
sediment disturbance caused by DSM applications, specifically focusing on benthic life
in the disturbed area. Decrop et al., 2013 and De Wit et al., 2014 studied the changes in ve-
locity and concentration profiles of sediment plumes resulting from dredging operations.
Numerous numerical studies have been conducted alongside experimental investigations
on DSM. Grunsven et al., 2018 presented comprehensive numerical and experimental
findings related to plume discharge from a VTS. Decrop and Wachter, 2019 performed
a Computational Fluid Dynamics (CFD) analysis to investigate the effects of different
discharge conditions for a horizontal discharge from a PNMT. Ouillon et al., 2021 recently
employed DNS simulations to study the discharge process of a moving PNMT using the
Boussinesq approach. Elerian, 2023 introduced a novel numerical model for predicting
turbidity flow behind a PNMT. Their model combines the drift-flux modelling approach
with the population balance model. All these numerical models require a comprehensive
amount of input data for calibration and ultimately prediction of turbidity flows.

1.1.5. DEEP SEA SEDIMENT
Deep-sea environments cover 65% of the Earth’s surface and host 95% of the global
biosphere (Herring, 2001; Thistle, 2003; Tyler, 2003). Surprisingly, it remains the most
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enigmatic biome, as only 0.001% of it has been sampled and described concerning bio-
diversity (Danovaro et al., 2014). Deep sea sediment encompasses diverse materials,
including mineral particles, organic matter, and microorganisms, that are amassed on the
ocean floor in deep-sea regions. These sediments play a pivotal role in shaping the Earth’s
geological and environmental processes. The composition of these deep-sea sediments
varies depending on their location and the contributing factors to their formation. They
commonly consist of clay, silt, sand, small rock fragments, and organic matter derived
from the remnants of marine organisms (BGR Environmental Impact Assessment, 2019;
Bischoff et al., 1979; Global Sea Mineral Resources NV, 2018; Lang et al., 2019; Zawadzki
et al., 2020). The local clay composition in each location of the deep sea can show signif-
icant variations, but smectite and illite remain the most prevalent components across
all publicly reported cases(Bischoff et al., 1979; Global Sea Mineral Resources NV, 2018;
Zawadzki et al., 2020).

The origins of deep-sea sediment can be traced to various sources. Terrigenous sediment
comprises particles eroded from the continents, carried by rivers, wind, and ice, and
ultimately deposited in the ocean basins. Biogenous sediment, on the other hand, arises
from the remains of marine organisms, such as shells, skeletons, and calcareous or
siliceous structures. For instance, the shells of tiny planktonic creatures like foraminifera
and coccolithophores contribute to this type of sediment. Additionally, volcanic ash
resulting from volcanic eruptions may be ejected into the atmosphere and eventually
settle in the ocean, becoming part of the sediment. Authigenic sediment is formed in
situ on the ocean floor through chemical reactions, often involving the precipitation of
minerals from seawater.

Accumulation rates of deep-sea sediment can significantly differ depending on the region.
Some areas experience relatively rapid sediment accumulation, while others witness a
much slower rate of deposition. This variation plays a crucial role in shaping the deep-
sea environment’s geological features and ecological dynamics. The deep-sea sediment
accumulation rates are typically less than 30 meters per million years, with some cases as
low as 0.1 meters per million years (Lyle, 2015).

Due to the substantial depth of large portions of the abyssal seafloor, which lies well
below the carbonate compensation depth (CCD), the biogenic carbonate settling from
the euphotic zone tends to be mostly unrecoverable. Consequently, deep-sea clay is
typically deficient in carbonate content and mainly consists of a blend of clay minerals
and siliceous remnants of plankton, such as diatoms and radiolarians. The preservation
of carbonate in the sediment only occurs below biologically productive surface waters,
such as equatorial upwelling zones, where the biogenic carbonate supply exceeds the
dissolution rate below the CCD. The supply of fresh organic matter to the seabed, a factor
that potentially influences the aggregation of suspended sediment, exhibits significant
variation depending on the overall productivity regime of the surface water and the water
depth (Fettweis and Baeye, 2015). Generally, as water depth increases, the organic matter
flux to the seabed decreases due to the progressive degradation and remineralization
of organic matter as it sinks to greater depths. Seamounts located at shallower depths
beneath biologically productive surface waters experience a substantially higher influx
of fresh organic matter compared to abyssal plains. This disparity is reflected in the
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abundance and biomass of benthic life, which relies on the vertical flux of organic matter.
In the CCFZ, the upper few centimetres of sediment contain less than 0.5% carbon content
relative to the sediment mass. Below 30 cm depth, this carbon content decreases further
to 0.1% of the sediment mass (Volz et al., 2018).

In the CCFZ, the oxygen penetration depth in the sediment ranges from 1 to 4.5 meters
(Kuhn, 2015). This suggests that the surface sediment experiences high POC degradation
due to aerobic conditions. In contrast, anoxic sediments, such as those in continental
margins, exhibit 10 to 100 times lower degradation than oxic conditions (Aller, 1994).
Surprisingly, even under oxic, cold (1.5 °C), and high-pressure conditions, the sediment
microbial community is known to undergo significant changes and fluctuations within
just one week when exposed to phytodetritus (Kanzog et al., 2009). In these environments,
benthic remineralization of POC is primarily driven by microbes, while metazoans and
macrofauna play a minor role (Sweetman et al., 2019).

The physical and biological carbon pumps (see Figure 1.4(A)) are two mechanisms that
play essential roles in the global carbon cycle. The ocean serves as the second-largest
carbon reservoir on Earth (Finkel, 2014; Le Quere et al., 2018; Passow and Carlson, 2012).
In the context of the carbon cycle, the physical carbon pump refers to the process by
which carbon dioxide (CO2) from the atmosphere is absorbed and transported into the
deeper layers of the ocean. This constitutes the most substantial carbon pool in the ocean
(Falkowski et al., 2000), known as dissolved organic carbon (DOC). This occurs through
various physical processes like ocean circulation, upwelling, and mixing. Once carbon is
transferred to the deep ocean, it can remain stored there for long periods, sequestering
carbon and reducing its concentration in the atmosphere, thus helping to mitigate the
impacts of climate change.

Only, around 3% of this annual carbon pool (Ducklow et al., 2001), undergoes a further
transformation into biomass and is transferred from the ocean surface to the deep sea.
This process is termed the biological carbon pump. The biological carbon pump involves
the uptake of CO2 by marine organisms, such as phytoplankton, during photosynthesis.
These tiny organisms use carbon dioxide to produce organic matter, which serves as food
for other marine organisms. When phytoplankton and other marine life die, their organic
matter sinks to the ocean floor in the form of marine snow (see Figure 1.4(B)), where it
can be buried and eventually form sedimentary rocks, further locking away carbon from
the atmosphere.

The biological carbon pump is a vital pathway in the ocean carbon cycle, where dissolved
inorganic carbon (DIC) is transformed into particulate organic carbon (POC) and DOC
through the photosynthesis of phytoplankton (Turner, 2015). This newly generated
biomass becomes part of the upper ocean’s marine food web and undergoes a series of
interconnected processes, including cell death, grazing by zooplankton, and microbial
respiration. These processes play a crucial role in cycling carbon within the marine
ecosystem. Ultimately, the reconverted mixture of biomass and residual cells will give
rise to dissolved organic matter (DOM) and particulate organic matter (POM), including
aggregates like marine snow and faecal pellets. These particles sink out of the euphotic
zone (sunlight zone), descend to the deep ocean, and effectively export carbon from
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Figure 1.4: (A) The ocean carbon cycle (Image credit: NOC/V.Byfield). (B) Marine snow consists of detritus
particles that descend gradually through the water, resembling the gentle descent of snowflakes through the air
(Image credit: Atlantic BiogeoChemical Fluxes).

the ocean’s surface layers (Lutz et al., 2002). Within the upper ocean, the attenuation of
carbon flux appears to be primarily influenced by zooplankton grazing (Iversen and Ploug,
2010). On the other hand, in the deep ocean, microbial degradation takes dominance in
carbon flux attenuation (Iversen and Ploug, 2010; Stemmann et al., 2004).

1.2. FLOCCULATION IN PLUMES AND TURBIDITY CURRENTS
The ocean bed sediment is composed of a mixture of mineral sediment and organic
matter. The interaction between mineral and organic particles leads to the formation
of a cohesive sediment, commonly known as "mud." In the water column, the mineral
and organic particles can undergo aggregation and break-up processes, leading to the
formation of entities called "flocs" (aggregates). The aggregation (flocculation) rate is a
function of the particle collision efficiency. The particle’s efficiency to collide is influenced
by particle size, concentration, settling velocity, and shear, while the particle’s sticking
probability is related to the particle composition (in particular surface properties, like
surface charge) (Chassagne, 2020; Deng et al., 2019; Kiørboe, 2001; Safar et al., 2019). On
the other hand, break-up, leading to a decrease in floc size, is predominantly a function
of shear (Chassagne, 2020; Deng, 2022; Manning and Dyer, 1999; McCave, 1984; Safar,
2022). Other mechanisms, like structural changes in the floc, can lead to a decrease in floc
size without loss of mass (Shakeel et al., 2020). These mechanisms collectively contribute
to the dynamic particle interactions and transformations occurring within the marine
environment.

The mechanisms of flocculation are specific to each type of sediment, making it challeng-
ing to predict particle behaviour accurately. Smith and Friedrichs, 2011 work investigated
flocculation’s impact on dredging plumes. The findings indicated a gradual increase in
both settling velocity and floc sizes over time. Additionally, it was observed that higher
concentrations of suspended sediments were conducive to the formation of flocs. Some
early studies (Gillard, 2019; Spearman et al., 2020; Spearman et al., 2019) on DSM oper-
ations have also suggested that the aggregation of sediment particles can enhance the
settling potential of suspended sediment resulting from mining activities. This could lead
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to reduced turbidity levels in both near-field and far-field regions, potentially minimizing
environmental impact.

The sediment plume evolves quite rapidly behind the mining vehicle (Figure 1.5). Particle
size develops through the flocculation process. The key parameters to affect the floccula-
tion of clay are organic matter, salinity and hydrodynamic conditions (Deng, 2022; Ho
et al., 2022; Safar et al., 2023; Skinnebach et al., 2019). In the case of deep sea clay there
is some evidence that the same parameters play a role for flocculation (Gillard, 2019;
Gillard and Thomsen, 2019; Helmons et al., 2022; Munoz-Royo et al., 2022; Spearman
et al., 2020; Spearman et al., 2019). In the work of Gillard (Gillard et al., 2019) one can
for instance infer from the microscope pictures that the observed floc contains some
organic material. We expect that the deep sea temperature does not play a significant role
in the flocculation of deep-sea clay as it will not change during the mining process (the
effect of temperature will be studied in Chapter 5 and it will be shown that the laboratory
results are not temperature-dependent). As hydrostatic pressure is isotropic at the scale
of the volume where flocculation takes place, polyelectrolytes are by nature not affected
by hydrostatic pressure and mineral particles are incompressible, it can safely be assumed
that flocculation do not depend on hydrostatic pressure. Experiments performed in the
laboratory are in that respect to be compared with in situ observations.

Figure 1.5: Categorization of near-field turbidity flow and particle size evolution through flocculation in the
near-field region. Concentration and particle size are denoted by C and d, respectively (figure adapted from
Elerian, 2023).

1.3. RESEARCH QUESTIONS AND THESIS OUTLINE
Gaining a comprehensive understanding of the role of flocculation in the dispersion of
sediment plumes and turbidity currents could help to understand better the impact of
deep-sea mining on the local ecosystem. In particular, the main hypothesis tested within
this thesis is whether (or not) flocculation due to the presence of organic matter impacts
sediment plume propagation and local turbidity levels.

Field studies involving full-scale discharge processes are intricate and challenging, as they
require advanced measurement techniques to quantify the physical processes during
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mining operations precisely. Despite recent efforts (DEME-Group, 2021; Haalboom et al.,
2023; Haalboom et al., 2022; Munoz-Royo et al., 2022) to conduct field experiments, it is
still impractical to test all discharge scenarios in the field because of the significant costs
and difficulties involved and the numerous variables at play. It is also unfeasible at this
stage to properly monitor flocculation in situ.

Laboratory studies are, therefore, essential for understanding how particle size and floccu-
lation affect the dispersion of turbidity flows. In particular, laboratory experiments enable
one to study the influence of relevant parameters (like shear and concentration) on floc-
culation individually. At present, there is limited literature on the impact of concentration
and shear on floc growth and none about the specific case of deep-sea sediment.

The PhD thesis is structured as follows. First, chapter 2 presents a comprehensive overview
of the methods employed. In addition to the generic research question mentioned above,
this thesis is organised around the following key research questions that serve as the
foundation for individual chapters.

1. Can flocculation reduce the spread of turbidity currents? This research question
is addressed in Chapter 3.

2. What is the effect of concentration on the evaluation of a particle’s settling veloc-
ity in turbidity currents? In Chapter 4, the settling behaviour is investigated as a
function of the number of flocs transferred to the settling column.

3. What is the effect of different in-situ conditions on the flocculation of deep-sea
clay collected from Clarion Clipperton zone? In Chapter 5, the flocculation of
deep-sea clay is studied. This chapter pinpoints the role of several key parameters,
including temperature, concentration, shear and resting time, on the flocculation
process.

4. How to parameterize a flocculation model to be used in sediment transport
modelling? In Chapter 6, a comparison is made between a recently published
flocculation model, which is based on logistic growth theory, and a model based on
the population balance equation.

The final chapter provides a general summary and outlook.





2
METHODS

This chapter presents the experimental methods (including jar, rotational wheel, and lock
exchange) used for the analysis (such as Malvern for particle size distribution, FLOCCAM
for floc size and settling analysis, SAFAS for video analysis) presented in the thesis. All
details of the methods and techniques used in the following chapters are explained here.
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2.1. INTRODUCTION
The process of fine (colloidal)particles coming together to form aggregates is called
flocculation. These aggregates, or "flocs", are usually rather polydisperse in natural
environments, both in saline and in freshwater systems (Alldredge and Silver, 1988;
Gregory and O’Melia, 1989; Manning and Dyer, 1999; Ransom et al., 1998). Flocculation
is driven by hydrodynamics and the settling of particles, and flocs are composed of a
mixture of organic matter (like plankton and exopolymers) and mineral clay.

2.1.1. FLOC CREATION
The mechanisms that lead to floc creation in situ are challenging to duplicate in a lab-
oratory setting, as samples need to be constrained in small volumes. This implies in
particular that numerous experiments should be set up to replicate the conditions found
in situ, in terms of various particle concentrations and shear stresses for example. This
will be done in the present thesis.

Previous studies have demonstrated that flocs created in jars and that are subsequently
pumped to a particle sizer (as the one described below) are prone to reconform or erode
under shear (Chassagne, 2020; Jarvis et al., 2005; Kim et al., 2001). These experiments
have nonetheless the advantage that flocculation tests in jars are standardized, and this
enables a better comparison between studies. In order to get a flocculation process that
is more representative of in situ conditions, three new experimental protocols were used.
First, flocs created in the jars were not pumped through the particle sizer but rather
studied using the FLOCCAM device (described below). Secondly, flocs were created using
a rotating wheel (described below) and then studied using the FLOCCAM. Thirdly, flocs
were created in a mixing tank (described below), and then released in a lock exchange,
whereupon samples were taken at different positions in the lock and analyzed for size.

2.1.2. FLOC SIZES
Various methods (laser or image-based) are available to characterize the size and structure
of flocs (Abbireddy and Clayton, 2009; Li et al., 2005; Liang et al., 2015; Manning et al.,
2007). The irregularity in floc shape poses challenges in measurement and quantification.
Specific equivalent diameters are therefore commonly utilized to define floc size and
facilitate comparisons across various floc systems (Xu and Guida, 2003). Laser diffraction
techniques have the advantage of being able to record a full particle size distribution
(from a few nm to a few mm) in 10 seconds. This makes laser diffraction (static light
scattering, (SLS)) a useful tool for studying flocculation dynamics (Govoreanu et al., 2009;
Zhou and Franks, 2006). SLS has also the advantage over video microscopy to be able to
measure particles of sub-micrometre sizes. However, SLS performs poorly when particles
are anisotropic in shape and have low or inhomogeneous refractive index.

Microscopy, while informative about floc shape and structure, is time-consuming and
demands extensive sample preparation. However, settling analysis with video can be
applied to most floc systems, also for samples with low concentrations (Manning and
Dyer, 2007; Ye et al., 2020). Experimental set-ups and associated software are not yet
available on the market, owing to, in particular, the difficulty in image analysis, due
to the contrast to be found between flocs and background. In this thesis, we worked



2.2. SET-UPS FOR FLOC CREATION

2

17

with a homemade set-up and an open-source software package developed in our group
(described below). From this set-up, besides particle size, it is also possible to record
particle settling velocity, from which, assuming that the particles settle according to
Stokes settling velocity, their effective density can be estimated.

2.2. SET-UPS FOR FLOC CREATION

2.2.1. LOCK EXCHANGE SETUP
Turbidity currents have been extensively studied in the laboratory using lock-exchange
experiments (Baker et al., 2017; Craig et al., 2019; Nogueira et al., 2013). Lock exchange
experiments or fixed-volume turbidity currents, are caused by the release of dense mate-
rial in a fixed volume. Frontal propagation in a traditional lock-release turbidity current
is equivalent to frontal propagation of the front moving orthogonal to the direction of
motion of the source. (Ouillon et al., 2021).

Lock exchange experiments were performed in a 3 m long and 0.40m high (see figure
Figure 2.1), set up by mixing dry clay in water in the lock exchange’s mixing section for an
hour before opening the lock gate. This mixing ensured that homogeneous suspensions
with a well-defined mean particle size could be obtained. The initial clay size obtained
by such a process might not be similar to that obtained through the DSM operation, in
which the sediment passes through the SMT for a brief period of time exposed to high
shear rates. The turbidity flow was filmed with a Navitar 17 mm lens on an IL5HM8512D:
Fastec high-speed camera. The camera was set 4.75 m from the lens to the front wall of
the tank, and it recorded at a rate of 130 frames per second. The camera captured the
2.40 m to the left of the lock. Samples were collected from four locations (L1, L2, L3, L4 in
Figure 2.1) at the end of the experiments from the collection points located at the bottom
of the lock exchange.

Figure 2.1: Schematic representation of the Lock exchange setup. The samples are taken at L1, L2, L3 and L4
locations.

2.2.2. JAR EXPERIMENTS
Flocculation experiments were carried out using a JLT6 jar set-up provided by VELP
Scientifica, Italy. The jar had dimensions of 95 mm in diameter and 110 mm in height. A
single rectangular paddle with dimensions of 25 mm in height and 75 mm in diameter
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was used to stir the suspension. The paddle was positioned 10 mm above the bottom of
the jar within the suspension (Figure 2.2).

Figure 2.2: Schematic representation of the flocculation experiment steps in a jar.

2.2.3. ROTATING WHEEL
A rotating wheel (Figure 2.3) is used to induce differential settling flocculation alongside
low-shear conditions. The wheel has an internal diameter of 34 cm and a depth of 7 cm.
Below the permanent thermocline in the interior of the ocean, where currents are sig-
nificantly weakened, the dominant process driving particle aggregation is differential
settling. This aggregation process significantly impacts the dispersion of sediment plumes
as particles with different settling velocities come together to form aggregates.

Figure 2.3: Schematic representation of the flocculation experiment steps in a wheel.

2.3. FLOC SIZE AND SETTLING MEASUREMENTS

2.3.1. MALVERN: PARTICLE SIZE DISTRIBUTION
Malvern Mastersizer is a brand of instruments used for particle size analysis. It uses
laser diffraction technology to measure the size distribution of particles in a sample,
ranging from nanometers to millimetres. The instrument sends a laser beam through a
sample and measures the scattered light’s angle and intensity to calculate the particle size
distribution. It is important to take into account several constraints of this tool, including



2.3. FLOC SIZE AND SETTLING MEASUREMENTS

2

19

(i) the use of Mie theory to convert raw data to PSD assumes that all particles are spherical;
(ii) measurements are limited to a certain concentration range due to laser obscuration;
and (iii) inaccurate (D50) values may be obtained for samples containing significant sand
fractions due to data smoothing by the software (Sanz, 2018).

Particle Size Distribution (PSD) analysis was conducted on the obtained samples using a
Malvern Master Sizer 2000 (Figure 2.4), a technique based on static light scattering (SLS).
This setup can record a full PSD within a few seconds. The suspension was pumped
through the Malvern Master Sizer 2000 from the mixing jar to the Mastersizer and then
back to the mixing jar using a peristaltic pump (Figure 2.4). In addition to PSD measure-
ments of pure clays, this setting was also used for shear rate experiments. Previous studies
have shown that organic matter-rich flocs are not affected by breaking/or reconformation
at short timescales (a few minutes) when transported through the piping of the setup
(Safar, 2022; Shakeel et al., 2020).

