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Abstract

With an increasing demand for raw materials like cobalt and nickel, there is an interest to mine polymetallic
nodules from the deep-sea. These nodules are abundantly distributed along the abyssal plains, e.g., the Clar-
ion Clipperton Zone (CCZ) in the North East Pacific. These nodules lay spread on top of a seabed consisting
of very fine clayey sediment and will be collected by a seafloor mining tool (SMT). During the operation, the
seabed will be disturbed, resulting in a suspended sediment plume discharged by the SMT. This plume can
have a significant environmental impact through a blanketing effect on the abyssal fauna and create a distur-
bance in the water column affecting the entire food web structure. Hence, identifying the critical processes
and quantification of sediment plume dispersion is essential to predict the potential environmental impact
better and determine what technologies would enable a lower ecological impact.

Spearman et al. (2020) investigated turbidity plumes generated by deep-sea mining experiments and dis-
covered faster settling velocity than the theory described. They hypothesize that this is due to flocculation.
The settling speed depends on the density, concentration, shape, and cohesive properties of the sediment.
Flocculation in the deep-sea can occur in two ways, by salinity or by organic matter. Gillard et al. (2019)
showed that the flocculation response of CCZ sediment strongly depends on the concentration and applied
shear rate. To analyze to what extent aggregation could influence the plume dispersion, experiments are con-
ducted in which the effect of aggregation can be adjusted selectively. Lock exchange experiments are used to
analyze the impact of aggregation by comparing results with illite based on freshwater, saltwater, pre-existing
bed, and added flocculant. Additional experiments with artificial CCZ sediment are done to ensure that the
illite experiments are not too idealized.

To prove that the settling velocity is increasing in saltwater, settling velocity tests have been performed. I
performed experiments with illite suspensions in a settling column. An increase in settling velocity is ob-
served due to the rise in salinity up to 75 g/L of illite. Lock exchange experiments are performed to mimic the
particle-driven currents. The lock experiments involve a lock release of a fixed volume suspension of sedi-
ment from the mixing section into the outflow section.

Similar observations were made by doing lock exchange experiments. A decrease in average head velocity
is shown for all experiments up to 75 g/L of illite in saltwater. To further induce flocculation and mimic or-
ganic matter in the water column, experiments with flocculant were done. Mixing the flocculant, Zetag 4120
or Zetag 8125, in the mixing section will further decrease average head velocity compared to saltwater. Zetag
4120 even ensures very fast settling as the end of the tank will not be reached.
For low concentrations in saltwater, flocculation is shown as the tail decreases more rapidly than freshwater.
Flocculation with higher mass concentrations of illite is shown when flocculant is added to the mixing sec-
tion. Adding Zetag 4120 to saltwater makes the current even settle quicker.

The SMT will move over a pre-existing bed, experiments were done to see if a pre-existing clay bed has conse-
quences for the behavior of the flow. A clay bed has been made by running a lock exchange experiment with a
concentration of 100g/L. This test then had, depending on the next experiment, one day or two days settling
time before it was used for the new experiment. One-day bed experiments overall encountered a decrease in
average head velocity. Two-day bed experiments overall experienced an increase in average head velocity.

To mimic the existing sediment in the CCZ and determine if illite experiments are not too idealized, exper-
iments were done with artificial CCZ sediment. The currents behaved differently compared to illite, as they
produced more coherent flows for low concentration. Also, it showed better effects on lowering the ecological
impact when looked at mass concentrations of 100g/L of artificial CCZ sediment as gelling occurred.

To minimize the environmental impact created by deep-sea mining, the SMT should produce a discharge
between the 50 and 100 g/L of artificial CCZ sediment. Gelling will occur, which has a positive effect on
minimizing the minimizing the plume dispersion.
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1
Introduction

Due to the growth of the world population and the increase in economic activity, the demand for minerals
and metals is rising. Especially an excessive rise in demand for metals and minerals, which can be used
in the transition to green energy. In 2015 the Paris Agreement on climate change had been agreed upon.
This agreement indicates a global resolve to embark on development patterns that would significantly be less
Climate and Greenhouse Gas (CHG) intensive. This report suggests that for the coming 30 years (till 2050), the
demands for widely used metals will rise (The World Bank, 2017). The most important metals are probably:
aluminum, cobalt, copper, iron, lead, lithium, nickel, manganese, rare earth metals, including cadmium,
molybdenum, neodymium, indium—silver, steel, titanium, zinc, and the platinum group of metals.

Land-based resources are limited, and access to these resources can be difficult. China, responsible for
more than 70% of the world’s supply of these metals, prioritizes its economy before exporting these elements.
Also, political problems may arise due to the work circumstances of mining. For example, cobalt mining in
the Congo’s copper belt, where 64% of the world’s land-based cobalt is present, is problematic. Especially
child labor in the Republic of Congo is controversial (Hein et al., 2020; Gonda et al., 1990).

Many metals required for the transition to green energy are abundant in the deep-sea. Polymetallic nod-
ules, which are rich in metals, lie in the deep-sea on abyssal planes. Many of the areas where polymetallic
nodules are found are located in international waters. The Clarion Clipperton Zone CCZ in the North Pacific,
between Mexico and Hawaii, is the largest area with adjacent polymetallic nodules. The deep-sea is defined
as the area which is covered with >200m depth of seawater. It covers an area of more than 65% of the earth’s
surface (Halbach and Fellerer, 1980; Thistle, 2003). In the deep-sea, the polymetallic nodules may occur on
the abyssal seafloor of every ocean at a depth between 4000 and 6000 m (Gillard, 2019).

Mining of the polymetallic nodules will take place with a seafloor mining tool (smt) which will be de-
ployed from a ship. The Seafloor Mining Tool (SMT) will be moved down to the seabed, where it will loosen
the top 10 centimeters of the seabed. This will create plumes of which can be hazardous for the deep-sea
environment. The plume will be carried far away from the collector vehicle by ocean currents. Polymetallic
nodule mining at abyssal depths in the CCZ will have an unknown impact on one of the most remote and
least known environments on earth (Vanreusel et al., 2016).

In 1994 the International Seabed Authority (ISA) was founded. The ISA is mandated to regulate and con-
trol all mineral-related activities in international waters. This authority has issued regulations on Prospecting
and Exploration for polymetallic sulphides in the area. One of the regulations is: “Each prospector shall take
necessary measures to prevent, reduce and control pollution and other hazards to the marine environment
arising from prospecting, as far as reasonably possible, applying a precautionary approach and best environ-
mental practices” (International Seabed Authority, 2014).

As reported, the increasing demand for minerals for the growing world population is evident. Deep-sea
mining may contribute to the solution of this problem. Protection of the sea-bed environment has to be taken
into account, as has been stated by the ISA. Taken into account the technical procedure of deep-sea mining
and the regulations of the ISA it seems crucial to focus on minimization of the spread of the sediment plume
(Miller et al., 2018).
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1.1. General aspects of deep-sea mining
1.1.1. Polymetallic nodules
Polymetallic nodules were discovered in 1868 in the Kara Sea, in the Arctic Ocean off Siberia. The scientific
expedition of the H.M.S Challenger in 1872-1876 found polymetallic nodules in most of the world’s oceans;
see figure 1.1. Polymetallic nodules are potato-like in shape. They have a diameter between 1 and 15 centime-
ters and lie on top or within the first 10 cm of the deep-sea sediments. The name polymetallic nodules point
to the fact that the nodules consist of multiple metals. They contain especially manganese, nickel, copper,
and cobalt, but they also harbor interesting amounts of molybdenum, titanium, and lithium (Sharma, 2017).
The chemical and physical properties of a nodule depend on the location of the specific site (Halbach and
Fellerer, 1980).

Nodules expand at a rate of a few centimeters per million years by collecting metals, either out of cold
ambient seawater (hydrogenetic) or out of pore water in sediments(diagenetic). Nodules can grow solely
hydrogenetic, solely diagenetic, but mostly a combination of the two. Nodules formed by diagenetic have the
highest Ni, Cu, and Li concentrations. The rate of expansion also differs, hydrogenetic growth is at 1 to 5 mm/
106 year and diagenetic growth is at 250 mm/106 year(Halbach and Fellerer, 1980; Hein et al., 2020).