Figure 2.4: Schematic representation of the Malvern master Sizer 2000 for particle size measurement.

2.3.2. FLOCCAM: FLOC SIZE AND SETTLING ANALYSIS
The FLOCCAM device is based on video microscopy and can be used to estimate PSDs (>
20µm) and settling velocities of flocs samples (Manning et al., 2007; Mietta et al., 2009;
Shakeel et al., 2021; Ye et al., 2020). Figure 2.5 shows a schematic representation of the
equipment. The PSD, shape, and settling velocity of the flocs are calculated from recorded
videos of settling flocs in a settling column using a software package called Safas (MacIver,
2019).

FLOCCAM setup consists of several components. Firstly, a settling column was employed,
which was a cylindrical structure with dimensions of 10 cm x 10 cm x 30 cm. It featured
glass front and rear panels and plastic sides. A 5MP CMOS camera with a resolution
of 2592x2048 pixels and a pixel size of 4.8 um was utilized to capture the video footage.
The camera was equipped with a Global Shutter and identified as iDS UI-3180CP-M-GL
Rev.2.1 (AB02546). Complementing the camera, an S5VPJ2898 telecentric lens with a
tunable working distance and C-mount manufactured by Sill Optics GmbH & Co. KG was
utilized. This camera and lens combination produced an approximate pixel size of 8.6
mm. A Flat Lights TH2 Series Red LED light panel with dimensions of 63x60 was used
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to provide adequate lighting during the experiments, known for its high directivity. A
DC 24V Input Controller for LED Lights, model PB-2430-1 by CCS Inc., was employed
to control the light source. The data recording and analysis were facilitated using a Dell
Inspiron-15-7590 laptop. Additionally, a feed well prototype, which was a conical piece of
plastic, was utilized to direct the flow of flocs. It terminated in a 2 mm x 10 mm rectangular
opening. A pipette is employed for the careful extraction of flocs to be sampled, followed
by the measurement and recording of settling velocities approximately 30 cm below the
injection point.

Figure 2.5: Schematic representation of the FLOCCAM setup.

2.3.3. SAFAS
Safas (MacIver, 2019), which stands for Sedimentation and Floc Analysis Software, is a
Python module tailored to process and interpret images and videos of flocs, commonly
known as aggregates or cohesive sediments. This package empowers users to directly
analyze such images and videos, facilitating the measurement and storage of vital data
such as size, morphology, and settling rate in a user-friendly format.

Furthermore, Safas is an open-source Python software that allows users to access and
extend its image filters. These filters have been meticulously designed and rigorously
tested to serve the specific purpose of segmenting and quantifying images of flocs. They
harness a range of functions to achieve precise and reliable results.

The parameters presented below were derived from the videos of the flocs:

MEAN DIAMETER

Following the convention used by multiple authors (Manning et al., 2007; Ye et al., 2020),
the mean diameter (dm) in micrometres (µm) was determined by calculating the average
of the major axis diameter (dma j or ) and the minor axis diameter (dmi nor ) of the object
present in an image.

dm =
√(

dma j or ×dmi nor
)

(2.1)

A discussion about mean floc size (in the case of organic matter rich flocs), floc structure,
anisotropy and uncertainty regarding 2D measurement of flocs can be found in (Safar,
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2022; Spencer et al., 2022).

ASPECT RATIO

To estimate the aspect ratio (AR) of the flocs, their major axis diameter (dma j or ) and minor
axis diameter (dmi nor ) were utilized in the following manner:

AR = dma j or

dmi nor
(2.2)

EFFECTIVE FLOC DENSITY

The effective floc density (ρ f ) is given as follows (assuming that Stokes is valid):

ρ f = ρw + 9ηv

2g R2
f

(2.3)

where ρw represents the density of the water, η represents the dynamic viscosity of water,
v represents the floc settling velocity, g stands for the acceleration due to gravity, and R f

denotes the radius of the floc. To estimate the mean density of the flocs, the approach
involves averaging the density values obtained for each size.

FRACTAL DIMENSION

In the context of flocs being considered fractal entities and composed of primary particles
of size a, the volume fraction of solids (φs ) within a floc is expressed as follows:

φs = N .a3

R3
f

=
(

R f

a

)D−3

(2.4)

where N represents the number of solid particles in a floc, and D is the fractal dimension
of flocs. The density of flocs is correlated to the volume fraction through the following
relationship:

(ρ f −ρw )

ρs
= φs (ρs −ρw )

ρs
(2.5)

By incorporating the solid (clay) density, denoted as ρs , the combination of Equation (2.4)
and Equation (2.5) results in the following expression:

(ρ f −ρw ) = (ρs −ρw )

(
R f

a

)D−3

(2.6)

The fractal dimension D can be determined by fitting the function ρ f −ρw as a function
of R f , as demonstrated by Manning and Dyer, 1999 and Guo et al., 2021. However, these
objects are not true fractals when dealing with natural flocs. Hence, it is more suitable to
refer to "pseudo-fractal dimension", a term used by Malarkey et al., 2015 and Chassagne,
2020.
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FLOCCULATION IN TURBIDITY

CURRENTS

In this chapter, the significance of flocculation in the dynamics of turbidity currents within
marine environments is explored. Understanding this process is crucial to mitigate the
impact of activities like dredging, trenching, and deep-sea mining. In the present study
laboratory experiments using lock exchange techniques are conducted. Clays akin to those
found in abyssal regions where deep-sea mining occurs are used to create turbidity flows.
The flow propagation in time and particle sizes along its path are recorded and anal-
ysed. The impact of salt and organic material as flocculants are studied, as a function of
various clay and organic flocculant concentrations. The flocculant chosen was an ionic
polyelectrolyte, quite representative of natural organic polyelectrolytes like polysaccharides.
Through video analysis and particle size/settling velocity measurements, it was found that
turbidity currents in fresh and saline water, without the addition of flocculant, exhibit
similar velocities and the currents reached the end of the lock in all cases. In the presence of
organic matter, it was found that the flocs released from the lock flocculated while propa-
gating, hereby changing in sizes and settling velocities, diminishing current propagation.
Interestingly, salt ions enhanced flocculation in this case. The findings of the study are quite
generic and therefore expected to be of interest for various types of turbidity currents and
dredging plumes studies.

Parts of this chapter have been published in Frontiers in Earth Science 10 (2022). ISSN: 2296-6463 Ali et al.,
2022b.
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3.1. INTRODUCTION

D REDGING is commonly used for land reclamation, creating or deepening ports and
waterways, and a lot of studies have been conducted on the impact of dredging on

the environment (Newell et al., 1998; Pennekamp and Quaak, 1990; Varriale et al., 1985).
Underwater mining is used for mineral extraction from underwater deposits. Over the
last decade, the interest in the latter has substantially increased since the demand for
minerals and metals has grown as the result of the World’s population and economic
activity surge. Mining activities produce sediment plumes that lead to an increase in
suspended solids concentration, thereby impacting benthic ecosystems, especially in
deep-sea environments (Glover and Smith, 2003; Kaikkonen et al., 2018; Morgan et al.,
1999; Thiel, 1992, 2003).

There is increasing interest in metals, particularly those critical for a successful renewable
energy transition (e.g. wind turbines, solar panels and electric car storage batteries)(Hein
et al., 2020). Precious metals such as manganese, nickel, and cobalt are mined from
terrestrial mining, however, Deep Sea Mining (DSM) might be an alternative to fill the
demand for precious metals. Polymetallic nodules, which contain significant amounts
of these precious metals, are found in abundance on the abyssal plains in the deep sea.
These nodules are distinguished from terrestrial deposits by the presence of many metals
in a single deposit; for example, nodules from the Clarion–Clipperton Zone (CCZ) which
is a large area with polymetallic nodules, contain cobalt, nickel, copper, and manganese
in a single ore (Gillard, 2019; Harbour et al., 2020; Hein et al., 2020; ISA, 2019).

In nodule mining, the polymetallic nodule mining tool (PNMT) collects nodules from the
seafloor and separates them from excess water and fine sediments. The excess water and
fine sediment are released behind the mining vehicle on the seafloor. The key areas of
interest in the horizontal discharge of a sediment-water mixture from a PNMT, are shown
in Figure 1.5.

1. Discharge source: This includes the preliminary conditions, including momentum,
suspended sediment content, and z-distance from the sea bed. The PNMT design
affects the physical parameters.

2. Jet or Plume regime: Depending on the flow discharge parameters in this area, the
flow may take the form of a jet or plume. Later, when the buoyancy force takes over,
the flow transforms into a plume.

3. Impingement region: This area is situated on the ocean floor. Due to the direct
connection with the seafloor in this location, the negative buoyant plume changes
direction. Within this region, sediment deposition and potential sea bed erosion
are anticipated to occur.

4. Turbidity current: This current originates outside the area of impingement. The
generated turbidity current’s behaviour is governed by the interaction between
the discharge and the seabed (Global Sea Mineral Resources NV, 2018; Hage et
al., 2019; Ouillon et al., 2021; Rutkowska et al., 2014). Its principal characteristics
are determined by the hydraulic characteristics (pipe dimension, flow velocity)
previous to the impingement region.
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IOM 1 IOM 2 IOM 3 Site A Site B Site C GSR IOM
Smectite (%) 12.71 17.33 16.49 52 38 40 36.41 16.3
Illite (%) 13.82 12.05 14.52 31 42 50 48.34 13.2
Kaolinite (%) 0.65 0.43 0.54

17 20 10
10.33 1

Chlorite (%) 1.70 1.85 2.35 4.92 1.5
Amorphic (%) 50.47 47.09 44.42

Table 3.1: Mineral group percentages in deep-sea sediment: Inter Ocean Metal joint organization (IOM) data
(Zawadzki et al., 2020), Global Sea Mineral Resources (GSR) data (Global Sea Mineral Resources NV, 2018), Sites
A-C (Bischoff et al., 1979). It is worth noting that for IOM 1, 2, and 3, clay mineral percent is given relative to
total sediment. Clay mineral percent is only relative to the sum of clay minerals at Sites A, B, C, and GSR.

Fraction Diameter range (um) GSR data average (%) NTNU data BC062 (%) NTNU data BC064 (%) IOM data average (%) Gillard et al. (2019)
Clay <2 12.0 11.3 14.5 23.24 25.3
Silt 2-63 76.2 85.7 82.5 70.36 52.11
Sand 63-2000 11.8 3 3 6.13 22.5

Table 3.2: Sediment fraction distribution: GSR and NTNU data (Lang et al., 2019), IOM data (Zawadzki et al.,
2020). GSR provides averaged data based on the Belgium license area in the CCZ, while NTNU data is data of
specific box-cores of the GSR data average. The IOM data is based on data from the CCZ’s IOM license area.

In the near-field region, many flow regimes (such as jet, plume, and turbidity current)
are anticipated, and they rely on the discharge characteristics. The focus of this work
is on turbidity current. It is estimated that the turbidity current generated from the
discharge at the back of the mining vehicle can potentially spread over large distances
and remain suspended for an extended period of time (Haalboom et al., 2022; Hein et al.,
2020; Nodules, 2020). In particular, Gillard found that the effects of the passive plume
settled within 4 km (under typical conditions) and within 9 km (under episodic eddy
passages) (Gillard, 2019).

The sediment plume generated by mining activity has the potential to severely affect the
deep sea flora and fauna. The settling of the sediment plume and subsequent blanketing
has the potential to bury benthic species, obstruct the respiratory surfaces of filter feeders,
and contaminate the food source for the majority of benthic organisms (Gollner et al.,
2017; Jones et al., 2017; Van Reusel et al., 2016), though this still needs to be confirmed by
measurements during test mining. Limiting plume dispersion could help to lower the
presumed environmental impact caused by human activities (Weaver et al., 2022).

Particle size distribution (PSD) is an important factor that determines how far deep-
sea sediment plumes spread (Gillard et al., 2019; Spearman et al., 2020). The coarse
nodule debris settles quickly, but the clay-sized mineral particles (tables 3.1 and 3.2) stay
in suspension for long periods of time, which could potentially lead to a wider plume
dispersion (Sharma, 2015). Since aggregated particles (flocs) settle quicker, flocculation
has been shown to potentially limit plume dispersion (Gillard et al., 2019; Manning and
Dyer, 2002; Smith and Friedrichs, 2011; Spearman et al., 2020; Spearman et al., 2019).
The size, density, shape, settling velocity and strength of flocs vary over time. These
properties are influenced by the medium in which the particles are suspended (salinity,
organic matter content, sediment concentration, hydrodynamics) (Chassagne, 2020;
Manning and Dyer, 2002; Mietta et al., 2009; Smith and Friedrichs, 2011). The deep-sea



3

26 3. FLOCCULATION IN TURBIDITY CURRENTS

environment is, in principle, favourable for flocculation because of its high salinity and
concentration of organic matter (Fettweis and Baeye, 2015; ISA, 2015; Konstantin et al.,
2014; Volz et al., 2018). The availability of fresh organic matter on the top layer of the deep
sea varies substantially because organic matter gradually degrades and remineralizes
with depth. Less than 0.5 percent of the sediment bulk is made up of carbon in the top
few centimetres of the CCZ sediment. This decreases to 0.1 percent of the sediment’s
mass below 30 cm (Volz et al., 2018). Despite the low organic matter content (in mass
and volume) as polymeric organic matter has an extremely large surface area only a few
milligrams per gram of clay is required to induce flocculation (Deng, 2022; Safar, 2022;
Shakeel et al., 2021).

The present work aims to demonstrate the mechanisms that, in the presence of organic
matter, can help reduce the extension of the turbidity currents. Flocculation has been
shown to occur at very short timescales (in the order of a few minutes) in natural envi-
ronments in the presence of (microscopic) organic matter (Deng et al., 2019; Safar et al.,
2019; Shakeel et al., 2020). The current lab-scale work uses a series of lock exchange
experiments to generate a turbidity current and studies the impact of flocculation in short
time scales. Properties such as the time and distance of turbidity currents’ propagation,
particle size, and settling velocities are measured. This chapter is organized as follows:
section 3.2 gives an overview of the materials used, section 3.3 presents relevant results
and discussion. Finally, the conclusions are presented in section 3.4.

3.2. MATERIAL AND EXPERIMENTAL METHODS

3.2.1. CLAY
Two types of clays were used for the experiments. Initial experiments were conducted by
using illite since illite is one of the dominant clay minerals (table 3.2) found of the top
layer of the Clarion–Clipperton Zone (CCZ) sediment where Deep Sea Mining (DSM) is
performed (Helmons et al., 2022; ISA, 2015). The illite used in the experiments (purchased
from Argiletz Laboratoires) was obtained as a dry powder. The d50 of illite particles was
found to be around 5µm (Figure 3.1) by static light scattering (Figure 2.4).
A lab-made artificial clay with a composition similar to CCZ clay was also used and will be
referred to as Artificial CCZ (ACCZ) (Ali et al., 2022a; Enthoven, 2021). We use this material
as a substitute for deep-sea sediment, as CCZ clay could not be supplied in sufficient
quantities for lock-exchange experiments. The ACCZ mixture consists of two materials:
i) Sibelco FT-S1 (Abidichte Ton) consisting of 64% kaolinite, 10% illite, 19% quartz, and
7% other minerals; ii) Cebo OMCA Betonite consisting of 17% kaolinite, 17% illite and
66% montmorillonite. The precise proportions of these two materials are unknown. The
clay was created so that its rheological/mechanical properties match the ones of CCZ clay
(Enthoven, 2021). The wet ACCZ clay was dried for 24 hours at 105 °C to determine its dry
density, which was found to be 2600 kgm−3. This clay has an average particle size of 10-20
µm, as found by static light scattering device (Figure 3.1).

3.2.2. FLOCCULANT
As discussed on pages 11-12, the organic matter found in the deep-sea region is expected
to act as a flocculating agent for the sediment plume. It was not possible, at this stage, to
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Figure 3.1: Particle size distribution of illite and ACCZ.

obtain or fully characterize this flocculant, which is expected to be composed in parts
of polysaccharides. As was done in previous studies (Shakeel et al., 2020), a synthetic
flocculant was used as a proxy for organic matter content. The flocculant chosen was
an anionic polyacrylamide, referenced Zetag 4120 (BASF company), of medium anionic
charge with high molecular weight. Polyelectrolytes with a high molecular weight will
better promote flocculation compared to polyelectrolytes with a low molecular weight
(Bergaya and Gerhard, 2013).

3.2.3. WATER
Lock exchange experiments (Figure 2.1) were performed in both fresh and saline water.
The saline water was produced by mixing CaCl2 to freshwater producing water of ionic
strength 10 mM (salinity 1.1g /kg ). The experiments were conducted for three distinct
clay concentrations (10 gL−1, 30 gL−1 and 100 gL−1) with illite and two different concen-
trations with ACCZ (10 gL−1 and 30 gL−1). Handling and mixing the higher concentration
of ACCZ and eventually getting a fully dispersed sample was difficult therefore 100 gL−1

was not used. 30 gL−1 is the mean case, and 10 gL−1 and 100 gL−1 are considered to
assess whether the design should aim for lower or higher concentrations to identify if and
when flocculation has a more significant effect (Nodules, 2020). Two different flocculant
dosages (0.25 mgg−1 and 0.75 mgg−1 of clay) were used for flocculation based on prelim-
inary studies and are significantly below the optimum flocculant dosage (2.5 mgg−1 as
found by Shakeel et al., 2020. Optimum dosage is defined as the dosage at which floccula-
tion rate is highest). The dry clay was mixed in water in the lock exchange’s mixing section
for an hour before the lock gate was opened. This mixing ensured that homogeneous
suspensions with a well-defined mean particle size could be obtained (verified with PSD
measurement). The initial clay size obtained by such a process might not be similar to
that obtained through the DSM operation, in which the sediment passes through the SMT
for a brief period of time exposed to high shear rates. In experiments with flocculant, the
flocculant was added and stirred for 30 seconds before opening the lock.
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3.3. RESULTS AND DISCUSSION

3.3.1. DISTANCE TRAVELLED BY PLUME HEADS

The 10, 30, and 100 gL−1 illite experiments are displayed in Figure 3.2 in terms of the
distance travelled by the turbidity current within the video recording range. When no
flocculant is used, there is no significant difference observed between experiments con-
ducted in fresh and saltwater and the turbidity current without added flocculant reached
the lock exchange’s end in all experiments. The current’s head velocity scales as the square
root of the plume density, as is expected (Huppert, 2006). Salt-induced flocculation time
is in the order of 15-30 minutes, even under ideal shear circumstances (Mietta, 2010).
Therefore, no significant effect was observed over the experimental period of the current
study (< 1 min). Similar results were obtained for both 10 and 30 gL−1 experiments done
with ACCZ (see Figure 3.3).

Due to the effect of flocculation, the distance travelled in saltwater experiments with
flocculant for all clay concentrations was reduced considerably. Figures 3.2 and 3.3
show results for the experiments 0.75 mg/g flocculant where the sediment plume did
not reach the lock exchange’s endpoint and settled inside the outflow section. For the
experiment done in freshwater with flocculant, the sediment plume reached the end
of the outflow section or nearly half of the outflow section. The weak flocculation in
freshwater accounts for this difference between fresh and saline water experiments. Even
though both clay and flocculant have a negative charge, making flocculation difficult,
freshwater contains enough cations to promote flocculation (Sanz, 2018). The cation
concentration in saltwater promotes flocculation, especially as the cation chosen (Ca2+)
is divalent (Chassagne, 2020; Shakeel et al., 2020). For 100 gL−1 experiment with illite, it is
observed that the system did not properly flocculate as in all cases, the sediment plume
reached the end of the outflow section with the same speed, and flocculation had little to
no effect on macroscopic scale.

The results using 0.25 mgg−1 flocculant are given in Figures A.1 and A.2, and in all cases
(illite or ACCZ), the sediment plume reached the end of the outflow section except for
one case (10 gL−1 ACCZ in saltwater). The results in the 0.25 mgg−1 case hint that the low
concentration of flocculant has less impact on the plume propagation.

Figure 3.2: Change in distance as a function of time for 10 gL−1(A), 30 gL−1(B) and 100 gL−1(C) of illite. Black
lines represent experiments done in freshwater, and red lines show experiments done in saltwater. Only results
with 0.75 mgg−1 of flocculant are shown in these figures.
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Figure 3.3: Change in distance as a function of time for 10 gL−1(A) and 30 gL−1(B) of ACCZ (Ali et al., 2022a).
Black lines represent experiments done in freshwater, and red lines show experiments done in saltwater. Only
results with 0.75 mgg−1 of flocculant are shown in these figures.