1.1.2. Clarion Clipperton zone
The CCZ is the region with the largest adjacent occurrence polymetallic nodules fields, which is a tremendous
economic advantage. The region is found in the North Pacific, between Mexico and Hawaii, and contains
an area of six million km2, with depths between 4000 and 6000 m. The estimation is that in the CCZ an
abundance of 21 billion tons of polymetallic nodules is present (Kuhn et al., 2017). The ground coverage of
nodules depends on the site in the CCZ, and even in these sites, the coverage can change quickly. The amount
of Mn, Co, Ni, Te, Ti, and Y estimated to be present in the CCZ is larger than the total land-based reserves and
resources (Peukert et al., 2018).

The ISA handed out exploration contracts to eighteen contractors in the period from 2001 till 2019. An
exploration contract contains the right to explore an area of 75,000km2. The ISA also assigned nine regions
in the CCZ where exploration is forbidden, the Areas of Particular Environmental Interest.

Figure 1.1: World map showing the location of the three main marine mineral deposits: polymetallic nodules; polymetallic or seafloor
massive sulfides; and cobalt-rich ferromanganese crusts. (Wang, 2019)

The composition of the sediment in the CCZ depends on the location in the CCZ. Bischoff et al. (1979)
investigated three sites in the CCZ and found sediment specimens, which predominantly consist of pelagic
clay, sea salts, and hydrogenous materials.
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1.1.3. Procedure of deep-sea mining

Figure 1.2: Polymetallic nodule mining operation (Wikipedia, n.d.)

Mining in the deep-sea is a challenging task. Cur-
rently, the most effective system to mine polymetal-
lic nodules is represented in figure 1.2. The Seafloor
mining tool (smt) will move with a speed of 0.5 m/s.
The nodules, laying on top or within the first 10
centimeters of the sea-bed, will presumably be har-
vested using a hydraulic collector (Lang et al., 2019).

In the SMT these nodules are separated from
the sediment, and 90% of the sediment is succes-
sively discharged at the back of the SMT, form-
ing the sediment plume. The remaining 10% sedi-
ment with nodules is pumped up through the verti-
cal transport system to the mining platform, where
the rest of the sediment is separated and discharged
through the discharge pipe, forming a plume called
the tailings discharge (Gillard, 2019). The simulta-
neous transport of the sediment and the nodules
to the mining platform is a necessary disadvantage.
Ideally, no sediment is transported, but with the
present method, it is inevitable. It is expansive, and
the tailing discharge harms the environment.

The sediment plume is discharged through a
diffuser at the rear of the SMT. The SMT will dis-
charge 725 tons of dry sediment an hour, equivalent
to 290 m3/h. With the sediment, it will discharge
21317m3/h of water. (Lang et al., 2019; Mohn et al.,
2019).

1.1.4. Plume
Three plumes are created by using an SMT. The first one is a plume created by the disturbance due to the
operations of the SMT for example, the movement and the landing of the SMT. This one is known as the least
harmful for the deep-sea environment. The sediment plume and the tailing discharge are discussed above
and are harmful to the local habitat. The tailings discharge and the sediment plume cause turbidity plumes,
which can travel hundreds of kilometers from where the mining operation occurs. To reduce the effect of the
plume on the marine environment, it seems essential to limit the spread of the plume (Elerian et al., n.d.;
Kyrousi et al., 2018).

The sediment plume will be discharged horizontally out of the SMT, and consist of four main parts of
focus, see fig 1.3. The first part is the discharging region; this is the region where the sediment is released
from the SMT. Here the discharge contains the initial conditions created by the SMT e.g., momentum, flow
rate, and concentration of the discharge. This could be altered by redesigning the SMT for example, the
collection and separation method. The second part, the jet-plume transition, transitions from a momentum-
dominated plume to a buoyancy-dominated plume, which is caused by entrainment. This plume will then
interact with the seabed, the impingement area. Here deposition and erosion can occur due to interaction.
After this interaction, the plume will travel as a turbidity current along the seabed (Elerian et al., n.d.). The
sediment volume concentration of the turbidity current is estimated as 2% (Personal communication with
Dr.Ir. R.L.J. Helmons).

Sharma (2017) says that the critical factor in plume dispersion is the high proportion of clay that can
remain in suspension over long periods of time, whereas nodule debris will settle faster. Even in areas with
an abundance of nodules, it would be desirable to screen out sediment before lifting the nodules and, in that
way minimizing environmental impact.

3



1.2. Problem definition 1. Introduction

Figure 1.3: Different areas of interest in horizontal plume discharging (Elerian et al., n.d.).

1.2. Problem definition
1.2.1. Environmental impact
TThe SMT has considerable effects on the deep-sea environment. Especially three plumes play a role in these
effects. This study will be confined to the impact of the sediment plume.

The stirring of the seabed, the discharge of the sediment out of the collector, and the forming of the sed-
iment plume would lead to significant alterations of the seafloor and benthic habitat. All the abyssal fauna
live on the seafloor or within the upper few centimeters of the seabed. The cloud of resuspended sediment
created at the collector’s back spread two ways, locally, called near field, and remote, called far-field. The
sediment plume will have a blanketing effect on the abyssal fauna, which causes an indirect disturbance or
deletion of the benthos (Roels, 1974; Oebius et al., 2001). The dissolved nodules particles can act as a source
of potentially toxic metal (Koschinsky et al., 2001; Hein et al., 2020). The reduction of the widespread toxic
blanketing effect can be achieved by lowering the spreading effect of plumes (Miller et al., 2018). To minimize
the impact from nodule mining, Helmons (2019) writes: “The highest reduction of the environmental impact
is expected through optimization of the mixture flows and reduction of the clean water intake, allowing to
discharge the sediment at a higher concentration”

1.2.2. Plume behaviour
Gillard et al. (2019) investigated the impact of collector tests in the eastern section of the German license area
of the CCZ. They performed experiments with the real sediment, with different concentrations (35, 105, 175,
500 mg /L) and different shear rates (2.4, 5.7, 10.4 s−1). Concentration with 500 mg /L with the shear rate of
2.4 s−1 will lead to high settling flux, presumably due to flocculation. Optimizing the discharge condition in
terms of concentration and shear rate (turbulence level) is highly needed (Elerian et al., n.d.). For further
research, they suggest investigating higher discharge concentrations and also the hindered settling process.
The settling velocities used by Gillard et al. (2019) were based on the sediment particle size distribution, but
Spearman et al. (2020) found much lower settling velocities.

Spearman et al. (2020) tested the hypothesis that sediment plumes generated at the sea bed by deep-sea
mining will be limited in spatial extent due to a combination of effects of sediment flocculation and dis-
persion to levels below the natural variation in the background suspended sediment signal. These studies
identify the behavior of deep-sea benthic plumes on the Tropic Seamount near the Canary Islands. The au-
thors investigated the turbidity plume with a sediment concentration of 20 and 100 mg /L (dry weight). Just
like Gillard et al. (2019) rapid flocculation of fine to coarse silts was presumably observed, resulting in faster
settling velocities. These higher settling velocities are considered to result from the flocculation enhancing
role of the extra-cellular polymers and bacteria occurring in natural seawater, the electrostatic properties of
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crust particles, and the ability of fine sediment to flocculate with larger sand-sized particles.

1.2.3. Research questions
Numerical modeling of sediment plumes is being applied to determine the behavior. This behavior is essen-
tial to predict how it will impact the environment. The existing numerical models depend on experimental
validation data produces by scaled experiments or field observations. The current models for plume dis-
persion don’t account for the increased settling velocity by flocculation. Gillard et al. (2019) investigated the
turbidity plume and discovered faster settling velocity than the existing numerical models describe and sug-
gested it was caused by flocculation but was not proven.

The collector discharges 90% of the sediment out of the diffuser, and a turbidity current with a volume
percentage of around 2% arises. It is crucial to find out the ideal concentration of sediment in the sediment
plume to minimize the plume’s environmental impact. The volume percentage of the turbidity current can
be slightly altered by the design of the SMT and is expected to be between the 1 and 3%. The main objective
of this project is to determine if there is an optimal concentration of particles that give the most negligible
dispersion of the turbidity current at a similar sediment flux.