3.3.2. MEAN FLOC SIZE AS FUNCTION OF TRAVEL DISTANCE
Figure 3.4 (Illite) and Figure 3.5 (ACCZ) show the mean floc size of the samples taken
at locations L1–L4. No flocculation occurred without the flocculant in both fresh and
saltwater, as for each location, the d50 was found equal to the mean clay size. For both
experiments with illite, d50 was found to be around 5µm at all locations, whereas for the
experiment with ACCZ, it was found to be between 12-20 µm. These sizes are in line with
the d50 found by SLS (5 and 10-20 µm respectively, see section 3.2.1). The bars given in
Figures 3.4 and 3.5 (A) represent the standard deviation around the mean floc size based
on the SLS device, whereas the box plots in Figures 3.4 and 3.5 (B) represent the median
particle sizes with interquartile range and outliers based on FLOCCAM.

In the presence of flocculant, it was found that freshwater flocs were larger than saltwater
flocs. Because of the electrostatic repulsion between the charged groups on the polymeric
flocculant backbones, the flocculant in freshwater is less coiled in fresh than in salt water
(Chassagne, 2020). As a result of shear during propagation, it is observed that the d50 of
flocs created in saltwater with illite clay reduced as a function of travel distance. This
difference is not observed for the ACCZ clay (Figures 3.4 and 3.5).

The results obtained with 0.25 mgg−1 flocculant are shown in the Figures A.3 and A.4,
where the difference in flocs size in fresh and saltwater is not significant.

Figure 3.4: Hydrodynamic diameter of illite flocs for 100 gL−1 experiments at L1-L4 locations of the lock
exchange. Figure A, results obtained by SLS and Figure B, results obtained from FLOCCAM. Black and red lines
represent experiments done in freshwater and saltwater, respectively. Only results with 0.75 mgg−1 of flocculant
are shown.
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Figure 3.5: Hydrodynamic diameter of ACCZ flocs for 30 gL−1 experiments at L1-L4 locations of the lock
exchange Ali et al., 2022a. Figure A, results obtained by SLS and Figure B, results obtained from FLOCCAM.
Black and red lines represent experiments done in freshwater and saltwater, respectively. Only results with
0.75 mgg−1 of flocculant are shown.

3.3.3. SETTLING VELOCITY DISTRIBUTIONS AS FUNCTION OF SIZE AND TRAVEL

DISTANCE

Figures 3.6 and 3.7 show the settling velocities and particle size for 100 gL−1 illite with
0.75 mgg−1 flocculant at L1 and L4 for freshwater and saltwater, respectively. Figures 3.8
and 3.9 show the settling velocities and particle size for 30 gL−1 ACCZ with 0.75 mgg−1 of
flocculant at sites L1 and L4 (for freshwater) and L1 and L2 (for saltwater), respectively. At
the point when the turbidity current settles down, on average, the settling velocities in
freshwater are smaller than in saltwater. This is due to the fact that the flocculant is less
coiled in freshwater than in saltwater (Chassagne, 2020), where flocs are denser and have
a faster settling velocity. This was confirmed by the video images (see Figures 3.6 and 3.7
(A,D)).

The settling velocities increased in the case of saltwater for 100 gL−1 illite between L1 and
L4, as a result of coiling, flocs got compacted right after opening the lock (Figure 3.7). In
the case of 30 gL−1 ACCZ, the settling behaviour and floc size for the saltwater sample
did not change between L1 and L2, indicating that optimum flocculation (Shakeel et al.,
2020) has occurred in the mixing tank. The bridging between anionic polyelectrolyte and
clay is complete because of saltwater cations. The flocculation in the mixing tank for the
freshwater sample is most likely incomplete due to the scarcity of cations. Flocs, clay
particles, and unbounded flocculant are released when the lock is opened. Freshwater
containing cations comes into contact with the clay particles and unbounded flocculant.
Because polyelectrolyte flocculation is quick (on the scale of seconds) (Ali and Chassagne,
2022; Sanz, 2018; Shakeel et al., 2020), these cations can act as a binding agent, inducing
flocculation. As a result, flocs form, resulting in a particle size change, as shown between
L1 and L4. Several flocs formed during the propagation of the sediment plume in 30 gL−1

ACCZ experiment in freshwater are observed to be elongated, resulting in flocs with larger
equivalent diameters (shown by the red circle in Figure 3.8 (D)). Because they are formed
of low-density uncoiled flocculant with some clay linked to it, these big flocs have a very
slow settling velocity. These flocs were unable to catch more clay particles and coil due to
their limited residence period in the water column. Coiling of flocs happens over longer
periods of time when turbulent shear causes the polyelectrolyte’s dangling ends to fall
onto the floc. The flocs get rounder and denser as a result (Shakeel et al., 2020).
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Our experiments show that the amount of flocculant needed correlates to clay concen-
tration. In addition, the results obtained with 30 gL−1 with 0.75 mgg−1 combination
results in a turbidity current that settles faster than other combinations. The results with
0.25 mgg−1 of flocculant are shown in Figures A.5 to A.8.

Figure 3.6: Figures (A,D) snapshots of the videos; Figures (B,E): Settling velocity and particle size analysis of the
samples collected at location L1 and L4 during lock exchange experiments with 100 gL−1 illite and 0.75 mgg−1

of flocculant in freshwater. Settling velocity is derived as a function of equivalent spherical diameter, with
diagonal dashed lines representing the contours of effective density calculated by using Stokes equation (from
left to right: 1600,160,16 (kgm−3)). Figures (C,F) show the floc size range and mean settling velocity.

3.4. CONCLUSIONS
Understanding the changes in the propagation of turbidity currents created by human in-
terventions, such as dredging, trenching, and deep-sea mining, is crucial for anticipating,
predicting and, where possible, reducing the related environmental impact. Understand-
ing is also crucial for engineers to know in what way the equipment and processes could
be optimized to minimize plume dispersion. Previous studies have demonstrated that the
flocculation of organic matter to clay occurs in less than 1 minute in a series of laboratory
experiments. In this work, the influence of flocculation on turbidity currents was studied
inside a lock exchange, where the current propagation time was of the same order of
magnitude. It was shown that in the presence of an organic flocculating agent (anionic
polyelectrolyte), flocculation was promoted. It was found that in both fresh and saltwater,
flocs can be formed in a matter of seconds with the flocculant used in this study. As
a result, the sediment plume was able to settle more quickly. The synthetic flocculant
used is a proxy for organic matter found in marine environments (usually also negatively
charged). It remains to be investigated if the type of flocculant has a significant impact on
flocculation. This will be possible once the organic matter found in our area of interest
(i.e. the Clarion-Clipperton Zone) has been fully characterized.

The results presented in this chapter are generic and thus apply to a wide range of tur-
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Figure 3.7: Figures (A,D) snapshots of the videos; Figures (B,E): Settling velocity and particle size analysis of the
samples collected at location L1 and L4 during lock exchange experiments with 100 gL−1 illite and 0.75 mgg−1 of
flocculant in saltwater. Settling velocity is derived as a function of equivalent spherical diameter, with diagonal
dashed lines representing the contours of effective density calculated by using Stokes equation (from left to
right: 1600,160,16 (kgm−3)). Figures (C,F) show the floc size range and mean settling velocity.

Figure 3.8: Figures (A,D) snapshots of the videos; Figures (B,E): Settling velocity and particle size analysis of the
samples collected at location L1 and L4 during lock exchange experiments with 30 gL−1 ACCZ and 0.75 mgg−1

of flocculant in freshwater (Ali et al., 2022a). Settling velocity is derived as a function of equivalent spherical
diameter, with diagonal dashed lines representing the contours of effective density calculated by using Stokes
equation (from left to right: 1600,160,16 (kgm−3)). Figures (C,F) show the floc size range and mean settling
velocity.

bidity currents. We demonstrated that flocculation may occur even in freshwater, where
flocculation is supposed to be difficult because of the electrostatic repulsion between
organic matter and clay. This means that flocculation should be accounted for in tur-
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Figure 3.9: Figures (A,D) snapshots of the videos; Figures (B,E): Settling velocity and particle size analysis of the
samples collected at location L1 and L2 during lock exchange experiments with 30 gL−1 ACCZ and 0.75 mgg−1

of flocculant in saltwater (Ali et al., 2022a). Settling velocity is derived as a function of equivalent spherical
diameter, with diagonal dashed lines representing the contours of effective density calculated by using Stokes
equation (from left to right: 1600,160,16 (kgm−3)). Figures (C,F) show the floc size range and mean settling
velocity.

bidity current models. The obtained results demonstrate that flocculation is a relevant
phenomenon that may already be contributing in the near field. Building experience with
more conventional sediments allows us to better understand and design experiments
with real CCZ sediment, which is the next step.





4
EFFECT OF THE CONCENTRATION

ON SETTLING VELOCITY OF FLOCS

In Chapter 3, the impact of flocculation on turbidity currents generated through lock
exchange is studied, whereby floc sizes and settling velocities play an important role. Mainly
two types of methods to measure the size and settling velocities of cohesive sediment are
traditionally used. Long-term assessments make use of in-situ laser diffraction techniques
to evaluate particle size distribution and concentration of suspended material. Shorter-
term campaigns employ onboard video microscopy in combination with a settling column.
With this technique, individual particle size and settling velocity can be recorded, enabling
the estimation of particle density, if Stokes law is assumed to be valid. This chapter’s
objective is to use such a high-magnification digital video camera alongside a settling
column to investigate how particle concentration affects floc size and settling velocity. Illite
clay flocculated using an anionic polyelectrolyte, is used in these experiments. It is found
that the average settling velocity of flocs correlates with the concentration of transferred
flocs. This implies that the application of Stokes settling velocity to estimate the density
of flocs during batch settling, as is done in practice, is not appropriate and usually leads
to very large errors (the effective density for the smallest particles can be 10 times smaller
than the ones estimated). Even the settling velocity of the largest flocs is influenced by the
presence of neighbouring particles.

This chapter is submitted for publication and is under review.
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4.1. INTRODUCTION

T HE size and settling velocity of flocs are significantly larger than those of individual
(smaller) mineral sediment particles, but their density is generally lower (Dyer and

Manning, 1999; McDowell and O’Connor, 1977). The effective density of flocs is found to
decrease as their size increases (Droppo et al., 2000; Khelifa and Hill, 2006; Klimpel and
Hogg, 1986). In situ, the structure of flocs can vary significantly, from small aggregated clay
particles to centimetre-long stringer-type flocs (Diercks and Asper, 1997; Safar, 2022). It is
also found for in-situ flocs that there is a very large spread in settling velocity (and hence
in density) for flocs in the range of 50-150 microns (Khelifa and Hill, 2006; Maggi, 2013;
Safar, 2022). The settling velocity of solid unaggregated silt and clay is straightforwardly
related to the grain size via the Stokes settling velocity equation. In contrast, the settling
velocity of flocs depends on the floc size, effective density, shape, and porosity-all of
which are subject to fast change in response to local changes in the water column (Dyer
and Manning, 1999; Manning, 2004; Manning et al., 2010).

For long-time measurements, in situ laser-based diffraction techniques are used, such
as the Sequoia Scientific Laser In-situ Scattering and Transmissometry (LISST) 100x
and 200x, that measure particle size and volume concentration (Agrawal and Pottsmith,
2000). From this data, the density of particles can be estimated, and settling fluxes
subsequently be derived, based on Stokes’ law (Chassagne and Safar, 2020). It was shown
that when flocs are heterogeneous in composition and have a non-spherical structure,
the results obtained from LISST are subject to caution (Mikkelsen et al., 2005; Smith
and Friedrichs, 2011). Furthermore, in salinity-driven pycnoclines where the Schlieren
effect influences measured particle sizes, LISSTs may provide ambiguous data (Chapalain
et al., 2019; Karageorgis et al., 2015). High particle concentrations are also a technical
limitation (Zhao et al., 2018). For these reasons, additional monitoring campaigns are
usually planned episodically during the long-time measurement series to sample particles
from the water column and assess the properties of the suspended material using video
microscopy-based techniques (Fall et al., 2021; Law et al., 1997; Manning, 2015; Manning
et al., 2011). These techniques involve transferring a small quantity of the collected
sample into a settling column. In our experiments, the particles are collected using a
pipette with an aperture of 5 mm, which is large enough to minimize the breaking of the
collected particles. The aperture of the pipette is brought into contact with the water
surface, allowing the particles to settle under their own weight into the settling column.
The particles are then recorded 10 cm above the bottom of the settling column while they
are settling, and their size, shape and settling velocity are determined.

The objective of the work presented in this chapter is to estimate the dependency of the
settling velocities on the concentration of the transferred particles. Indeed, it is known
from studying the physics of the settling of a cloud of particles in quiescent water that
the settling velocity of the cloud (also called “blob”) is proportional to the number of
particles inside the cloud (Guazzelli and Morris, 2011). The settling velocity of the blob
is proportional to the density difference between the blob and the surrounding fluid.
Consequently, the settling velocity of a particle in a blob can be orders of magnitude
larger than the Stokes velocity of the same particle. The set-up used in our experiments
makes use of the natural break-up of a blob upon settling. The blob usually evolves into a
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torus and breaks into two smaller blobs, which themselves break-up. When the particles
are recorded by the camera, it is postulated that each particle has reached its Stokes
settling velocity and, hence, is not influenced by the presence of neighbouring particles.
It remains to be investigated whether reasonable changes in particle concentration (we
used 0.01 to 5.0 gL−1) significantly influence the settling velocity. These concentrations
are typically within the range that can be obtained when sampling at one location (Gillard,
2019; Van Leussen, 1999). In this work, mineral clay is flocculated (with the synthetic
flocculant), and corresponding settling velocities and sizes were determined using the
high-quality video-based setup. The chapter is organized as follows. Section 4.2 gives
an overview of the materials used. Section 4.3 presents relevant results and discussion.
Finally, conclusions are given in Section 4.4.

4.2. MATERIAL AND EXPERIMENTAL METHODS

4.2.1. CLAY
The illite clay used in the experiments was obtained as a dry powder from Argiletz labo-
ratories. The d50 of illite particles was found to be around 5µm (see Figure 4.1) by static
light scattering (Figure 2.4).

Eight different clay concentrations (0.01, 0.025, 0.1, 0.5, 1.0, 1.5, 2.0 and 5.0 gL−1) were
used and flocculated by addition of flocculant, keeping the ratio of clay concentration to
flocculant concentration constant. All suspensions were flocculated in a jar (Figure 2.2)
for 1 hour at 50 s−1. This shear rate was chosen so as to be able to produce large flocs. It
was observed that for the samples with clay concentration below 0.1 gL−1, the created
flocs settled at the bottom of their respective jars within 5 min. The action of the paddle
(located 5 cm above the bottom of the jar) then only mobilized them at the bottom of the
jar for the remainder of the hour. For the samples with clay concentration above 0.1 gL−1,
the flocs were formed very rapidly and remained in suspension for the whole hour. After
one hour of stirring, the stirrer was stopped, flocs settled and were sampled at the bottom
of the jar.

Figure 4.1: Particle size distribution of illite.
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4.2.2. FLOCCULANT
Zetag 4110, an anionic polyacrylamide with a medium anionic charge and a high molecu-
lar weight, was used as a flocculant in this study. 2.5 mgg−1 flocculant to clay ratio was
used for flocculation, which is close to the optimum dosage for this flocculant (Shakeel
et al., 2020).

4.2.3. WATER
All suspensions were made using tap water. The composition of tap water provided by
the drinking water company Evides is shown in Table 4.1 for the days the experiments
were conducted.

Parameter Value Unit

pH 7.9-8.2 -
Bicarbonate (HCO3) 120-130 mg/L

Sulphate (SO4) 42-45 mg/L
Sodium (Na) 33-35 mg/L
Calcium (Ca) 44-45 mg/L

Magnesium (Mg) 6.9-7.3 mg/L
Chloride (Cl) 46-48 mg/L

Table 4.1: Tap water specifications.

4.3. RESULTS AND DISCUSSION

4.3.1. INDIVIDUAL VS COLLECTIVE SETTLING

The results of 5.0 gL−1 illite flocculated with 2.5 mgg−1 flocculant to clay ratio are shown
in Figure 4.2. All the presented data are number averaged. The comparison between
the settling velocities for the two cases (“collective and individual settling”) is shown as
boxplots for given size bins in Figure 4.2(A). “Collective settling” refers to experiments
whereby a subsample of concentration 5.0 gL−1 was collected at the bottom of the jar
and transferred into the settling column. The figure displays the results obtained for the
analysis of three of such measurements. “Individual settling” refers to the experiments
whereby very diluted amounts of the flocculated 5.0 gL−1 sample are transferred into
the settling column. The figure displays the results obtained for the analysis of 5 of such
measurements. The flocs selected for the data are the ones that were settling individually
(i.e. that were alone in the field of view). The recorded data (settling velocity as a function
of particle size for each floc analyzed) is shown in Figure B.1. It is found that in the case of
collective settling, the settling velocity is much higher than for individual settling for all
size classes. For individual settling, it is observed that the settling velocity is increasing
with floc size, see Figure 4.2(A). For collective settling, broad ranges of settling velocities
are found for each class of particle sizes. From the video recording, it could be observed
that, indeed, flocs settling in the same frames had the same settling velocity, irrespective
of their size. In Figure 4.3, the scatter plot of the settling velocity vs equivalent spherical
floc size for the collective settling case at three different times during the settling are
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shown, labelled “start” (first flocs to be recorded), “mid” (flocs recorded after the first
flocs), and “end” (last flocs to be recorded). Snapshots taken during these different times
are displayed in Figure B.3. There is no clear dependence of settling velocity as a function
of particle size for any time (even though, as expected, particles settling fastest were
observed in the start frames and particles settling slowest in the end frames). The mean
settling velocity of flocs found in the size range of 20-100 microns is similar to the settling
velocity of bigger flocs(> 700 microns) for all times (“start”,“mid” or “end”). From these
results, it can be concluded that small particles are always entrained in the wake of the
large ones, matching their velocity.

Similar results were obtained by Dyer and Manning, 1999 for the settling velocity of flocs
from the Tamar estuary: when only a few flocs are sampled (as in Figure 2, top graph in
Dyer and Manning, 1999) the flocs have a settling velocity that increases with floc size,
following a constant effective iso-density line of 16 kgm−3. When a lot of flocs are sampled
(as in Figure 2, the bottom graph in Dyer and Manning, 1999), a large horizontal band
of points, representing flocs of sizes in the range 20-500 microns are found in the range
of 10 mms−1. This implies that flocs of sizes smaller than 100 microns would have an
equivalent effective density much larger than 1600 kgm−3 if the Stokes settling formula
is applied. Dyer and Manning, 1999 attribute this very high density to the presence
of crystals of hornblende and tourmaline, which indeed can have densities as high as
3400 kgm−3. However, for 50 microns particles reaching 10 mms−1, it would imply that
these particles have a density of 8600 kgm−3 (density of brass), which would be unlikely.

Using Stokes equation, the effective density of flocs was estimated, which is shown in
Figure 4.2(B-E). The curves in each figure represent the fit according to the equation
in insert. For the settling of individual particles, an exponent of n=1.178 is found. In
literature, this exponent is often linked to a fractal dimension (Winterwerp, 1998). A
fractal dimension as low as 1.178 would indicate that the flocs are very elongated (nearly
linear), which is not the case in our experiments (see Figures B.3 and B.4). A discussion
about fractal dimension is given in Chassagne, 2021. From video analysis, it was found
that the mean aspect ratio of flocs in both individual and collective settling case is 0.7
(see Figure 4.2(F)), indicating that the flocs are rather spherical. However, in both cases
(and especially in the collective settling case), some flocs were observed to be obtained
from differential settling in the column, see some of the snapshots in see Figure B.3. In
line with the literature (Droppo et al., 2000; Khelifa and Hill, 2006; Klimpel and Hogg,
1986), it is seen that the effective density of flocs decreases as their size increases. It is
found that the values for density are higher in the collective settling case as compared
to the individual settling case, as can also easily be deduced from the settling velocities
displayed in Figure 4.2(A). In Figure 4.2(B,C) the effective density is fitted not accounting
for the first bin size of 0-100 microns. By comparing the values obtained for the fits with
the ones obtained by fitting all bin sizes (Figure 4.2(D,E)), it is found that the exponent
“n” varies significantly in both collective and individual settling cases. This variation is
due to the large spread in density for flocs in the 0-100 microns size range. The effective
density for particles in the 0-100 micron range varies from 1063 kgm−3 to 9460 kgm−3 for
individual settling and varies from 1828 kgm−3 to 150×103 kgm−3 for collective settling.
The highest effective densities are found for the smallest particles. For these particles
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(around 20 microns in size), the camera detection limit has been reached. As the Stokes
settling velocity is a function of the particle size squared, an error in size leads to large
errors in the calculated density.