Research objective
• Is there a difference in plume scatter when comparing fresh and saltwater with mass concentration of

(1%≤C≤12.5%) sediment due to flocculation?

• Is the plume influenced by the seabed?

• Is there an opportunity to increase the flocculation using additives?

• Is there an optimum mass sediment concentration (1%≤C≤12,5%) of CCZ sediment, in saltwater where
the plume scatter is minimal?
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2
Theory

This chapter discusses the known literature available about the seabed conditions, the settling velocity, floc-
culation, and gravity currents. The goal of this chapter is to obtain more insight about gravity currents in the
CCZ.

2.1. Seabed conditions
This paragraph discusses the seabed conditions in the CCZ. These conditions are of great importance; for
example, the sediment type and size significantly affect the plume. The seabed conditions have a lot of con-
stants but also a few variables dependent on geographic location.

2.1.1. Conditions in the Clarion Clipperton zone
As the marine environment accounts for 65% of the earth’s surface and 95% of the global biosphere, there is a
lot to discover. The conditions in the CCZ are shown in table 2.1. The acidity in the deep-sea has a pH value
of around 7.9. This means that the sea here is base. With a slow sedimentation rate and low current velocity,
the environment in the CCZ is very stable (Gillard, 2019). As the slope predicts, the CCZ is called an abyssal
plane; they are among the flattest, smoothest regions on earth. The oxygen level of the seabed is declining by
depth till about 2-3 meters below the seabed. (Gillard, 2019).

Value Unit
Acidity (1) 7.9 pH
Current velocity (2) 3.8 cm/s
Depth (3) 4000 to 5000 m
Salinity (4) 35 ppt
Sedimentation rate (5) 35 mm/kyr
Slope (6) <0.57 ◦

Temperature (7) 1.5 ◦ C
Seawater density (8) 1048 kg /m3

Table 2.1: Conditions in the CCZ:(1)(Park, 2011);(2)(Gollner et al., 2017);(3,5)(Gillard, 2019);(4)(Federal Ministry for Economic Affairs and
BGR Energy, 2018);(6)(Zawadzki et al., 2020);(7)(Gillard et al., 2019);(8) (GSR, 2018).

2.1.2. Sediment in the Clarion Clipperton zone
Sediment distribution in the CCZ
Sediments in the deep-sea are mechanical mixtures of several fractions. These fractions can consist: biogenic
ooze, terrigenous or pelagic clay, volcano debris, hydrogenous material, and metalliferous sediment. The
predominance of the fraction depends on the differences in relative rates of supply to the seafloor. This
variation can be seen in the chemical composition in the sediment (Bischoff et al., 1979).

According to the data from the Global Sea Mineral Resources (GSR) (Lang et al., 2019), the Norwegian
University of Science and Technology(NTNU)(Lang et al., 2019) and the Interoceanmetal Joint Organization
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(IOM)(Zawadzki et al., 2020) the sediment in the CCZ typically consists of particles with a size mostly in the
range of silts. The GSR and IOM both have an exploration area assigned by the ISA. The NTNU uses samples
from the GSR exploration area. Table 2.2 gives an overview of the distribution of particle sizes in these areas.
These percentages are measured as diameter, not a percentage of clay, silt, or sand. It is shown that more than
70% of the sediment is between 2µm and 63µm.

Name of sediment
fraction

Diameter limits (µm)
WRB classification

GSR data
Average (%)

NTNU data
BC062 (%)

NTNU data
BC064 (%)

IOM data
Average (%)

Clay <2 12.0 11.3 14.5 23.24
Silt 2-63 76.2 85.7 82.5 70.36
Sand 63-2000 11.8 3 3 6.13

Table 2.2: Fraction distribution of sediments.

There are four main groups of clays: kaolinite, chlorite, illite and smectites or montmorillonites. As the
sediment type in the CCZ is dependable on the location, the percentages of the groups in clay also depend
on the location, see table 2.3. It is clear that in all the different sites, smectite and illite are the most present
clay groups. Surface sediments in areas A and B are clay-bearing siliceous oozes with a clay content ranging
from 25 to 70 percent. Sediments at site C is siliceous pelagic clay and contains a more significant clay fraction
ranging from 70 to 100 percent (Bischoff et al., 1979). In the GSR area, more than 50% of the sediment consists
of a biogenic siliceous clayey mud (GSR, 2007).

Lithologically, sediments of the CCZ are represented by two classes of biogenic sediments. Namely (i) car-
bonate sediments (e.g., carbonate silts, clays, and oozes), and (ii) siliceous sediments (e.g.red clays, siliceous
silts, clays, and oozes. Mixtures of these two are predominant across the majority of the CCZ seabed (GSR,
2007).

IOM 1 IOM 2 IOM3 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 14.25 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 2.3: Percentages of mineral groups in clay (Maciag and Harff, 2020; Bischoff et al., 1979; GSR, 2018; Zawadzki et al., 2020).

Organic matter
The ocean constitutes the second-largest carbon sink on earth (Le Quéré et al., 2018). The exchange of carbon
dioxide between various pools within the oceans as well as between the atmosphere, earth interior, and the
seafloor is called the carbon cycle. Living things in the sea move carbon from the atmosphere into surface
waters then into the deeper ocean. The carbon cycle consists of organic carbon, which is carbonated into
marine organisms, or inorganic carbon, as CO2.

The bulk of the organic matter, sinking from the surface water that supplied the deep-sea with energy, is
restricted as the water column in the CCZ is recognized as an oligotrophic environment, with low primary
productivity and a consequently poor food network. The relatively low productivity at the surface is trans-
lated to low particulate organic carbon flux at the seafloor; the pelagic clay will so receive little organic carbon
(Lutz et al., 2007; GSR, 2018). The upper few centimeters of the sediment in the CCZ have a carbon content
of less than 0.5 % of the mass of the sediment. Below 30 centimeters, this declines to 0.1 % of the mass of the
sediment (Volz et al., 2018). As a consequence of weak ocean ventilation, caused by the current velocity and
low sedimentation rate, a pronounced oxygen minimum zone persists in the CCZ (Wishner et al., 1995). Con-
sidering that the low particulate organic carbon flux limits benthic communities at the seafloor, biodiversity
in the CCZ is surprisingly high (Glover et al., 2002).

2.2. Settling velocity
This paragraph will explain the settling velocity and how to calculate it. The settling velocity of one particle is
different from that of a multi-size mixture. This multi-size mixture can also be influenced by the shape of the
particles and by hindered settlement.
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2.2.1. Settling velocity of a single part
An accurate assessment of the settling velocity of sediment particles during deep-sea mining is fundamental
for the feasibility of deep-sea mining. The settling velocity of a sphere in a fluid at rest can be estimated by
solving the balance between the gravitational force minus the buoyancy force and the drag resistance, see
equation 2.1 (Jiménez and Madsen, 2004; Matousek, 2004).

FG −FB = FD (2.1)

The submerged weight is dependent on the density of the particle. If a particle has a higher density than
the fluid, it will sink; if it has a lower density, it will float.

The gravity force and the buoyancy force are determined by the volume and its density. The force on a
spherical solid particle due to gravitation is determined by equation 2.2 (Matousek, 2004).

FGp = ρs g
πd 3

6
(2.2)

According to Archimedes law, the weight of a submerged solid particle is reduced in the carrying medium
by the buoyancy effect. The submerged weight of a spherical particle is determined by equation 2.3 (Ma-
tousek, 2004).

Fw p = (ρs −ρ f )g
πd 3

6
(2.3)

Here,
FW P : Submerged weight of a spherical particle [N ]
ρs : Density of solid particle [kg /m3]
ρ f : Density of liquid [kg /m3]
g : Gravitational acceleration [m/s2]
d : Diameter of a particle [m]

When the surrounding fluid moves relative to a solid particle, an additional force is exerted from the fluid
onto the particle. The drag force, FD , acts in the direction of the relative velocity between the liquid and the
solid particle. The relative velocity is calculated as vr = v f - vs , where v f is the fluid speed and vs is the
particle speed. The magnitude of the drag force is expressed in terms of the drag coefficient CD (Matousek,
2004).