Figure 4.2: A): Settling velocity of 5 gL−1 experiment for both collective and individual settling cases for different
floc size ranges. B,C): Effective density as a function of the floc size range for both collective and individual
cases. The fit is performed for floc sizes above 100 microns. D,E): Mean effective density for different classes
of floc size for both collective and individual cases. The fit is performed by accounting for all size classes. The
value of the fit parameter is given in each figure. F): Aspect ratio as a function of floc size for both collective and
individual settling cases.

4.3.2. CLAY CONCENTRATION DEPENDENCE
For the results presented in this section, subsamples of flocculated material were carefully
collected at the bottom of the jars and transferred into the settling column (“collective
settling”). The distribution in floc size (boxplots) for the investigated clay concentrations
are shown in Figure 4.4. The settling velocities as a function of particle size are shown
in Figure B.2. For concentrations up to 0.1 gL−1, it was observed that flocs formed and
settled at the bottom of the jar within 5 min. This results in floc size distributions being
very similar for these low concentrations. It also indicates that flocs did not further
flocculate once they had settled at the bottom of the jar, despite the action of the stirrer
that agitated the water for one hour: contacts between flocs at the bottom of the jar
did not result in significant sticking between flocs. For concentrations larger than 0.1
gL−1, large flocs could be formed rapidly, resulting in flocs with a density low enough
to keep them in suspension for an hour. Large floc sizes are, therefore, observed at high
clay concentrations. Figure 4.5 shows the settling velocity for different concentrations
of clay for the floc size ranges 20-100 µm and 900-1000 µm. Larger settling velocities are
found above 0.1 gL−1 for particles in the 20-100 µm range, indicating that both larger
flocs are formed in that size range and that collective settling is playing a role, as small
particles follow in the wake of the large flocs formed above 0.1 gL−1. This was verified by
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Figure 4.3: A-C) Settling velocity and particle size analysis of 5 gL−1 experiment at three different times, e.g.
start, middle and end. Settling velocity is plotted as a function of equivalent spherical diameter, with diagonal
dashed lines representing effective density iso-lines calculated by using Stokes equation (from left to right:
1600,160,16 (kgm−3)). D-F) show floc size range and mean settling velocity corresponding to A-C respectively.

the analysis of the recorded videos. From Figure 4.5(B), it can be seen that in the 900-1000
µm class, there are no flocs for concentrations less than 0.5 gL−1 and that flocs are rather
monodisperse. This implies that all the flocs settle at the same settling velocity.

Figure 4.4: Floc size plotted for different concentrations.

4.4. CONCLUSIONS
In this work, a video-based setup is used to study the effect of clay concentration on floc
size and, particularly, on the flocs’ settling velocities. It was shown that the sampling
method used is of great importance to obtain a Stokes settling velocity for each floc. In
order to prevent collective settling, whereby particles settle in batches and reach terminal
velocities that are orders of magnitude larger than their individual Stokes settling velocity,
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Figure 4.5: Mean settling velocity of illite for different concentrations. A) mean settling velocity of floc size range
between 20-100 µm and B) mean settling velocity of floc size range between 900-1000 µm.

only time series where flocs are settling individually should be analysed. This requires
carefully subsampling the population of flocs to decrease the concentration of flocs
transferred into the settling column. It was, however, also shown that in the case where
flocs are rather monodisperse, such subsampling is not necessary, as all flocs then have a
similar settling velocity. It was found that both size and settling velocities depend on clay
concentration, even though the same flocculant to clay ratio was used to generate the
flocs. The reason is linked to flocculation kinetics: at large clay concentrations, (large)
flocs can be formed rapidly. At lower clay concentrations, the flocculation kinetics are
slower and thus flocs settle to the bottom of the jar within 5 min at mixing clay and
flocculant. This is reflected in the density of flocs: large flocs (that remain in suspension
in the jar) have a very low density (their effective density is in the range 10-30 kgm−3)
whereas small flocs (relatively containing more clay) have, on average, a ten times higher
relative density. This result can be of interest for the study of in-situ flocculation. Most
flocculation occurs in regions of high fine sediment concentration, such as in the water
body close to the sediment bed. Not only the flocculant (organic matter) to clay ratio
but also clay concentration in the water column are therefore factors determining both
the size and density of the floc. At high clay concentrations, flocculation will occur at
short timescales (minutes), and large flocs with low density will be formed, that can be
transported over large distances. At moderate/low clay concentration smaller and denser
flocs will be formed. Further growth of these flocs will be prevented as these flocs will
rapidly settle onto the bed. The use of a video image-based device to record floc sizes
also enables to pinpointing of the shortcomings of laser diffraction particle sizers for
flocs. Flocs have a strong size-dependent density, linked to the fact that flocs of larger
sizes contain more flocculant. Consequently, flocs have a size-dependent refractive index.
Large flocs also have a complex structure. It is, therefore, not yet clear what errors are
made by converting the scattered data into particle sizes. The combined use of video
microscopy and laser diffraction techniques will, in the future, enable us to answer this
question.
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FLOCCULATION AND SETTLING OF

DEEP-SEA CLAY FROM THE CLARION

CLIPPERTON FRACTURE ZONE

This chapter focuses on studying the effect of in-situ conditions on the flocculation of
deep-sea clay, using samples from different areas within the Clarion Clipperton Fracture
Zone (CCFZ). This chapter pinpoints the role of several key parameters, including temper-
ature, concentration, shear and resting time, on the flocculation process. It is found that
temperature does not play a major role in the flocculation of deep-sea clay. Therefore the
flocculation of deep sea clay can be studied in laboratory conditions. The experiments show
that deep-sea mineral clay quickly undergoes flocculation within a few minutes due to
the presence of natural organic matter. A threshold shear rate of around 125 s−1 is found.
Above this shear, organic matter effectively binds to clay, leading to a linear increase in
steady-state floc size with shear. Below 125 s−1, the median floc sizes decrease with shear.
The residence time of flocs at the bottom of a jar experiments also pinpoints the fact that
the organic matter in the deep sea has a hydrophobic nature. This would imply that at low
shear the organic matter is in a coiled state and that flocculation is minimized, whereas at
higher shear, the organic matter extends in solution and, thanks to an increased collision
frequency, flocculation is promoted.

This chapter is submitted for publication and is under review.
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FRACTURE ZONE

5.1. INTRODUCTION
Below the permanent thermocline in the ocean interior, where currents are significantly
weakened, the dominant process driving particle aggregation at these low shears is dif-
ferential settling, which leads to the formation of large flocs known as marine snow
(Alldredge and Silver, 1988). Marine snow is mainly composed of organic matter, such
as dead phytoplankton, faecal matter, and natural polymers produced by bacteria and
phytoplankton. Most parts of marine snow are consumed by filter-feeding animals within
the first 1,000 metres of their sinking. The composition of the sediments in the seabed
differs depending on the location and formation factors. Typically, they contain clay,
silt, sand, rock fragments, and organic material (BGR Environmental Impact Assessment,
2019; Lang et al., 2019; Zawadzki et al., 2020). Less than 0.5 percent of the sediment bulk
is made up of carbon in the top few centimetres of the CCZ sediment. This decreases to
0.1 percent of the sediment’s mass below 30 cm (Volz et al., 2018). As discussed on pages
25-26, only a few milligrams of organic matter per gram of clay is required for substantial
flocculation.

The abyssal plains of the deep sea possess vast reserves of polymetallic nodules, which,
unlike on land, comprise a range of metals in a single deposit. In the Clarion Clipperton
Fracture Zone (CCFZ), a large area abundant in these nodules, cobalt, nickel, copper, and
manganese, are all present in a single ore (Harbour et al., 2020; Hein et al., 2020; ISA, 2019).
There is at present a high demand for metals, such as manganese, nickel, and cobalt,
which are necessary for the manufacture of wind turbines, solar panels, and batteries for
electric cars (Hein et al., 2020). While these precious metals are typically extracted through
land-based mining, deep-sea mining is being viewed as a possible alternative to satisfy the
growing demand. However, it is crucial to recognise the environmental consequences of
the associated dredging operations, which have the ability to disrupt benthic ecosystems
and produce sediment plumes with a high concentration of suspended solids (Kaiser
et al., 2013; Peacock and Alford, 2018).

Within the context of deep-sea mining, the nodule mining procedure involves the usage
of the Seafloor Mining Tool (SMT), which gathers nodules from the seafloor and separates
them from unnecessary water and sediments. During this process, the leftover water and
sediment are discharged behind the mining vehicle on the seafloor. The generation of
turbidity currents within the near-field region is of particular interest due to its presumed
environmental impact in the mining operation. Various flow regimes, including jets,
plumes, and turbidity currents corresponding to the ones generated by the SMT have
been studied (Ali et al., 2022a; Elerian et al., 2022; Haalboom et al., 2022; Hein et al.,
2020; Nodules, 2020; Peacock and Ouillon, 2023). It was found that passive plumes,
resulting from entrainment of the turbidity current by the overlying movement of water,
could potentially remain suspended for extended periods (Gillard, 2019; Haalboom et al.,
2022; Hein et al., 2020; Nodules, 2020). Their settling and subsequent smothering effect
could potentially result in the burial of benthic species, hindrance of respiratory surfaces
for filter feeders, and contamination of food sources for numerous benthic organisms
(Gollner et al., 2017; Jones et al., 2017; Van Reusel et al., 2016).

When studying the propagation of turbidity currents, it was found that flocculation
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indeed occurs during the propagation of the sediment (Ali and Chassagne, 2022), thanks
to the fast flocculation kinetics resulting from organic matter - clay interactions. This
flocculation significantly impacts the propagation of turbidity currents and sediment
plumes (Elerian, 2023). In the context of deep-sea clay, the work done by Gillard et al.,
2019 showed that at a low shear rate, at a concentration of 0.5 gL−1 deep sea clay is
flocculating. There is, however, not yet any data available for a wide range of deep-sea
clay concentration and shear rates, which are representative of the shear rates, mixing
times and concentrations found during mining operations.

The aim of the present study is to investigate the effect of in-situ conditions on the floccu-
lation of deep-sea clay, using samples from different areas within the Clarion Clipperton
Fracture Zone (CCFZ). This chapter pinpoints the role of several key parameters, includ-
ing temperature, concentration, shear and resting time, on the flocculation process. A
series of flocculation experiments were conducted using jars, with variations in mixing
times, clay concentrations, and shear rates. The influence of the flocs’ residence time at
the bottom of the jars was also studied. In addition, flocculation experiments at very low
shear, resulting in differential settling, were conducted in a novel rotating wheel setup.
Particle sizes and their associated settling velocities were measured using an in-house
video microscopy set-up coupled with a settling column.

The chapter is structured as follows: materials used are given in Section 5.2. Results
and discussions are presented in Section 5.3. Finally, conclusions are summarized in
Section 5.4.

5.2. MATERIAL AND EXPERIMENTAL METHODS

5.2.1. CLAY
Two types of clay were used for the experiments; both were collected from two different
areas of the Clarion-Clipperton Fracture Zone (CCFZ) at a water depth of approximately
4000 metres. For convenience, we refer to them as Clay 1 and Clay 2. Clay 1 was collected
from the German licensing area of CCFZ, while Clay 2 was collected from the NORI-D
area of CCFZ. The total organic carbon (TOC) was calculated from the difference between
total carbon (TC) and total inorganic carbon (TIC). The TC was measured by utilizing a
UNICUBE device made by Elementar Analysensysteme GmbH, while TIC was determined
by gas chromatography and acid digestion. TOC in Clay 1 is approximately 0.53 wt.%, and
for Clay 2 is 0.55 wt.%. The TOC values align with those observed in previous research
conducted in the CCFZ region (BGR Environmental Impact Assessment, 2019). The Clay
1 and Clay 2 samples have a d50 around 20µm, determined through static light scattering,
using a Malvern Master Sizer 2000 (Ali and Chassagne, 2022). The Particle size distribution
(PSD) before and after the removal (by using loss on ignition method) of organic matter
can be found in Figure 5.1. Both Clay 1 and Clay 2 were used as received, implying that no
organic matter was removed from the samples.

5.2.2. FLOCCULATION EXPERIMENTS IN A JAR
The flocculation experiments were carried out at room temperature with different clay
concentrations and mixing times. The measurements were performed in a JLT6 jar setup
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FRACTURE ZONE

Figure 5.1: PSD of Clay 1 and Clay 2 collected from CCFZ. A) Shows the PSD before the removal of organic matter,
whereas (B) shows PSD after the removal of organic matter.

provided by VELP Scientifica, Italy. The jars have dimensions of 95 mm in diameter and
110 mm in height. To stir each suspension, a rectangular paddle was used, measuring
25 mm in height and 75 mm in diameter. The paddle was positioned 10 mm above the
bottom of the jar within the suspension. The shear rate employed for the flocculation
experiments remained constant at 50 s−1, and the clay was mixed in saline water, having
a salinity of 34.68 PSU, which is equivalent to the average salinity of the ocean water. For
practical reasons, the saline water was made using NaCl salt (analytical grade, provided
by Boom Laboratorium, The Netherlands) and tap water, and some tests with artificial
seawater showed that the results are most probably representative of seawater conditions.
Other tests showed that the clays did not flocculate in tap water, which highlights the
role of salt in flocculation. All clays were fully dispersed in saline water prior to the
measurements, as the clay received was in the form of a compact, fully saturated lump
(see Figure C.1). To ensure a full dispersion, the required amount of clay was taken
from the lump and put in a jar. Then, saline water was added to achieve the desired
concentration. The full dispersion of the clay was achieved using a high-stirring mixer
with a speed of about 600 RPM for 60 minutes. This protocol was used for all experiments
presented in this chapter.

Based on the amount of clay available for experiments, for Clay 1, five different concen-
trations (0.5, 1.0, 1.5, 2.0, and 5.0 gL−1) were used. Regarding Clay 1, experiments were
performed at seven different mixing times (2.5, 5, 10, 30, 60, 90, and 120 minutes). For Clay
2, three concentrations (0.5, 2.0, and 5.0 gL−1) and four mixing times were used (2.5, 30,
60, and 120 minutes). After mixing, the paddle rotation was stopped, and flocs were left to
settle to the bottom of the jar for about one hour. The flocs were then carefully collected
using a pipette and deposited at the top of the settling column used in the FLOCCAM
set-up. The sampling was done in at least three different locations in the jar, and all the
data presented incorporated the results of these locations. When collecting samples, a
modified pipette with a 50 mL capacity and a 3 mm diameter was employed to extract
a sub-sample of floc from the jar with great care. The sub-sample was then transferred
directly to the settling chamber of the FLOCCAM, where the aperture of the pipette was
in contact with the column water surface. This allowed the flocs to settle naturally and
unaided, purely under the influence of gravity. Floc sizes and their corresponding settling
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velocities were then measured using the FLOCCAM equipment described below.

5.2.3. SHEAR CYCLE EXPERIMENTS
Shear cycle experiments were conducted in order to investigate the influence of shear
rate on the median floc size. Six shear rates (50, 125, 200, 275, 350 and 50 s−1) were used
in the shear cycle experiment as shown in Figure 5.2 for 5 gL−1. Each shear step had a
duration of 60 minutes to ensure that a steady-state floc size has been reached at the end
of the step.

Figure 5.2: Schematic showing shear cycle experiment process.

5.2.4. RESIDENCE TIME AT THE BOTTOM OF THE JAR
Experiments were conducted to study the influence of the residence time of flocs at the
bottom of the jar on their size. For Clay 1, various concentrations (0.5, 1.0, 1.5, 2.0, and
5.0 gL−1) were tested. The samples were flocculated in the jar for a duration of 1 hour
and then placed in a refrigerator at a temperature of 6 ◦C . The size of the flocs (collected
from the bottom of the jar) was measured on days 1, 2, 10, and 30. Regarding Clay 2, two
experiments were performed at a concentration of 0.5 gL−1. One jar was placed in the
refrigerator at a temperature of 6 ◦C , while the other jar was kept at room temperature (21
◦C ). The size of the flocs (collected from the bottom of the jar) was measured on days 1, 2,
10, and 30.

5.2.5. ROTATING WHEEL EXPERIMENT
Experiments in a novel in-house set-up known as a rotating wheel (Figure 2.3) were
conducted to induce flocculation at low shear. The rotating wheel experiments were con-
ducted with Clay 1 at a shear rate of 1 s−1. The inner diameter of the wheel is 34 cm with
a depth of 7 cm. The wheel was filled up to the top with suspension for all experiments.
Three concentrations were considered (0.5, 2.0, and 5.0 gL−1) with four mixing times (2.5,
30, 60, and 120 minutes). Floc size measurements of flocs created in the wheel and their
corresponding settling velocities were also calculated after 2, 10, 20, and 30 days.
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5.3. RESULTS AND DISCUSSION

5.3.1. INFLUENCE OF MIXING TIME AND CONCENTRATION
The effect of mixing time and clay concentration on flocculation are given in Figure 5.3.
The median floc size for Clay 1 is compared with the median floc size of Clay 2 for different
concentrations and mixing times, and it is clear that Clay 2 flocculates much faster than
Clay 1 and has a higher median floc size in all cases (see Figure 5.3(G-I)). This can be
attributed to the type of organic matter in Clay 2 since organic matter is the main driver for
flocculation for natural sediments (Deng et al., 2019; Kranck, 1973; Lee et al., 2019; Mietta
et al., 2009). Moreover, it has been observed that at low concentration, 0.5 gL−1, (see
Figure 5.3(G)), the floc size of both clays increases with increasing mixing time, whereas
for higher concentrations, the floc size decreases with increasing time (see Figure 5.3(H,
I)). Figure 5.3 shows that at 0.5 gL−1, the size of the outliers increases over time (up to
120 minutes), indicating that the flocs formed are open and of the large structure. At 150
minutes of mixing time, both the median size and the size of the outliers (that was only
measured for Clay 1) are smaller than at 120 minutes. Furthermore, for Clay 1 at 2.0 gL−1,
the median size of flocs and the size of the outliers increase significantly between 2.5 and
5 minutes. After 5 minutes of mixing, the median floc size decreases with mixing time.
This rapid growth, followed by a size decay, was already observed for clay flocculated
using (cationic) polyelectrolyte (Shakeel et al., 2020). A characteristic size is given by the
Kolmogorov microscale, which, for the shear rate used in the experiments (about 50 s−1),
is of the order of 150–200 microns. Flocs having a size well below this range (as is the case
for the 0.5 gL−1 experiments until about 100 minutes of mixing) can grow in time. Flocs
having a size well above this range (as is the case for the experiments done at higher clay
concentrations and for 0.5 gL−1 experiments above 100 minutes of mixing) reconform (by
coiling the flocs get denser) or are eroded over time due to the experienced shear (Deng,
2022; Dyer, 1989).

It is also observed that Clay 1 and Clay 2 outliers have their size decreasing with mixing
time until about 30 minutes of mixing, which is in line with the fact that the size of these
outliers is well above the 150–200 micron size range estimated above. These outliers are,
therefore, either reconforming or being eroded over time. After 30 minutes of mixing,
however, the size of outliers is increasing again. The reason for this increase is related to
an increase in “double flocs” (flocs made of two flocs attached together). Some of these
double flocs are shown in the Figure C.2.

The mean settling velocities of flocs for different floc size ranges, concentrations and times
are given in Figure 5.4. As detailed in (Ali et al., 2024), the measured settling velocities
cannot be straightforwardly related to the Stokes settling velocity of flocs, as flocs usually
fall in the wake of other flocs, which significantly influence the local hydrodynamics.
We note that the mean settling velocity of flocs is clearly increasing with mixing time
for all concentrations for Clay 2 flocs. No such trend can be observed for Clay 1 flocs,
but the mean settling velocity is generally higher than for Clay 2 flocs. As Clay 2 flocs
have an organic matter that differs from Clay 1 flocs, they are probably more prone to
reconformation than Clay 1 flocs. Therefore, their density will increase with increasing
shearing, which explains why their settling velocity increases with mixing time. As they
contain less organic matter, Clay 1 flocs have a higher overall density and, therefore, a
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higher settling velocity than Clay 2 flocs. The effect of floc reconformation is probably
limited for Clay 1. For 2.0 gL−1, while the mean floc size decreases with mixing time, the
average settling velocity increases for all size ranges until 60 minutes of mixing, which
is consistent with a reconformation and compaction of flocs. In contrast, the average
settling velocity of Clay 1 flocs for all size ranges decreases overall for mixing times of
more than 60 minutes. In particular, the fact that flocs in the 20–100 micron size range
have a decreasing settling velocity with mixing time would agree with an erosion of flocs,
whereby the eroded 20–100 micron flocs have a higher organic matter content than the
original unflocculated 20–100 micron clay particles.

Analyzing the video microscopy data for the highest Clay 1 concentration, 2 and 5 g/L, it
became clear that there was a complicating factor in the estimation of settling velocities,
as long organic matter strings or swirls (see Figures C.2 and C.3) were observed in the
videos. Clay particles could, therefore, experience sweep flocculation and be embedded
in these long strings, which might also erode or break over time, contributing to lower
settling velocities in each size range.

Figure 5.3: Effect of mixing time on flocculation of Clay 1 (A-C) and Clay 2 (D-F) concentrations of (A,D) 0.5 gL−1,
(B,E) 2.0 gL−1 and (C,F) 5.0 gL−1. Median floc size for Clay 1 and Clay 2 concentrations of (G) 0.5 gL−1, (H)
2.0 gL−1 and (I) 5.0 gL−1.
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Figure 5.4: Mean settling velocity of flocs for different floc size ranges, concentrations and time for Clay 1 flocs
(A-C), Clay 2 flocs (D-F).

5.3.2. SHEAR CYCLE EXPERIMENTS
The floc size distribution and median floc size for both Clay 1 and 2 are shown in Figure 5.5.
Both clays show similar behaviour of median steady-state floc size as a function of shear.
Due to its higher amount of organic matter, the Clay 2 floc sizes are always larger than
the Clay 1 floc sizes. For both clays, it is observed that after the first shear step, the
steady-state floc size decreases and then increases with increasing shear. The median
floc size at 50 s−1 shear is the same before and after the shear cycle (see the green points
in Figure 5.5(C), which symbolizes the 50 s−1 floc size measured at the end of the shear
cycle). For Clay 1, however, it is observed that the size of the outliers after the shear cycle
is smaller compared to the beginning of the shear cycle. For Clay 2, there is no significant
change in outlier size.

A decrease in median floc size with shear is usually observed in shear experiments (Ali
and Chassagne, 2022; Shakeel et al., 2020). When performing shear cycle experiments, it
is found that the floc size is either reversible or non-reversible depending on the forces
between the constituents of the flocs. If the interaction forces are weak enough, such as
between anionic polyelectrolytes and negatively charged clay particles, the floc size is
reversible as a stationary floc size is found for each shear rate (Shakeel et al., 2020). When
the interaction is stronger, as is the case for flocs formed by cationic polyelectrolytes and
negatively charged clay particles, flocs are irreversibly broken at high shear. This implies
that, depending on the history of such a floc, different floc sizes can be found: A floc
formed at low shear will usually be large, and if this floc has later been subjected to high
shear and break, it will never regrow to this large size when the shear is again lowered.

In the flocs studied here, the stationary floc size increases with the shear rate after 125 s−1.
This contradicts the expected behaviour, which is a decrease in size with the shear rate.
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We ascribe this peculiar behaviour to the specific type of organic matter in the samples.
In the samples, we could observe organic matter polymeric chains that, over time, would
bind to mineral clay or already flocculated material. In contrast to polyelectrolytes used
as flocculants, which have very fast flocculation kinetics, it would seem that the organic
matter present in the samples has slow flocculation kinetics. As shown in Figure 5.1, both
Clay 1 and Clay 2 flocs contain a small amount of organic matter. However, the amount of
organic matter bound or unbound to clay is unknown. We hypothesise that at a higher
shear, the interactions between organic matter and mineral clay or between organic
matter and flocs are enhanced, and therefore, the flocculation kinetics is promoted
compared to a lower shear. At the same time, the decrease in median floc size observed
between 50 s−1 and 125 s−1 and the fact that the steady-state size at 50 s−1 at the end of
the cycle is the same as the one found at the beginning of the cycle suggests that there is
another mechanism at stake. This led us to conclude that the organic matter present in
the samples has a low affinity for both water and clay, but that there is a higher affinity
for clay than water, implying that at low shear, flocculation is prevented and explains
why the steady-state size is decreasing between 50 s−1 and 125 s−1. At these low shears,
the hydrophobic organic matter would be in a state of coiling that does not promote
flocculation. At 125 s−1, break-up (erosion of flocs) and/or reconformation of flocs lead
to a smaller steady-state floc size. At higher shear rates, the organic matter uncoils, and
aggregation is promoted. If our hypothesis is correct, it would mean that the steady-state
size reached at each shear step is to be found by a balance between aggregation and
break-up rates. The aggregation rate would be proportional to the collision frequency,
which increases with shear and a small collision efficiency that would be shear-dependent
(the collision efficiency being close to zero below 125 s−1). The break-up rate would be
more weakly dependent on shear than the aggregation rate since the median floc size
increases steeply with shear.

Figure 5.5: Effect of the shear cycle on floc size of Clay 1 (A) and Clay (B). Comparison of median floc size
changes during the shear cycle in Clay 1 and 2 (C). The green point represents the values of median floc size at
shear 50 s−1 at the end of the shear cycle.

INFLUENCE OF RESIDENCE TIME AT THE BOTTOM OF THE JAR

Figure 5.6 shows the median floc size for Clay 1 and Clay 2 presented as a function of the
time that flocs have been resting at the bottom of the jars. For Clay 1, it is found for all
concentrations except 0.5 gL−1 that the median floc size decreases slightly as a function
of resting time. For 0.5 gL−1 of Clay 1 and for all experiments with Clay 2 at the same
concentration, an increase in floc size is observed until day 10, followed by a decrease in
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size. From the experiments with Clay 2, it is concluded that temperature does not play
a role in the observed trends, and therefore, neither does biological activity (which is
temperature dependent).

It was observed while manipulating the jars containing the 0.5 gL−1 samples that flocs
were not in contact with each other while resting but that the slightest movement induced
flocculation, as flocs would roll, getting in contact with each other. The protocol for
sampling the flocs was identical for all samples, so the small perturbations induced by
the unavoidable handling of the jar and pipetting are expected to be the same for all
samples. This is confirmed by the fact that all 0.5 gL−1 experiments are consistent. Until
day 10, it would appear that the organic matter promotes a very rapid flocculation, as the
handling of the jar is happening for a few minutes only. After day 10, breaking and/or
reconformation of flocs is occurring. At concentrations above 0.5 gL−1, resting flocs
are always in contact with each other at the bottom of the jars (see Figure C.4). If our
hypothesis of the low affinity between organic matter and water is confirmed, it would
imply that there is a structural energy benefit for organic matter to bind with clay at the
moment two flocs are put into contact. On the other hand, when the flocs are in contact
while resting at the bottom of the jar, the increase in size is minimal (though apparent, see
day 2 for Clay 1 in Figure 5.6 (A)). At longer times (after day 2 in all cases), the median floc
size decreases with resting time. It could be that the organic matter at that time, through
a slow diffusion process, has been rearranging itself around the mineral clay particles
in such a way as to minimize contact with water. This would lead to a breakage of flocs
so as to increase the available clay surface area for the organic matter. Substances, like
phospholipids, which are key components of cell membranes and are found in the deep
sea (Parzanini et al., 2018), are a class of lipids that are surfactants (having a hydrophilic
“head” containing a phosphate group and two hydrophobic “tails” derived from fatty
acids). The properties of the organic matter in our samples (low affinity for water, high
affinity for clay) would hint at the fact that it is a surfactant, like a phospholipid.

Figure 5.6: Effect of resting time of median floc size: (A) for Clay 1 at different concentrations and (B) for different
temperatures.

FLOCCULATION IN THE WHEEL COMPARED TO JAR EXPERIMENT

Experiments with the wheel have been performed with Clay 1 only. During the slow
rotation of the wheel, it was observed that the flocs residing at the bottom of the cylindrical
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wheel were entrained along the wheel wall and, at a position of about 135 degrees, would
fall back to the bottom of the wheel (see Figure C.5). At the same time, due to the sliding
of particles along the wheel wall, particles at the bottom of the wheel were disturbing the
deposited flocs and led to erosion of the finer particles in the direction opposite to the
rotation. This continuing process led to full dispersion of the clay material in the wheel,
making the water homogeneously turbid in the wheel, except for a layer of clay at the
bottom of the wheel. The hydrodynamics in the wheel were, therefore, quite different from
the ones in the jar, where most of the material was always suspended (with the exception
of some heavy sand and silt particles) and experienced turbulent mixing. In contrast to jar
test experiments, the shear in the wheel is very small and differential settling is expected
to play a role in the experiments as the material is continuously entrained along or close
to the wheel wall and falls down when gravity starts to dominate. The floc size of the
flocculation experiment conducted in the wheel in comparison with the jar is shown in
Figure 5.7. The median floc size in the wheel for all concentrations is higher than in the
experiments with the jar. The reason for this difference can be attributed to the same
reason that has been proposed to explain the residence time experiments: organic matter
coming into contact with clay at very low shear will bind and lead to large flocs. Similarly
to the resting time tests, this flocculation occurred very rapidly (within 2.5 minutes). After
30 minutes, the median floc size started reducing. An interesting observation was made
when analysing the video at 5.0 gL−1: flocs started to disintegrate during the settling
process (see Figure C.6). This is in line with the hypothesis proposed for the resting time
experiments: the rearrangement of the organic material on the clay (minimizing contact
with water) causes the flocs to break up.

Residence time at the bottom of a jar experiments with samples of the wheel were also
conducted. The samples were collected from the wheel and transferred to jars. Although
the concentration in the jars could not be well controlled, the jars were still labelled
according to the concentrations used in the wheel experiments. The samples were stored
at room temperature. The median floc size with different clay concentrations is shown
in Figure 5.8. It can be observed that there is a decrease in floc size after day 1, after
which the floc size increases over time. The rate of increase in floc size is decreasing with
concentration. As can be seen from the floc size distributions (Figure 5.8 (A-C)), all floc
sizes were reduced after the first day. Again, the hypothesis is that the rearrangement of
the organic material onto the clay (minimizing its contact with water) causes the flocs to
break up. As for the residence time experiments with the jar tests, the later increase in
particle size is attributed to the manipulation of the jars during sampling. In contrast to
jar experiments, however, size growth is observed for all concentrations, which leads us
to conclude that the structure of the flocs is different in this case. Most probably, flocs are
overall less reconformed than in jar test experiments, leading to a larger clay surface area
onto which organic matter can aggregate.

5.4. CONCLUSIONS
Understanding the alterations in sediment plume dispersion due to human interventions,
such as dredging, trenching and deep-sea mining, is key to predicting and, where possible,
mitigating the associated environmental impacts. This understanding is essential for
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Figure 5.7: Effect of mixing time on flocculation in the jar and the wheel for different concentrations: (A)
0.5 gL−1, (B) 2.0 gL−1 and (C) 5.0 gL−1.

Figure 5.8: Effect of resting time on floc size at different concentrations in the wheel: (A,D) 0.5 gL−1, (B,E)
2.0 gL−1 and (C,F) 5.0 gL−1.
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engineers to optimize equipment and processes to minimize plume dispersion. In this
study, laboratory experiments were carried out to examine the flocculation of deep-sea
clay collected from two different regions of CCFZ. The results showed the importance of
shear, particle concentration, and organic matter in flocculation. Temperature was shown
not to play a role in flocculation. Two types of mixing were studied: turbulent mixing in a
jar and slow mixing in a rotating wheel, whereby differential settling plays a significant
role. It was found that even at low mixing time (less than 2.5 minutes), flocculation occurs
at all shear and mixing conditions, even at the lowest clay concentration used (0.5 gL−1).
The flocs found had a median size that is, on average, 3–6 times larger than the median
floc size of the unflocculated material. The organic matter present in the sample was
found to be in the form of long strains, and sweep flocculation is likely to occur. The
behaviour of median floc size at steady-state upon shear in jar test experiments led us to
conclude that the organic matter present in the samples has a low affinity for both water
and clay. Because of the peculiar affinity the organic matter has with water and clay, the
median floc size displays the following trends:

• With flocs having experienced turbulent mixing, a shear threshold (around 125 s−1)
is required for the organic matter to uncoil and successfully bind to the clay with
increased collision frequencies (i.e. with increasing shear rate), the median floc
size is getting larger; longer mixing times result in an increase in floc size below
125 s−1 when the median floc size is well below the Kolmogorov microscale, which
reduces the break-up of flocs since flocs are then simply advected by the flow. At
shear rates above 125 s−1, the median floc size decreases with mixing time due to
the breaking/reconformation of flocs.

• With flocs having experienced low mixing in the wheel, differential settling pro-
motes flocculation, and the flocs are found to be two or three times larger than the
ones formed in turbulent mixing in the jar tests. At long mixing times, floc sizes
decrease, most probably due to the rearrangement of organic matter onto clay,
which leads to the floc break-up.

Experiments were also performed to study the influence of the floc residence time at the
bottom of the jars on their size. It was found that:

• With flocs having experienced turbulent mixing, flocs that were originally not
touching one another in the jar would flocculate when put into contact by the gentle
handling of the jar. Flocs that were already in contact with one another would see
their median floc size decrease. This was attributed to a slow diffusion process that
would lead to a rearrangement of organic matter onto the clay to maximize the
contact area between organic matter and clay, leading to the breakage of flocs.

• With flocs having experienced low mixing in the wheel, flocs would, in all cases, first
break and have a smaller size on day 2 compared to day 1. This was again attributed
to the rearrangement of organic matter onto the clay to maximize the contact area
between organic matter and clay, leading to a breakage of flocs. After day 2, the
median flocs size increased, which was, as for the jar test experiments, linked to
the handling of the jars for sampling, as floc-floc interaction is then promoted.
The flocs formed by differential settling of the wheel are expected to be of a more
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open structure than those formed by turbulent mixing, which is why they would
aggregate upon touching (whereas flocs formed in turbulent mixing would not).

These findings highlight the complexity of flocculation kinetics for natural sediments.
Most flocculation studies focus on the interaction between solid particles and synthetic
flocculants (like polyacrylamides) used in sanitary engineering or mining engineering.
Natural flocculants, on the other hand, are quite diverse. Some of these flocculants, known
as Extracellular Polymeric Substances (EPS), consist mostly of polysaccharides that are
expected to perform like polyacrylamides - in the sense that they are hydrophilic and
known to bind to mineral clay easily through specific surface groups, hydrogen bonds or
cation bridging. However, other natural substances are surfactants (having a hydrophilic
“head” and a hydrophobic “tails”). The results found in this chapter are in line with the
hypothesis that the organic matter in the samples is a surfactant, like, for instance, a
phospholipid (commonly found in deep-sea areas). An analysis of the organic matter
contained in the samples would be required to confirm this hypothesis.

In conclusion, the results found in the present chapter confirm that flocculation plays a
significant role in deep-sea areas. Due to the short time scales involved and the (at first
surprising) result that flocculation increases with shear, it is expected that flocculation
also plays a significant role in plumes generated by mining activities.



6
TOWARDS IMPLEMENTATION OF

FLOCCULATION IN NUMERICAL

MODELING

This chapter delves into the modelling of flocculation. Models, that can be parameterized
using studies like the ones presented in the previous chapters, should be suitable for incor-
poration into sediment transport modeling, and, above all, rightly capture the kinetics of
flocculation. In this chapter, two flocculation models are compared: the LG model, based on
logistic growth theory, and the S model, derived from Smoluchowski’s theory. Both models
can easily be integrated into large-scale sediment transport numerical models. However,
they exhibit differing kinetics, as demonstrated using a series of laboratory experiments
whereby mineral clay is flocculated by polyelectrolyte. Experiments are carried out at
various clay concentrations and shear rates. It was found that the LG model effectively
replicates the experimental time-dependent behaviour of floc sizes, while the S model does
not. The LG model can be used for the whole large range of clay concentration and shear
conditions investigated in the experiments. As an example, a simple relation, function of
shear rate and concentration, is given (see 6.53) for the clay and flocculant studied in this
chapter. This equation could easily be implemented in a sediment transport model, making
the spreading of dredging plumes a function of particle interactions.

Parts of this chapter have been published in Continental Shelf Research (2022) Ali and Chassagne, 2022.
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6.1. INTRODUCTION

H YDRODYNAMIC models are used in sediment transport models to calculate the advec-
tion and diffusion of suspended particles in the water column. For most applications,

the sediment typically is decomposed into two or three fractions with associated settling
velocities in the 0.1 to 1 mms−1 range. For a large number of applications, this decom-
position makes it possible to correctly predict the Suspended Particulate Matter (SPM)
concentration in space and time (Lesser et al., 2004; Manning et al., 2006; Manning and
Dyer, 2002; Normant, 2000). Other methods are to calculate a representative overall
settling velocity at a point based on environmental parameters (Soulsby et al., 2013).
Indeed, 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 poorly accounted for in sediment transport models, resulting in inaccurate
predictions in coastal regions where these changes occur. Several studies have thus
focused on incorporating flocculation into sediment transport models (Fettweis, 2008;
Manning et al., 2017; Many et al., 2016; Russel et al., 1989). These models, however, are
not physically meaningful because they contain adjustable parameters that are fitted to
the data and, more importantly, they do not account for specific physical processes such
as organic matter-induced flocculation or particle coiling under shear (Chassagne and
Safar, 2020). Previously the models used to describe flocculation in detail have been based
on the Population Balance Equation (PBE), in which flocculation is represented by the
aggregation and break-up of similar colloidal particles, as in salt-induced flocculation.

Numerous numerical investigations have been carried out on the subject of DSM. Grunsven
et al., 2018 presented comprehensive numerical and experimental findings related to
plume discharge from a VTS. Decrop and Wachter, 2019 performed a Computational
Fluid Dynamics (CFD) analysis to investigate the effects of different discharge conditions
for a horizontal discharge from a PNMT. Ouillon et al., 2021 recently employed DNS
simulations to study the discharge process of a moving PNMT using the Boussinesq
approach. Elerian, 2023 introduced a novel numerical model for predicting turbidity flow
behind a PNMT. Their model combines the drift-flux modelling approach with the PBE
model. As stated above, the PBE cannot properly account for the role of organic matter,
which is a key parameter in deep-sea flocculation, as demonstrated in Chapter 5. For
instance, a particle can only change from its size class by breaking or aggregating and
not by coiling (keeping its mass but reducing its volume). In a recent article (Chassagne,
2021), it was shown that the analytical model based on logistic growth theory (LG model)
presented by Chassagne et al. in (Chassagne and Safar, 2020) could be used to predict the
flocculation of suspended mineral clay (kaolinite). The suspensions were destabilized by
the addition of salt. In particular, it was demonstrated that the LG model (1) reproduces
the classical results found for the salt-induced flocculation kinetics at the onset of the
experiments, and (2) enables to study of the flocculation kinetics over the whole duration
of the experiment. This last point implies that, by fitting the experimental data over the
whole duration of the experiment, it was shown that the measured floc size L(t) time
evolution follows the relation dL/d t = L/tb −L2/(Leq tb) predicted by the model, where
tb is a characteristic time and Leq a characteristic size, which are obtained from the fits.
The advantage of the LG model is that it enables to parameterize the floc size evolution
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in time as a function of measurable parameters, such as shear rate, suspended solid
concentration and salt, but importantly, also as a function of organic matter properties
(concentration, charge, molecular weight...) as shown in Deng et al., 2022 and Safar et al.,
2023.

Analytical models like the one presented in (Chassagne, 2021; Chassagne and Safar, 2020)
are required in many applications, where estimations of the characteristic timescales
of flocculation and the equilibrium floc size of flocs should be done in a fast way. For
example, large-scale sediment transport models require flocculation models that can
be run on multiple grid cells at the same time. This prevents models like Population
Balance Equations (PBE) models from being used for a system of more than 3 equations
(Shen et al., 2018). The simplest PBE model that can be thought of is a PBE with a single
equation. This equation then represents the time evolution of a single class of particles,
usually taken to be the D50 class (the class that represents the particles of size L whereby
50 percent of all particles have a size smaller than L). Such an equation can obviously
not be used for modelling the sediment mass transfer between classes. A minimum of
two classes is required for that purpose (Chassagne and Safar, 2020; Shen et al., 2018).
A single PBE equation can nonetheless be used under the assumption that all mineral
sediment is contained in flocs and that all flocs have the same size L(t ) with L varying in
time under the influence of environmental conditions (shear stress in particular). Such a
single PBE equation is given by Winterwerp in (Winterwerp, 1998). In-situ studies have
demonstrated that floc sizes are indeed dynamic and shear-dependent (Manning et al.,
2007; Soulsby et al., 2013; Van Leussen, 1988; Verney et al., 2011). The way to connect
the floc size and its Stokes settling velocity - which is the key parameter for large-scale
sediment transport models - will not be discussed in the present chapter but is the topic
of numerous publications (Dyer and Manning, 1999; Gratiot and Manning, 2004; Khelifa
and Hill, 2006; Maggi, 2013; Manning et al., 2007; Mehta, 2013; Spearman et al., 2011;
Spencer et al., 2011).

The present chapter aims to compare the model introduced by Chassagne and Safar, 2020
with the one presented by Winterwerp, 1998. In particular, the validity and parametriza-
tion of the models will be discussed. A series of laboratory experiments are presented to
test the theories, where the flocculation of a mineral clay by polyelectrolyte is studied.
This type of flocculation is representative of the flocculation occurring in situ, whereby
mineral clay is found to be bound in different amounts to organic matter, usually in the
form of complex mixtures of biopolymers (consisting of polysaccharides, proteins, nucleic
acids, lipids and humic substances) (Deng et al., 2019; Safar et al., 2019). The experimental
setup allows studying the dependence of flocculation on clay concentration and shear
rate, two important parameters that are found in the model presented by Winterwerp.

In Section 6.2, both models are presented, and their differences are discussed. In Sec-
tion 6.3, the material used is presented. The results are presented and discussed in
Section 6.4, and the conclusions are given in the Section 6.5.
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6.2. THEORY
In this section, the two theoretical models that we aim to compare are recalled. In the
first subsection, the model derived by Chassagne and Safar, 2020 is recalled. This model
is based on logistic growth theory and hence will be termed “LG model”. In the second
subsection, the model presented by Winterwerp, 1998 is discussed. This model originates
from the work of Smoluchowski and, therefore, will be termed “S model”. The differences
between the two models are discussed in the third subsection.

6.2.1. LOGISTIC GROWTH MODEL (LG MODEL)
The logistic growth (LG) model is an empirical model that is found to be very convenient
to model the time evolution of colloidal suspensions undergoing flocculation. We re-
fer to Chassagne, 2021; Chassagne and Safar, 2020 for further details and examples of
application. The change of floc size as a function of time is described by the equation:

dL

d t
= [b(t )−d(t )]L (6.1)

whereby the (positive) functions for birth b(t ) and decay d(t ) are given by:

b(t ) = ab

tb

exp(−t/tb)

1+abexp(−t/tb)
(6.2)

d(t ) = ad

td

exp(−t/td )

1+ad exp(−t/td )
(6.3)

The coefficients ab , tb , ad , td are to be parameterized. As stated in Chassagne, 2020, it is
emphasized that the names “birth” and “decay” are solely chosen because they appear
with a plus and minus sign in the balance equation eq.(6.1). One can easily show that
considering only the birth function (d (t ) = 0) gives as solution a sigmoid function, with a
growth that will be limited in time. In other words, at infinite time dL/d t = 0 implying
that L(t →∞) = Leq (even when no decay term is present) where Leq is a value that will
depend on parameters such as floc composition, shear rate, salinity, etc. For example, let
us consider a flocculation experiment whereby external parameters are fixed (constant
shear, given salinity and pH, no addition of organic matter over time), as is the case for
flocculation experiments that can be realized in the lab. At t = 0 some amount of clay and
organic matter are mixed in a jar, at a given shear. By following the evolution of the floc
size over time, one will find that the mean floc size indeed follows a sigmoid behaviour,
as eventually, the flocs will reach an equilibrium size that is strongly dependent on the
amount of organic matter present in the jar and the imposed shear rate (Deng et al.,
2019; Safar et al., 2019; Shakeel et al., 2020). The growth of flocs is therefore limited
by depletion of free organic matter in the water (unbonded flocculant) and/or because
their size is reaching the Kolmogorov microscale, but not because there is a steady-state
between aggregation and break-up. A steady state would imply that there would be
continuous aggregation and break-up of matter at the surface of a floc. This would be
the analogue of the adsorption/desorption of molecules from a surface as is studied in
thermodynamics (illustrated, for example, by a Langmuir isotherm (Langmuir, 1918). This
is a crucial difference between this model and the Smoluchowski model presented in the
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next section. By introducing a decay term d (t ), as we will show in fig. 6.8, we will be able
to model what happens at longer experimental times, after the initial growth (birth) has
occurred. It is indeed usually observed that at these longer timescales, a reduction in size
is observed. This reduction in size can be due to two effects (not mutually exclusive): (a)
an erosion of the flocs under shear and (b) a coiling of particles under shear. Phenomenon
(b), in particular, has been observed, both in-situ and in the lab (Safar et al., 2019; Shakeel
et al., 2020). This phenomenon leads to flocs of higher density and smaller size. In fig. 6.8,
a decrease of about 20% in size is such obtained. If only particle sizes are studied, this
significant reduction in floc size could be mistaken for the breaking of flocs over time, but
microscopic observation of the flocs over time have confirmed this densification (Shakeel
et al., 2020). The analytical solution of eq. (6.1) is given by:

L(t ) = Leq
1+ad exp(−t/td )

1+abexp(−t/tb)
(6.4)

where Leq = L(t → ∞). The size Leq can be seen as the size that the floc would reach
provided that all parameters (concentration, shear stress, salinity...) remain constant
over time. Note that the change in number of flocs per unit volume as a function of time
can be modelled with an equation similar to eq. (6.4) where ad , ab , td , tb are (different)
adjustable parameters Chassagne, 2020:

n(t ) = n∞
1+ad exp(−t/td )

1+abexp(−t/tb)
(6.5)

where n∞ = n(t →∞). At times such that t → 0 implying that t << tb , td eq. (6.4) reduces
to:

L(t → 0) = L(t = 0)+
(

dL

d t

)
t=0

t (6.6)

where the flocculation rate
(

dL
d t

)
t=0

and size at origin L(t = 0) are defined by:(
dL

d t

)
t=0

= (kb −kd )L(t = 0) (6.7)

L(t = 0) = 1+ad

1+ab
Leq (6.8)

When L(t = 0) < Leq it follows that ad < ab and vice versa. The growth and decay rates kb

and kd as given by:

kb = ab/tb

(1+ab)
(6.9)

kd = ad /td

(1+ad )
(6.10)

6.2.2. SMOLUCHOWSKI MODEL (S MODEL)
Smoluchowski introduced in 1917 the Population Balance Equations (PBE), which give
the time evolution of classes of colloidal particles (flocs), a class i being defined as a
collection of particles with concentration ni , all particles in class i having the same size
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(diameter) Li . The concentrations ni can either be given in number, mass or volume of
particles per unit of volume (Chassagne, 2020; Elimelech et al., 1995). Many studies have
since then proposed aggregation and break-up parameters to be implemented in PBEs
(Barthelmes et al., 2003; Elimelech et al., 1995; Flesch et al., 1999; Kusters, 1991; Russel
et al., 1989; Spicer and Pratsinis, 1996).

The simplest PBE model that can be proposed is the one equation PBE which we call
the “S model”. This equation represents the time evolution of a single class defined by a
concentration n(t ) and an average particle size L (t ). Unlike the LG model, the S model
contains parameters related to the aggregation and break-up properties of the particles.
These parameters are, in particular, functions of concentration and shear.

In order to set up an equation for the average particle size L (t ) as a function of time, first,
the link between L (t ) and the total number of particles (flocs) per unit of volume n(t ) and
the number of primary particles within a floc N (t) should be made. This is done in the
first subsection, where we follow the approach used by Winterwerp (Winterwerp, 1998),
who assumes that flocs are fractal objects. The Smoluchowski equation, which expresses
the time evolution of n(t ), will then be converted into an equation for the time evolution
of L(t ). This is done in the second subsection.

LINK BETWEEN L, n AND N
We define n(t ) =∑

Ni (t ) as the total number of particles (flocs) per unit of volume at time
t and Ni (t ) as the number of primary particles inside a floc of size Li (t ). Primary particles
are defined as the smallest size of particles in the system. These particles have a size Lp

and it is assumed that primary particles cannot break. By aggregation of primary particles,
flocs can be formed. By break-up of flocs, smaller flocs are produced and the particles
having the smallest size that can be produced are primary particles.

If one defines n0 = n(t = 0) to be the number of unflocculated primary mineral sediment
particles per unit of volume in a closed volume (as, for example, in a jar test experiment),
it follows that n0 is a constant as a function of time, whereas the size Li of particles in
suspension will be time-dependent as flocs are growing (or breaking). The total number
of primary particles per unit of volume is given by:

n0 =
∑

i
Ni ni (6.11)

Note that N1 = 1 with L1 = Lp and that at t = 0, n0 = n1. If it is assumed that, at any mo-
ment in time, a suspension is well represented by a characteristic size and concentration,
one may write:

n0 = n(t )N (t )

0 = dn

d t
N +n

d N

d t

(6.12)

We have here made the assumption that only one class i is present at each time and hence
n(t) = ni (t )(t), where the number i (t) of the class is changing at each time step. From
eq. (6.12), it follows that, when i increases L = Li and N = Ni increase and hence n = ni
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decreases. One may deduce that the rate of decrease of n is given by:

dn

d t
= −1

n0

d N

d t
n2 (6.13)

The relation between the number of primary particles in a floc and floc size is given by
Kranenburg, 1994:

N (t ) =
(

L(t )

Lp

)D

(6.14)

where D is usually termed “fractal dimension”, in reference to the study of the flocculation
of monodisperse primary particles, where the concept of self-similarity can be used.
Experiments have been conducted to assess the fractal dimension for diffusion-limited,
and reaction-limited aggregates (Russel et al., 1989), where the initial growth of flocs is
also investigated. Combining eqs. (6.12) and (6.14) gives:

1

n

dn

d t
=− 1

N

d N

d t
=−D

L

dL

d t
(6.15)

The volume fraction of primary particles (pp) inside a floc can be evaluated using:

φpp i n f loc =
Vpp i n a f loc

V
= N ×Vp

V
= N

(
Lp

L

)3

=
(

Lp

L

)3−D

(6.16)

where Vpp i n a f loc is the volume occupied by primary particles inside a floc, Vp is the
volume of a primary particle and V ≃ L3 the volume of a floc. We have here implicitly
assumed that Class 1 and Class i (t ) particles have the same shape. If this is not the case, a
corresponding multiplying constant should be inserted in the bracket term. The volume
fraction φpp i n f l oc is a measurable quantity, as it can be linked to the floc density ρ f loc

(to be estimated from the settling velocity of floc, applying Stokes’law) by realizing that:

φpp i n f loc =
ρ f loc −ρw

ρs −ρw
(6.17)

where ρw is the absolute density of the suspending medium (water), assuming that all
the primary particles are contained in flocs (no primary particles are left unflocculated),
one gets:

φpp i n f l oc =
n ×Vpp i n f loc

n ×V
= φs

nV
(6.18)

whereφs = c/ρs = n0L3
p is the volume fraction of primary particles in suspension, ρs is the

absolute density of a primary particle and c the mass concentration (kg/m3) of primary
particles in suspension. Combining eqs. (6.16) and (6.18):

dn

d t
=−D

c

ρs

L−D

L3−D
p

1

D

dL

d t
(6.19)

By comparing with eq. (6.15), one finds the relation between number n of particles in
suspension, number N of primary particles in a floc, size L of flocs and concentration of
primary particles:

n = c

ρs

L−D

L3−D
p

= c

N L3
pρs

(6.20)
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TIME EVOLUTION OF THE MEAN FLOC SIZE L
One obtains, from the analysis originally performed by Smoluchowski (Chassagne, 2020;
Elimelech et al., 1995; Russel et al., 1989) that the rate of change of the number of particles
in suspension is given by:

dn

d t
=−1

2
αβn2 (6.21)

In eq. (6.21), the collision efficiency α and collision frequency β are class-independent,
which is the underlying assumption made by Smoluchowski. The factor 1/2 that appears
in eq. (6.21) originates from the fact that each binary collision leads to the loss of two
particles of class i (t ) and the creation of one particle of class i (t +d t ). The dependence
of the flocculation rate on shear is usually expressed through the dependence of the
collision frequency on shear in the case of orthokinetic flocculation. This dependence
can be expressed as (Chassagne, 2020; Elimelech et al., 1995):

β≃ 4GL3 (6.22)

in the case that all particles at time t have the same size L(t) as is assumed in this
subsection. The collision efficiency α is usually assumed to be independent of shear.

Combining eqs. (6.15), (6.20) and (6.21) one gets:

dL

d t
= 2αG

D

c

ρs

L4−D

L3−D
p

= kAcGL4−D (6.23)

which corresponds to eqs.(14,15) proposed by Winterwerp, 1998 but for a different prefac-
tor as is detailed in the Appendix. One notes that kA is a function of the fractal dimension
D and primary particle size Lp and that kA does a-priori not depend on shear or concen-
tration. This formulation for dL/d t , based on the Smoluchowski approximation, does not
account for a limit in growth which implies that L is bound to increase in time to reach
unrealistic values. For this reason, breakup functions are introduced to limit the growth
(Chassagne, 2020). The approach used by Winterwerp is to use a function that is scaling
as:

dn

d t
=−s ×n (6.24)

where s is the break-up rate. Winterwerp expresses the change in particle concentration
due to breakage as:

dn

d t
= eb × s ×n (6.25)

where eb is an “efficiency parameter” which is superfluous as it can implicitly be included
in s. Note the minus sign difference between eqs. (6.24) and (6.25). The break-up function
in the PBE equation appears both with a + and − sign: written like in eq. (6.24) it expresses
the reduction in the number of flocs when flocs are leaving the size class by breaking,
whereas written like eq. (6.25) it expresses the increase in the number of flocs in a size
class due to the breakage of flocs of larger size. In order to limit the size of flocs, eq. (6.25)
should be used, as increasing n implies decreasing L. A simple expression for s is of the
form (Barthelmes et al., 2003; Spicer and Pratsinis, 1996):

s = sb

(
ηG

τ∗

)q

Lp (6.26)
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where sb , q and p are parameters to be fitted, η is the viscosity of the suspension, and τ∗
is characteristic shear stress which is a measure for the aggregate strength: the larger τ∗,
the less the particles are susceptible for breakage. An expression for τ∗ is given by eq.(64).
The product ηG is the shear stress in shear flows: the higher the stress, the more flocs are
susceptible to break.

Combining eqs. (6.15), (6.20) and (6.26) one gets:

dL

d t
= −sb

D

(
ηG

τ∗

)q

Lp+1 =−kB Gq Lp+1 (6.27)

which is to be compared with eq.(23) of Winterwerp, 1998:

dL

d t
=−kB Gq (L−Lp )(p+1)−(2q−1)L(2q−1) (6.28)

The derivation of this expression is given in the Appendix. One notes that kB is a function
of the fractal dimension D, primary particle size Lp , viscosity η and rupture force F
and that kB is a-priori not dependent on concentration c or shear stress G . Combining
eqs. (6.23) and (6.27) gives:

dL

d t
= kAcGL4−D −kB Gq Lp+1 (6.29)

The full flocculation model proposed by Winterwerp is given as eq.(26) in Winterwerp,
1998, where aggregation and breakage terms are combined. Winterwerp uses p = 2,
q = 1.5 and D = 2 which leads to:

dL

d t
= [

kAcG −kB G3/2(L−Lp )
]

L2 (6.30)

The reason that Winterwerp introduces the term (L −Lp ) in eq. (6.28) as opposed to L
in eq. (6.27) arises from the fact that at steady-state (when dL/d t = 0), eq. (6.30) then
enables to write, see eq.(27) in Winterwerp, 1998:

Leq = Lp + kA

kB
cG−1/2 (6.31)

The underlying assumption is that particles can never become smaller than the primary
particles, which are assumed insensitive to shear. Equation (6.29) leads to:

LD+p−3
eq = ckA

kB
G1−q (6.32)

Equation (6.31) implies that eq. (6.30) can be written as a function of Leq which gives:

dL

d t
= kB G3/2 (

Leq −L
)

L2 (6.33)

One can note that this equation, for a constant shear, can only describe the growth of the
mean particle size with time for L ≤ Leq since the term at the right-hand side of the equal
sign is then positive or zero.
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6.2.3. COMPARISON BETWEEN MODELS
In the S model, both aggregation and breakup terms are required to limit floc growth.
When no breakup term is present, the aggregation term will ensure that growth is un-
constrained, leading to non-physical results. In the LG model, both birth and decay
functions are constrained: even with only a birth function b(t ) a finite equilibrium size
Leq is reached. In flocculation experiments, a suspension of aggregating particles can
reach an equilibrium size for different reasons. Growth can be prevented for particles
above a characteristic size (related in general to the Kolmogorov microscale) because high
shear stresses make it impossible for particles to aggregate. However, growth can also
be limited because of a depletion of flocculating agents. This happens when polymeric
flocculant is underdosed (Shakeel et al., 2020) even when the shear stresses would allow
further growth. In the S model, this would imply that kB is dependent on flocculant
dosage. For the LG model, the evolution of the mean particle size for aggregating particles
is described by setting ad = 0 (i.e. kd = 0) in eq. (6.4) which then reduces to

L (t ) = Leq
1

1+ab exp(−t/tb)
(6.34)

with
dL

d t
=

(
1

L
− 1

Leq

)
1

tb
L2 (6.35)

As was discussed earlier in this chapter, considering only the birth function b(t) only
means that the particle size L is an increasing function in time. Introducing a decay
function d(t ) would imply that the size L goes through a maximum as a function of time.
Clearly, from considering eq.(6.33) the S model does not allow for L to go through a maxi-
mum (provided that kB and G are constant - which we assume here), therefore, in order to
compare both models, eq.(6.35) is to be compared with eq.(6.33). Both equations describe
the growth of the mean particle size over time but not with the same kinetics. It was shown
in Chassagne, 2021 that eq. (6.35) can be used to follow the time evolution of particle sizes
for kaolinite suspensions destabilized by the addition of salt. This meant that by plotting
the experimental data according to the function (dL/d t )/L a linear dependence on L
was found. The LG model indeed predicts a linear dependence, as is found by rewriting
eq. (6.35) as:

1

L

dL

d t
= 1

tb

(
1− L

Leq

)
(6.36)

The S model, on the other hand, predicts a quadratic dependence, see eq. (6.31):

1

L

dL

d t
= kB G3/2 (

Leq −L
)

L (6.37)

The difference between the two models is illustrated in fig. 6.1(A). The S model was plotted
according to eq. (6.33) and the LG model according to eq. (6.35). The characteristic
growth time, equilibrium floc size and primary particle size were taken to be tb = 800s,
Leq = 20µm and Lp = 1µm. We made use of the equivalence between the two models at
short timescales to evaluate the other required parameters, which can be found using the
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following equalities:

kB G3/2 = kAcGLp(
Leq −Lp

)
Lp

= kb(
Leq −Lp

)
Lp

= 1

tb

1

Lp Leq
(6.38)

Using these parameters, the LG model would give the dotted curve (LG model (b)). At
small timescales, the S model and the LG model (b) overlap as expected. The curve
obtained for the S model was then fitted using eq. (6.34), which leads to the dashed
curve (LG model). For this fit, it was necessary to use tb = 97s and Lp = 0.0046µm. The
difference between the flocculation kinetics of the two models is better illustrated in
fig. 6.1(B), where (dL/d t )/L is plotted for each model: the LG model predicts a linear
dependence on L whereas the S model does not. For salt-induced flocculation, it was
shown that the linear dependence of (dL/d t )/L on L is also found for the experimental
data (Chassagne, 2021). It remains to be studied whether a similar dependence can be
observed for polyelectrolyte-induced flocculation.

Figure 6.1: A) Comparison between the LG model and S model and (B) their flocculation kinetics. The S model
is plotted according to eq.(6.33) and the LG model according to eq.(6.35). The characteristic growth time,
equilibrium floc size and primary particle size are taken to be tb = 800 s, Leq = 20 µm and Lp = 1 µm. The
curves corresponding to model LG (b) are obtained using the equivalence of the two models at short timescales,
i.e. eq.(6.38). The curve obtained for the S model was fitted using eq.(6.34), which leads to the dashed curve (LG
model). For this fit, it was necessary to use tb = 97 s and Lp = 0.0046 µm.

SHORT TIMESCALES

At short times, one gets for the LG model, from eq. (6.7), and assuming that L(t = 0) ≃ Lp :(
1

L

dL

d t

)
t→0

= kb(1−kb t ) (6.39)(
dL

d t

)
t=0

= kbL(t = 0) = ab/tb

(1+ab)2 Leq (6.40)

with,

L(t = 0) ≃ Lp = 1

1+ab
Leq (6.41)

For the S model, eqs. (6.30) and (6.33) lead to(
dL

d t

)
t=0

= kAcGL2
p = kB G3/2 (

Leq −Lp
)

L2
p (6.42)
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It is, therefore, easy to make the equivalence between the two models:

kb = ab

tb

1

1+ab
= 1

tb

Lp

Leq

(
1− Lp

Leq

)
= kAcGLp (6.43)

This relation suggests that the birth rate at the onset of aggregation should be linearly
dependent on shear and the concentration of primary particles. Note that as it is found in
most cases that ab >> 1, we also get:

kb ≃ 1

tb
(6.44)

6.3. MATERIAL AND EXPERIMENTAL METHODS

6.3.1. CLAY
The clay used in all the experiments referred to as K-10.000, was bought from the VE-KA
company (Werkendam, The Netherlands). The original lump of clay’s water content was
37.5 %, and the sand content was 21 %. The clay was dispersed in tap water, and the
resulting suspension had a conductivity of less than 453.1µscm−1 (Shakeel et al., 2020). A
Malvern Mastersizer 2000, a technique based on static light scattering (SLS), was used
to determine the Particle Size Distribution (PSD) of the clay Figure 2.4. This clay was
chosen because of its fairly monodispersity: the original clay suspension was found to
have a mean diameter (d50) of 5.6µm. The clay is composed of a majority of non-swelling
components (Shakeel et al., 2020).

6.3.2. FLOCCULANT
In order to study the effect of clay concentration on the flocculation rate, different clay
concentrations were used in combination with the anionic flocculant Zetag 4110 (BASF).
The flocculant to clay concentration ratio was kept the same for all experiments and
equal to 2.5 mg/g, which is close to the optimal concentration for flocculation (Shakeel
et al., 2020). Zetag 4110 has a medium anionic charge with high molecular weight. The
flocculation experiments were performed in a jar (Figure 2.2).

6.4. RESULTS AND DISCUSSION

6.4.1. FLOCCULATION KINETICS
In this subsection, the particle size time evolution is given in Figure 6.2 (top panel) for
three examples. It can be noted that the c = 0.2 gL−1 sample displays multimodal particle
size distributions, which makes the analysis in terms of mean particle size (D50) difficult.
The data for 0.2 gL−1 was therefore not further considered in this study. The data was
subsequently plotted in a different way to test eqs. (6.36), (6.37) and (6.39). The result is
given in Figure 6.3, where L symbolizes D50(t). From the trends, it appears that at the
onset of flocculation, the data plotted as (dL/d t )/L indeed follows the linear dependence
predicted by eqs. (6.36) and (6.39). This implies that the flocculation kinetics follow the
dependence predicted by the LG model, which is in line with the trends found for salt-
induced flocculation discussed in Chassagne, 2021. This dependence cannot be obtained
from the S model. The graph indicates that the observed dependence is not predicted



6.4. RESULTS AND DISCUSSION

6

69

by the S model and is closer to that of the LG model. If the S model is reduced to its
aggregation part (the term involving kA in eq. (6.30)), it would still not reproduce the
observed behaviour as the S model predicts an increase of (dL/d t )/L as a function of L,
not a decrease as observed. A constant increase in (dL/d t )/L would imply an exponential
growth of L with time. Such exponential growth is not observed experimentally.

Figure 6.2: (Top panel): Particle size distributions for different clay concentrations (2.5 mgg−1 flocculant (Zetag
4110) to clay ratio). A constant shear rate of 112 s−1 is applied. (Bottom panel): Particle size distributions for
different shears (2.5 mgg−1 flocculant (Zetag 4110) to clay ratio, 1.2 gL−1 clay.

Figure 6.3: (dL/dt)/L as a function of L (A) and time (B), for suspensions having 2.5 mgg−1 flocculant (Zetag
4110) to clay ratio. A constant shear rate of 112 s−1 is applied. The curves represent fits for 1.2 gL−1.

In order to study the flocculation dynamics as a function of time, the data for c = 1.2 gL−1

was fitted for different time intervals ∆t . These time intervals are defined as ∆t = [0 t f i t ],
where t f i t can be varied. An illustration is given in Figure 6.4. The LG model is used for
fitting. The model results for several time intervals ∆t are shown in Figure 6.4 (right). The
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relation between Leq and kb ≃ 1/tb is represented in Figure 6.4 (left). It is found that both
Leq and tb are increasing linear functions of ∆t until ∆t = 1000 s, and

Leq
(
µm

) = 1.54t 1.15
b

tb = 0.2∆t (6.45)

It was also found that the parameter ab could be set constant, as it barely varied with the
time interval durations. It was set to its average value of 16.6.

The reason that Leq and kb are functions of the time interval ∆t is due to the change in
flocculation kinetics. At the start of flocculation, when clay and polyelectrolyte are mixed,
the clay particles will extremely rapidly bind to the bare polyelectrolyte strands. For the
smallest time intervals giving meaningful results (∆t = 90 s), it is found that L (0) = 7.8 µm,
which is in agreement with the clay primary particle size. For longer fitting time intervals,
L (0) becomes a function of ∆t for t ≲ 1500 s as L (0) and Leq are linked by eq.(6.41). It
is then found that L (0) is increasing linearly with ∆t . During the period t ≲ 1500 s, two
types of flocculation occur : (a) the remaining mineral clay particles in suspension (if
any) are captured by the existing flocs, and (b) floc-floc aggregation occurs, leading to a
change in flocculation kinetics. This is reflected in a change in Leq and kb but especially
in growth in L (0) as the “primary” particle is not a mineral clay particle anymore but a
floc. For time intervals such that ∆t > 1500 s, L (t ) is not a function of ∆t anymore as
L (t > 1500 s) has reached a constant value. In that case, it is found that the average value
of L (0) is about 60 µm, which can be considered a good estimate for the primary floc size
over the whole experimental range.

From this study and the results illustrated in Figure 6.4(A), it can be concluded that the
same fitting parameters can’t be used for the (fast) flocculation of unbonded mineral clay
and polyelectrolyte strands or for the flocculation of already formed flocs. This is why
it was proposed in Chassagne, 2021 to separate SPM into two classes: one class (Class
1) being defined as unflocculated clay mineral particles and one class (Class 2) that is
composed of flocs (mineral clay bound to organic matter). The mass transfer from Class 1
to Class 2 then obeys the fast kinetics observed here at small ∆t , whereas the flocculation
occurring in Class 2 (the aggregation of flocs lead to a new floc, that, by definition, belongs
to Class 2) can be modelled, in good approximation, using the parameters found from
fitting the data until an equilibrium size is reached (∆t > 1500 s).

In the following two sections, where the dependence on clay concentration and shear
will be investigated, and two-time intervals will be studied: ∆t = 400 s and ∆t =∆tend ,
whereby ∆tend represents the time interval between the start and the end of the experi-
ment. In all cases, the mean particle size L(t ) has reached a constant value when the time
corresponding to the end of the experiment is reached.

6.4.2. DEPENDENCE ON CLAY CONCENTRATION
The dependence of L(t ) on clay concentration was studied for concentrations between
0.4 and 1.6 gL−1 which is within the concentration range for which the measurements
are not limited by light detection issues. A constant shear rate of 112 s−1 is used in all
experiments. The time evolution of the mean particle size is given in Figure 6.5. Every
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Figure 6.4: (Figure A): Particle size evolution as a function of time for a suspension consisting of 1.2 gL−1 clay
and 2.5 mgg−1 flocculant (Zetag 4110) to clay ratio. A constant shear rate of 112 s−1 is applied. The curves
represent fits for given time intervals as indicated next to each curve. The curve without indication represents
the fit for the whole duration of the experiment. (Figure B): Leq as a function of kb found from fitting the particle
size evolution as a function of time for different time intervals ∆t

.

Figure 6.5: (Figure A): D50 as a function of time for the onset of flocculation; (Figure B): D50 as a function of
time for the whole duration of the experiments. The error bars indicate the differences observed when averaging
over 3 or 4 measurements; the curves indicate the fits; the parameters for the fit are given in table 6.1. The
flocculant (Zetag 4110) to clay ratio is 2.5 mgg−1.

experiment was replicated 3 or 4 times. The error bars in Figure 6.5 (right) represent the
standard deviation when averaging over all experiments. The parameters used for fitting
the data shown in this figure are given in table 6.1. As the parameter ab was not changing
much with clay concentration, the average value of ab overall concentrations was chosen
for each time series.

From the fit values for all clay concentrations used, the concentration dependence of Leq

and kb ≃ 1/tb can be studied, see Figure 6.6 and Figure 6.7. Eq.(6.43) tells that at short
∆t the flocculation rate should be linearly proportional to concentration. This is indeed
found, even though the dependence on clay concentration is rather mild. For ∆t =∆tend

it is found that tb ≃ 1/kb does not significantly depend on clay concentration. At short
times, see Figure 6.7, it is observed that the flocculation rate (dL/d t )t→0 is increasing
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Table 6.1: Fit parameters related to Figure 6.5.

∆t = 400 s ∆t =∆tend
c(g /L) Leq (µm) tb (s) ab kb (s−1) Leq (µm) tb (s) ab kb (s−1)

0.4 151 79 20 0.011 620 423 10.5 0.0021
0.6 145 98 20 0.009 598 368 10.5 0.0025
0.8 210 81 20 0.011 660 257 10.5 0.0035
1.0 269 81 20 0.011 928 277 10.5 0.0032
1.2 297 75 20 0.012 889 295 10.5 0.0030
1.4 469 85 20 0.011 918 202 10.5 0.0045
1.6 460 83 20 0.011 1013 208 10.5 0.0043

with clay concentration. It follows that (dL/d t )t→0 scales with Leq (not shown) since Leq

is increasing linearly with clay concentration, see Figure 6.6. It was observed that the low
shear rate of 112 s−1 did not produce a continuous flow of flocs in the pipes. Repeated
measurements have confirmed that this shear rate leads to a large experimental error,
as is clear from Figure 6.5. For this reason, this shear rate was not used in subsequent
shear rate dependence measurements, where only higher shear rates were used, which
produced a continuous flow of flocs in the pipes. The advantage of working at 112 s−1 is
that, in contrast to the shear experiments presented in the next section, the data can be
fitted using only a birth function.

Figure 6.6: kb and Leq as function of clay concentration c (gL−1) and shear G (s−1). All suspensions have 2.5

mgg−1 flocculant (Zetag 4110) to clay ratio. A constant shear rate of 112 s−1 is applied for the concentration
dependence figures. A clay concentration of 1.2 gL−1 is used on the shear rate dependence figures. The curves
represent fits as indicated in the text.
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Figure 6.7: The slope at origin (dL/d t)t≥0 as function of clay concentration c (gL−1) and shear G (s−1). All
suspensions have 2.5 mgg−1 flocculant (Zetag 4110) to clay ratio. A constant shear rate of 112 (s−1) is applied for
the concentration dependence figures. A clay concentration of 1.2 gL−1 is used on the shear rate dependence
figures. The curves represent fits as indicated in the text.

6.4.3. DEPENDENCE ON SHEAR
In order to study the effect of shear on the flocculation rate, experiments were performed
at different shears for a given clay concentration of 1.2 gL−1 and flocculant (Zetag 4110)
to the clay concentration ratio of 2.5 mgg−1. Three examples of particle size distribution
at different shears are given in Figure 6.2(bottom panel). The time evolution of the mean
particle size is given in Figure 6.8. Every experiment was reproduced 3 or 4 times, leading
to the error bars represented in the figure. The parameters used for fitting the data shown
in this figure are given in Table 2. As the parameter ab was not changing much with shear
and time ∆t , the average value of ab overall shears was chosen for the all-time series. At
short times (∆t = 400 s) only a birth function was used for the fit.

As discussed in (Shakeel et al., 2020), after a shearing period at sufficiently high shear, the
dangling ends of flocs tend to coil, and the flocs get smaller until they reach a size that
is in good approximation equal to the Kolmogorov microscale, see Figure 6.8. In order
to fit the decrease of L over time, it is necessary to introduce a decay term, as shown in
section 6.4.3. This decay is associated with a large characteristic time td resulting in a
small kd as in good approximation td ≃ 1/kd . The associated parameters are given in
Table 2. It was found that the parameter ad was not changing much with shear, and it was
therefore taken equal to its average value over all shears. From the fit values for all shears

Table 6.2: Fit parameters related to Figure 6.8.

∆t = 400 s ∆t =∆tend
G(s−1) Leq (µm) tb (s) ab kb (s−1) Leq (µm) tb (s) ab kb (s−1) td (s) ad kd (s−1)

281 743 68 18 0.014 195 76 18 0.012 3382 3.5 2.3×10−4

427 330 44 18 0.021 93 51 18 0.018 1319 3.5 5.9×10−4

635 204 38 18 0.025 56 43 18 0.022 1246 3.5 6.2×10−4

807 115 29 18 0.032 32 34 18 0.027 869 3.5 8.9×10−4

958 105 27 18 0.035 28 30 18 0.031 931 3.5 8.3×10−4

1147 101 25 18 0.038 26 27 18 0.035 1249 3.5 6.2×10−4

1336 71 25 18 0.036 17 27 18 0.033 2198 3.5 3.5×10−4
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used, the shear dependence of Leq and kb can be studied, see Figures 6.6 and 6.7. The
decrease of Leq with shear is modelled by:

Leq (∆t = 400s) = 5×106G−1.56

Leq (∆t =∆tend ) = 1×106G−1.52 (6.46)

where it should be noted that Leq is given in µm. For both ∆t = 400 s and ∆t =∆tend it
is found that kb is proportional to shear between 281 s−1 and 1336 s−1 (see Table 2 and
Figure 6.6) according to:

kb ≃ 1

tb
≃ 1.9×10−4G0.75 (6.47)

This leads to the following correlation between Leq and kb :

Leq (∆t = 400s) ≃ 0.022k−2.07
b

Leq (∆t =∆tend ) ≃ 0.1k−2.07
b (6.48)

where again Leq is given in µm. At high shear (> 700s−1) and ∆t = ∆tend it is found
that Leq follows the trend predicted by the Kolmogorov microscale, and therefore can be
approximated by:

Leq
(
∆t =∆tend ,G > 700s−1)= (

G

υ

)−0.5

(6.49)

where υ= 10−6 m2/s is the kinematic viscosity of water. As is clear from fig. 6.6, for G >
700s−1 the curves representing eqs.(6.46,6.49) are in close agreement, and the difference
in power of G is not noticeable. Eqs.(6.46) can therefore be used for the whole range of
shear investigated.

The slope at origin (dL/d t )t→0 decreases with G , which is in line with the estimation
obtained from section 6.4.3, using eq. (6.8):

(dL/d t )t→0 = kB L (t → 0) ≃ k−1.07
b ≃G−0.8 (6.50)

The fit (black curve in Figure 6.7) gives, with (dL/d t )t→0 in µm/s :

(dL/d t )t→0 = 313G−0.8 (6.51)

6.5. CONCLUSIONS
In this chapter, two models for flocculation, one based on logistic growth theory (LG
model) and the other on Smoluchowski’s approach (S model), have been compared. Two
series of experiments have been used for the comparison to explore the dependence of
the model parameters on shear and clay concentration. It was found that the kinetics of
flocculation can be modelled with the LG model, whereas the S model does not reproduce
the observed dependence on time of the mean floc size (D50) represented by L (t ). By
fitting the time evolution of L (t ), it was found that both the equilibrium floc size Leq and
tb which are parameters for the LG model, are a function of the time interval used for
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Figure 6.8: A): D50 as a function of time for the onset of flocculation; the curves indicated the fits; B): D50 as a
function of time for the whole duration of the experiments. The error bars indicate the differences observed
when averaging over 3 or 4 measurements; the parameters for the fit are given in table 6.2; The flocculant (Zetag
4110) to clay ratio is 2.5 mgg−1 for 1.2 gL−1 clay.

fitting. This was linked to the change in flocculation kinetics over time: at the onset of
the experiment, the flocculation is dominated by the aggregation of unbonded mineral
clay to polyelectrolyte strands, whereas at larger times, the flocculation is dominated by
floc-floc aggregation. It was found that the floc-floc aggregation could be modelled over
the whole experimental time interval with the same parameters, using the LG model. As
has already been reported (Elimelech et al., 1995; Shakeel et al., 2020), flocs created by
the addition of polyelectrolyte re-conform in the flow over time. This leads to a decrease
in floc size at long time scales. The LG model can be used to model both growth and
decay occurring over time, from which the characteristic timescales for growth and decay
can be found. Not accounting for this decrease occurring at a long time, a general fitting
function for a system of suspended clay destabilized by the addition of flocculant is found
using Eqs.(6.46,6.47) and is given by:

L (t ) = aLcG−1.5 1

1+abexp
(−at G0.75t

) (6.52)

where aL , ab and at are empirical parameters that do not depend on concentration nor
shear. These parameters, however, are expected to be a function of the flocculant-to-
clay ratio, which in the present study was kept constant. To give an order of magnitude,
based on the fits reported in the current chapter, aL ≃ 5×106 (µm.L.g−1.s1.5), ab ≃ 20 and
at ≃ 2×10−4 (s−0.25). Eq.(6.52) can be differentiated to:

dL

d t
= ab at G0.75 exp

(−at G0.75t
)

1+abexp
(−at G0.75t

)L (6.53)

Eq.(6.53) is of the type that can be implemented in a sediment transport model. The
measurement protocol used in this chapter is on clay in the presence of polyacrylamide
flocculant can be used to study any kind of system, in particular sediment collected from
the CCZ zone. The reason this was not done in the present thesis is that not enough
material was available at the time of the study.
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CONCLUSIONS AND

RECOMMENDATIONS

This chapter summarises the outcomes of the dissertation in the form of answers to the
sub-questions and the main research question presented in Chapter 1. The main findings of
the research are given, along with critical comments. Finally, recommendations for further
research are presented.
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7.1. CONCLUSIONS
In order to control the spread of turbidity flows originating from DSM, one needs to get a
better understanding of these flows. In particular, it is important to study how sediment
particle size and settling velocity impact the propagation of turbidity currents. A working
hypothesis in this thesis has been that particle aggregation, which enhances particle size
and settling velocity, would lead to a reduction of this propagation. The main objective of
this thesis has been to study how flocculation influences turbidity currents as a function
of different parameters, such as flocculant type and dosage and shear stresses.

Chapter 3 showed a series of lock-exchange experiments, that were conducted for various
sediment types, to study the influence of flocculation on the propagation of turbidity
flows. Subsequently, in Chapter 4, a thorough analysis of floc size distributions and
settling velocities as a function of sampling methods was presented. In Chapter 5, the
flocculation of deep-sea clay was studied, as a function of clay concentrations, shear rates
and mixing times. In Chapter 6, a recently proposed flocculation model was compared to
an established one. The model was subsequently parameterized to be of use in a sediment
transport model.

7.1.1. EFFECT OF FLOCCULATION ON TURBIDITY FLOW
The objective of the lock exchange experiment was to investigate the effect of flocculation
on the spread of turbidity current. The experiments conducted in lock exchange have
shown that:

1. The propagation behaviour of a lock-exchange turbidity current is influenced by
particle size and initial sediment concentration. Larger particles possess higher
settling velocities due to their increased mass and are more prone to rapid settling
when compared to smaller particles. This will lead to a limited propagation of the
turbidity current. On the contrary, smaller particles, being lighter, tend to remain
suspended for longer durations, leading to a slower settling rate and thus a larger
stretch of the turbidity current. The initial sediment concentration (the concentra-
tion in the mixing tank of the lock) significantly influences the current’s behaviour.
Higher initial sediment concentrations lead to denser turbidity currents. These
denser flows have increased momentum, allowing them to travel further distances
and carry more substantial sediment loads. Conversely, lower initial sediment
concentrations result in lighter turbidity currents with reduced momentum and
sediment-carrying capacity. These results are in line with previous studies (Elerian,
2023; Hallworth et al., 1998; Hallworth and Huppert, 1998).

2. When an organic flocculating agent, specifically an anionic polyelectrolyte, was
used in the mixing tank, leading to the creation of flocs, it was found that the
propagation of the turbidity currents was limited, following the reasoning of point 1
(the flocs were larger than the unflocculated sediment particles). It was found that
the propagation in saline water extended less than in freshwater, as it was shown
that flocs in a saline environment had a higher settling velocity than in fresh water.

3. When studying the particle size distributions as a function of the position in the
lock, it was found that the particle sizes varied depending on the environmental
conditions: for the same flocculant to clay ratio, flocs created in freshwater were
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larger than in salt water, and their mean size increased as the distance from the
mixing tank increased. This showed that aggregation occurred during the small
residence time of the flocs in the water (a few minutes).

4. In fresh water, the flocculation in the mixing tank is incomplete due to the scarcity
of cations that act as a binding agent between negative clay and negative polyelec-
trolyte. Flocs, clay particles, and unbounded flocculant which are released in the
lock can therefore flocculate during the current propagation. In saline water, on
the other hand, flocs are fully formed in the mixing tank, and releasing them in the
lock compartment just advect them. In saline environments, flocs are smaller than
in fresh water owing to the coiling of the polyelectrolyte, due to the screening of
the electrostatic repulsion between the charged groups of the polyelectrolyte. This
leads to the fact that saline water flocs have a higher density (and higher settling
velocity) compared to freshwater flocs.

It can be concluded that flocculation indeed reduces the spread of turbidity currents. As
flocculation is quite rapid (over a timescale of a few minutes), flocculation impacts the
propagation of density currents in lock exchange experiments.

7.1.2. EFFECT OF CONCENTRATION ON THE EVALUATION OF A PARTICLE’S

SETTLING VELOCITY IN TURBIDITY CURRENTS
The experiments conducted to study the effect of the concentration of particles on floc
size and settling velocities have shown that:

1. It has been demonstrated that the number of sampled flocs significantly changes
the settling velocity of flocs. The settling velocity of single flocs is always smaller
than the settling velocity of flocs of the same size observed using batch sampling.

2. Due to collective settling, flocs with different sizes fall with the same settling velocity.
Even the largest flocs are affected by the hydrodynamics of collective sampling.
In turbidity current, collective settling can play a significant role in the settling of
particles.

3. There is an increase in floc settling velocity with clay concentration, at a given
flocculant to clay ratio, after one hour of mixing at low shear. Denser and larger
flocs are created at larger clay concentrations.

Sampling methods, and in particular the number of particles transferred in the settling
column for video analysis, strongly impact the settling velocities of the sampled particles,
although the settling velocities are recorded about 30 cm below the injection point, where
collective effects were expected to be minimal. It is also known that the settling of particles
is dependent on the size of the container even for very dilute suspensions (Guazzelli and
Morris, 2011). This implies that settling column experiments cannot be used to evaluate
the effective density of flocs assuming Stokes settling velocity, as is often done.



7

80 7. CONCLUSIONS AND RECOMMENDATIONS

7.1.3. EFFECT OF CLAY CONCENTRATION, SHEAR RATES AND FLOC REST TIME

ON FLOCCULATION OF DEEP-SEA CLAY COLLECTED FROM CLARION

CLIPPERTON ZONE
The experiments conducted to study the effect of mixing time, clay concentration, and
shear rates on floc size and settling velocities have shown that:

1. It was found that deep-sea clay, collected from two different deep-sea areas in the
CCZ, flocculated over time when mixed in saline water within a few minutes.

2. At low clay concentration (0.5 gL−1), floc size increases with mixing time and
remains smaller than the Kolmogorov microscale whereas at higher concentration
(2 gL−1) the median floc size decreases after 5 min of mixing when flocs exceed
the Kolmogorov microscale. This is attributed to the fact that flocs larger than the
Kolmogorov length will reconform or erode.

3. Flocs containing more organic material have their settling velocity increasing with
mixing time, as they are more prone to reconformation.

4. The dependence of floc size upon shear leads us to conclude that there is a low
affinity for both water and mineral clay, but that there is a higher affinity for clay
than water, which results in the fact that flocculation is prevented at low shear, as
the hydrophobic organic matter would then remain in the state of coiling that does
not promote flocculation.

5. At shear rates higher than 125 s−1, the organic matter is expected to uncoil, as
larger median floc sizes are observed and these floc sizes increase with shear. If
this hypothesis is correct, it would imply that the steady state observed for each
shear corresponds to a balance between aggregation and break-up. The aggregation
rate would be proportional to the collision frequency coupled to a small collision
efficiency, whereas the break-up rate would be much less (or not at all) dependent
on shear.

6. Results found during residence time experiments in jars seem to confirm our hy-
pothesis. There appears to be a low affinity between organic matter and water
leading to the binding of organic matter to mineral clay.

7. At long residence time in the jar, the median floc size is observed to decrease. This
is attributed to a redistribution of the hydrophobic organic matter on the mineral
clay

8. Flocculation with deep-sea clay was performed in a new rotating wheel, and the
median floc size was compared to the one found using jar tests. It was found that
the hydrodynamics in the wheel led to larger median floc sizes in the wheel than in
the jar. The reason for this difference is attributed to the same reason that has been
proposed to explain the residence time experiments: organic matter coming into
contact with clay at very low shear will bind and lead to large flocs. Similarly to the
resting time tests, this flocculation occurred very rapidly (within 2.5 minutes). After
30 minutes, the median floc size started reducing.

9. While analysing the video at 5 gL−1 it was found that flocs started to disintegrate
during the settling process. This is in line with the hypothesis proposed for the
resting time experiments: the rearrangement of the organic material on the clay
(minimizing contact with water) causes the flocs to break up
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It was found that deep-sea clay indeed flocculates rapidly (in 2.5 minutes) in saline con-
ditions and that the organic matter is rather hydrophobic and has surfactant properties.
This would be in line with the characteristics of organic substances like phospholipids,
which are key components of cell membranes and are found in the deep sea.

7.1.4. PARAMETRIZATION OF FLOCCULATION MODELS
The thorough study of a recently published flocculation model has shown that

1. The newly proposed model reproduces the measured flocculation kinetics whereas
models based on Smoluchowski do not.

2. It was shown, by fitting the model to the data, that both equilibrium floc size
and flocculation rate are time-dependent, as different flocculation mechanisms
are observed as a function of time. In the early stages of flocculation, flocs are
predominantly formed by the aggregation of unbound mineral clay particles with
polyelectrolyte strands. At later stages, flocculation is predominantly governed by
the aggregation of floc-to-floc interactions.

3. It was shown that the model could be parameterized by performing a series of
measurements in the lab. An easy-to-implement formulation is proposed, giving
the rate of change of the median floc size as a function of clay concentration and
shear rate, for a given flocculant-to-clay ratio.

The flocculation model based on logistic growth used in this thesis could indeed be
parameterized and is easy to implement in a sediment transport model.

7.2. SUMMARY AND RECOMMENDATIONS
Experiments with deep-sea clay have demonstrated that flocculation indeed plays a
significant role, in the large range of concentrations and shears investigated. In particular,
considering the short timescales required for flocculation, and the hydrophobic nature
of organic matter, it is expected that flocculation plays a noteworthy role in plumes
generated by mining activities in the deep sea. The results obtained within this research
are however quite generic and they are expected to be applied to other types of density
currents and sediment plumes, such as the ones obtained from dredging activities. In
particular, the design of mining or dredging equipment could be adapted to make use
of the role of organic matter as flocculant, and hereby reduce the impact of sediment
plumes. The way the flocculation model was parameterized in this thesis serves as the
protocol to apply to set up similar models, for other clay suspensions. These models can
easily be implemented in sediment transport models and subsequently be tested.

More specific recommendations, regarding the experiments performed in the course of
this PhD work are given below.

• Due to a lack of material, the turbidity currents generated through lock exchange
experiments were performed using illite clay and an ionic polyelectrolyte. Con-
sidering the peculiar nature of deep-sea organic material, as found in the jar test
experiments, it would be interesting to repeat lock-exchange experiments with
deep-sea clay.
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• While experiments in the lock exchange were performed with a given mixing proto-
col, future research should consider exploring different initial mixing conditions to
account for the varying states of clay within the PNMT over time.

• The experiments in the present study were constrained by the small dimensions
of the lock exchange setup. Extending the length of the lock would allow for the
complete evolution of turbidity current dynamics.

• Having a setup that replicates at best deep sea conditions (the action of a PNMT
on the local hydrodynamics, presence of an erodable bed) would enable to study
the importance of flocs and flocculation in a more realistic way. The lock exchange
experiments in this thesis were performed in a lock without any deposited material.
It would be very interesting, for instance, to study the influence of a sediment bed
on the propagation of the sediment flow. Studying the action of a PNMT requires
adjustments to the lock exchange set-up.

• Considering the influence of batch settling on the settling velocity of flocs, it is
suggested to optimize the settling column’s dimensions and adapt the floc transfer
protocol (ideally transferring flocs one by one) to mitigate collective effects during
settling. By increasing the column size hydrodynamic effects such as return flow
and influence of the column walls can be minimised.

• Comparing laboratory measurements of floc size and settling velocities for naturally
flocculated deep-sea clay with in-situ data is essential. A camera system similar to
FLOCCAM should be deployed to the seafloor to characterise PSD better.

• Both deep-sea clay and the organic matter within it should be better characterized.
In particular, it would be interesting to validate the hypothesis that the deep sea
organic matter is indeed hydrophobic in nature.
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FLOCCULATION IN TURBIDITY CURRENTS

DISTANCE TRAVELLED BY PLUME HEADS
The 10, 30, and 100 gL−1 illite experiments with 0.25 mgg−1 flocculant are displayed in
Figure A.1 in terms of the distance travelled by the sediment plume within the video
recording range. Whereas for the ACCZ case 10 and 30 gL−1 experiments with 0.25 mgg−1

flocculant are displayed in Figure A.2.

MEAN FLOC SIZE AS A FUNCTION OF TRAVEL DISTANCE
The mean floc size of 10, 30, and 100 gL−1 illite experiments with 0.25 mgg−1 flocculant
are displayed in Figure A.3 and for the ACCZ case 10 and 30 gL−1 experiments with
0.25 mgg−1 flocculant are displayed in Figure A.4.

PARTICLE SIZE AND SETTLING VELOCITY DISTRIBUTIONS AS A FUNCTION OF

TRAVEL DISTANCE

The settling velocities and the particle sizes of 100 gL−1 illite experiment with 0.25 mgg−1

flocculant for fresh and saltwater cases are displayed in Figures A.5 and A.6 respectively.
The results for ACCZ in case of 30 gL−1 experiments with 0.25 mgg−1 flocculant are dis-
played in Figures A.7 and A.8.
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Figure A.1: Change in distance as a function of time for 10 gL−1(top), 30 gL−1(middle) and 100 gL−1(bottom) of
illite. Solid green lines represent experiments done in freshwater and dashed red lines show experiments done
in saltwater. Only results with 0.25 mgg−1 of flocculant are shown in these figures.
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Figure A.2: Change in distance as a function of time for 10 gL−1(top) and 30 gL−1(bottom) of ACCZ. Solid green
lines represent experiments done in freshwater and dashed red lines show experiments done in saltwater. Only
results with 0.25 mgg−1 of flocculant are shown in these figures.
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Figure A.3: Hydrodynamic diameter of illite flocs for 100 gL−1 experiments at different locations (L1-L4) in
the lock exchange for illite. Left: results obtained by SLS (Malvern instrument) and right results obtained from
FLOCCAM. Solid green lines represent experiments done in freshwater and dashed red lines show experiments
done in saltwater. Only results with 0.25 mgg−1 of flocculant are shown in these figures.

Figure A.4: Hydrodynamic diameter of illite flocs for 30 gL−1 experiments at different locations (L1-L4) in the
lock exchange for ACCZ. Left: results obtained by SLS (Malvern instrument) and right results obtained from
FLOCCAM. Solid green lines represent experiments done in freshwater and dashed red lines show experiments
done in saltwater. Only results with 0.25 mgg−1 of flocculant are shown in these figures.
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Figure A.5: Settling velocity and particle size analysis of the sub-samples collected at location L1 (top panels)
and L4 (bottom panels) during lock exchange experiments with 100 gL−1 illite and 0.25 mgg−1 of flocculant in
freshwater. Settling velocity is derived as a function of equivalent spherical diameter, with diagonal dashed lines
representing the contours of effective density (kgm−3). Dashed lines represent the iso-lines calculated by using
the Stokes equation(from left to right: 1600,160,16). The right panels show the floc size range and mean settling
velocity. The images of the flocs are given in the left panels.

Figure A.6: Settling velocity and particle size analysis of the sub-samples collected at location L1 (top panels)
and L4 (bottom panels) during lock exchange experiments with 100 gL−1 illite and 0.25 mgg−1 of flocculant in
saltwater. Settling velocity is derived as a function of equivalent spherical diameter, with diagonal dashed lines
representing the contours of effective density (kgm−3). Dashed lines represent the iso-lines calculated by using
the Stokes equation(from left to right: 1600,160,16). The right panels show the floc size range and mean settling
velocity. The images of the flocs are given in the left panels.
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Figure A.7: Settling velocity and particle size analysis of the sub-samples collected at location L1 (top panels)
and L4 (bottom panels) during lock exchange experiments with 30 gL−1 ACCZ and 0.25 mgg−1 of flocculant in
freshwater. Settling velocity is derived as a function of equivalent spherical diameter, with diagonal dashed lines
representing the contours of effective density (kgm−3). Dashed lines represent the iso-lines calculated by using
the Stokes equation(from left to right: 1600,160,16). The right panels show the floc size range and mean settling
velocity. The images of the flocs are given in the left panels.

Figure A.8: Settling velocity and particle size analysis of the sub-samples collected at location L1 (top panels)
and L4 (bottom panels) during lock exchange experiments with 30 gL−1 ACCZ and 0.25 mgg−1 of flocculant in
saltwater. Settling velocity is derived as a function of equivalent spherical diameter, with diagonal dashed lines
representing the contours of effective density (kgm−3). Dashed lines represent the iso-lines calculated by using
the Stokes equation(from left to right: 1600,160,16). The right panels show the floc size range and mean settling
velocity. The images of the flocs are given in the left panels.



B
APPENDIX B

SETTLING VELOCITIES IN TURBIDITY CURRENTS

SETTLING VELOCITY AND PARTICLE SIZE

Figure B.1: Settling velocity and particle size analysis of 5 gL−1 experiment for both collective (left) and
individual settling (right) cases. Settling velocity is plotted as a function of equivalent spherical diameter, with
diagonal dashed lines representing effective density iso-lines calculated by using Stokes equation (from left to
right: 1600,160,16 (kgm−3)).
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Figure B.2: Settling velocity and particle size analysis for all concentrations (0.01 to 5.0 gL−1). Settling velocity is
plotted as a function of equivalent spherical diameter, with diagonal dashed lines representing effective density
iso-lines calculated by using Stokes equation (from left to right: 1600,160,16 (kgm−3)).
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Figure B.3: Snapshots of the videos for 5.0 gL−1 experiment for the collective settling case. These snapshots
(from top to bottom) show the transition in a number of flocs appearing in front of the camera from start to end
frame.

Figure B.4: Snapshots of the videos for 5.0 gL−1 experiment for the individual settling case. The top row displays
the settling of the same particle as a function of time.
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FLOCCULATION AND SETTLING OF DEEP-SEA CLAY

Figure C.1: Snapshots depicting the form of deep-sea clay as it was received, (Left) Clay 1, (Right) Clay 2.
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Figure C.2: Snap shot of the flocs from FLOCCAM videos showing floc-floc aggregates (highlighted in black)
after different mixing times for Clay 1 at 5.0 gL−1. (Top left) is after 2.5 minutes, (Top right) is after 30 minutes,
(Bottom left) is after 60 minutes, and (Bottom right) is after 120 minutes.

Figure C.3: Snap shot of the flocs from FLOCCAM videos showing aggregates with swirls of organic matter after
120 minutes of mixing times for Clay 1 at 2.0 gL−1.
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Figure C.4: Picture of resting flocs at the bottom of the jar after flocculation experiment on day 1. (Left) 0.5 gL−1,
(Middle) 2.0 gL−1, (Right) 5.0 gL−1.

Figure C.5: Images of wheel at different intervals showing flocculation experiment. (Top figure) 0.5 gL−1

(Bottom figure) 2.0 gL−1.
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Figure C.6: Snap shot from FLOCCAM videos showing flocs breaking up after different mixing times for Clay 1
in the wheel at 5.0 gL−1. (Top left) is after 2.5 minutes, (Top right) is after 30 minutes, (Bottom left) is after 60
minutes, and (Bottom right) is after 120 minutes.

Figure C.7: (Top & Bottom left): Settling velocity and particle size analysis of Clay 1 at the start and end of
the shear experiment for the concentration of 5.0 gL−1. Settling velocity is derived as a function of equivalent
spherical diameter, with diagonal dashed lines representing effective density contours calculated using the
Stokes equation (from left to right: 1600, 160, 16 (kgm−3)). (Top & Bottom mid) the floc size range and mean
settling velocity. (Top & Bottom right) snapshots of the videos.
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Figure C.8: (Top & Bottom left): Settling velocity and particle size analysis of Clay 2 at the start and end of
the shear experiment for the concentration of 5.0 gL−1. Settling velocity is derived as a function of equivalent
spherical diameter, with diagonal dashed lines representing effective density contours calculated using the
Stokes equation (from left to right: 1600, 160, 16 (kgm−3)). (Top & Bottom mid) show the floc size range and
mean settling velocity. (Top & Bottom right) snapshots of the videos.





D
APPENDIX D

TOWARDS IMPLEMENTATION OF FLOCCULATION IN NUMERICAL

MODELS
In this appendix, the derivations given in Winterwerp, 1998 are discussed.

AGGREGATION TERM
Combining eqs. (6.21) and (6.22) leads to

dn

d t
=−8

3
αGL3

i n2 (D.1)

This equation is to be compared with eq.(11) used by Winterwerp, 1998 which reads

dn

d t
=−3

2
πec edGL3n2 (D.2)

The parameter ec is defined by Winterwerp as “the efficiency parameter is a function of
the physicochemical properties of the sediment and water and of the organic compounds
in the sediment”. The efficiency parameter ed is defined by Winterwerp as “an (efficiency)
parameter for diffusion”. The product ec ed can therefore be seen as the collision efficiency

α= ec ed (D.3)

The origin of the 3
2π in eq.(D.2) is unknown. Combing eqs. (6.17) and (6.18) yields

φpp in floc =
ρ f loc −ρw

ρs −ρw
= c/ρs

nV
(D.4)

which is to be compared with eq.(2) of (Winterwerp, 1998), which reads

φ= ρs −ρw

ρ f loc −ρw

c

ρs
= fs nL3 (D.5)
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where Winterwerp uses V = fs L3, the shape factor fs being equal to π/6 for spherical flocs.
Note that the φ defined by Winterwerp corresponds to

φ= φs

φpp in floc
(D.6)

and not to φs as he claims. Combining eqs. (6.20), (6.22) and (6.23), gives

dL

d t
= 2αG

D

c

ρs

L4−D

L3−D
p

= kAcGL4−D (D.7)

which corresponds with eqs.(14,15) proposed by Winterwerp but for a different prefactor
originating from the difference between eqs.(D.1,D.2).

BREAK-UP TERM
The simplest models assume that s, defined in eq. (6.26), scales with the size of particles,
i.e. p = 1. However, in the case of fractal flocs as the ones formed by salt-induced
aggregation of hard spheres, the smaller the fractal dimension, the less particle bonds
per aggregate volume, the smaller the floc strength. Therefore the breakage rate should
increase with decreasing fractal dimension D , which Barthelmes (Barthelmes et al., 2003)
accounts for by introducing the term:

V 1/3
p

(
L

Lp

)3/D

(D.8)

in eq. (6.26) to yield:

s = sb

(
ηG

τ∗

)q

V 1/3
p

(
L

Lp

)3/D

(D.9)

Note that this implies that:
p = 3/D (D.10)

The break-up rate given by Winterwerp by (see eqs.(16,17) in Winterwerp, 1998) is:

s = a

T

(
ηG

τ∗

)q∗ (
L−Lp

Lp

)p∗

(D.11)

where we substituted the turbulence induced stress τt = ηG (eq.(21) in (Winterwerp,
1998)). In our notation τy = τ∗ is the strength of floc. The parameters a, p∗ and q∗ are
empirical. The parameter T is defined by Winterwerp as “the time scale of the disrupting
eddies” which he assumes to be T ≃ 1/G .

Winterwerp furthermore follows the reasoning of Kranenburg (Kranenburg, 1994) which
estimates that:

τ∗ ≃ nbF (D.12)

where F is the rupture force of a bond (N ) which is implicitly assumed not to depend on
L and nb is the number of bonds per unit area. Because of the self-similarity property of
fractals, it follows that nb = m0/L2 where m0 is a constant, and hence:

τ∗ ≃ m0

L2 F (D.13)
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The fact that τ∗ then scales with L−2 is, therefore purely a consequence of assuming flocs
to be fractal objects. The relation between floc’s rupture and size has been experimentally
tested, whereby a single floc is pulled apart in tensile mode (Yeung and Pelton, 1996). It
has been demonstrated that the rupture depends on the fractal dimension of the floc: it
is the narrowest section cross-section in a fractal object which determines its strength,
which does not need to be correlated with particle size. For compact flocs (high fractal
dimension), the weak points are on the periphery; therefore, these flocs are prone to
experience surface erosion. For low fractal dimension flocs, on the other hand, their
narrowest cross-sections can be located anywhere, and hence they tend to break in two.
This latter case is in line with the initial assumption that all flocs are assumed to have the
same size at all times. It follows that eq.(D.11) can be written:

s = aG

(
ηG

F
L2

)q∗ (
L−Lp

Lp

)p∗

(D.14)

For situations where L ≫ Lp one gets:

s = aGq∗+1

Lp
p

( η
F

)q∗
L2q∗+p∗

p (D.15)

Comparing eqs.(D.9,D.15), one finds the equivalence

q = q∗+1

p = 2q∗+p∗ (D.16)

Winterwerp uses p∗ = 1 and q∗ = 0.5 which implies that p = 2 and q = 1.5. The fragmen-
tation exponent q is usually found to be 1.5 < q < 6.5 (Barthelmes et al., 2003) and as
discussed above one usually assumes 3 ≥ p ≥ 1.

From eq. (6.15) one gets:
1

n

dn

d t
=−D

L

dL

d t
= eb × s (D.17)

which leads to:

dL

d t
= −eb ×aG

(
ηG

F
L2

)q∗ (
L−Lp

Lp

)p∗

× L

D
(D.18)

= −kB Gq∗+1 (
L−Lp

)p∗
L2q∗+1 (D.19)

which is to be compared with eqs.(22, 23) of Winterwerp, 1998.
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