FD = 1

8
CDπd 2vr | vr | ρ f (2.4)

Here,
FD : Drag force [N ]
CD : Drag coefficient [-]
d : Diameter of a particle [m]
vr : Relative velocity [m/s]
ρ f : Density of fluid [kg /m3]

The drag coefficient CD is sensitive to a regime of the liquid flow round the settling solid particle and this
can be expressed by a relationship CD = f n(Rep ).

Rep = ρ f | vr | d

µ f
(2.5)

A balance of the gravitational, buoyancy and drag forces on the submerged solid body determines a set-
tling velocity of the body, see figure 2.1

For single particles or dilute suspensions, the settling velocity can be accurately predicted. The settling
velocity depends on the drag coefficient. The drag coefficient depends on the particle Reynolds number; see
figure 2.2. This number is used to determine if the flow is in the laminar (Rep < 0.1), turbulent (Rep >500) or
transition regime. The settling velocity of a single particle can be calculated with the equation of 2.6 (Ferguson
and Church, 2004; Matousek, 2004). It shows that with increasing size, the settling velocity increases.
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Figure 2.1: Force balance on a solid body submerged in a quiescent liquid (Matousek, 2004)

v0 = 4g d 2

C1υ+
√

0.75C24g d 3
(2.6)

In this equation, the value for C1=18 and C2=1 for natural sands and C2=0.44 for spheres where the specific
density is defined as:

4= ρs −ρ f

ρ f
(2.7)

Figure 2.2: Drag coefficient as a function of particle Reynolds number.

2.2.2. Shape
To calculate the settling velocity of sediment particles, two different approaches are often used: an idealized
one in which particles are assumed to be a sphere and the second one in which the shape is considered
natural. The shape of a natural sediment particle differs from a sphere. One of the consequences of this
difference is that the settling velocity will be lower than that of a sphere with the nominal diameter (Jiménez
and Madsen, 2004).

The reduction of the settling velocity due to a non-spherical shape of a solid particle can be determined
by the velocity ratio 2.8 (Matousek, 2004).

ξ= vt

vt s
(2.8)

Here,
ξ : Shape factor of a solid particle [kg /m3]
vt : Terminal settling velocity of a non-spherical solid particle [m/s]
vt s : Terminal settling velocity of a spherical solid particle [m/s]

The Grace method can be used to determine the shape factor ξ. The shape factor can be determined with
figure 2.3. Here the volumetric form factor K is 0.26 for sand and gravel. The dimensionless particle diameter
can be calculated with equation 2.9 (Matousek, 2004). In the case of sand it reduces the terminal settling
velocity to 50-60% of the initial terminal settling velocity.
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d∗ = 3

√√√√ρ f (ρs −ρ f )g

µ2
f

d (2.9)

Figure 2.3: The shape factor, ξ, as a function of the dimensionless particle diameter d∗ and the volumetric form factor K (Matousek,
2004).

2.2.3. Hindered settlement
Multi-sized mixture of particles
Natural sediments consist of different particle sizes, which in turn will have mutual influence during settling.
With particles descending in a fluid, it will have an inevitable slip velocity relative to the surrounding water
velocity. This velocity is created by the water displacement of the descending particle. When looking at one
particle, the settling velocity in a multi-sized mixture can be calculated with equation 2.10. 2.10.

v0,s = vw + vs (2.10)

In this equation the settling velocity v0,s is the sum of the water velocity vw and the slip velocity vs . Since
water is incompressible, the total volume displacement is zero, hence:

vw = c

1− c
v0,s (2.11)

Here, c is the volumetric concentration. Combined this could be written as 2.12

vs = v0(1− c)n−1 (2.12)

When looking at a mixture of particles with different sizes, the slip velocity of a particle with fraction i can
be calculated with equation 2.13

vs,i = v0,i (1− c)ni−1 (2.13)

Here,
vs,i : Slip velocity of a particle with fraction i [∼ /s]
v0,i : Settling velocity of fraction i [m/s]
c : Total volumetric concentration [%]
ni : Hindered settling exponent of fraction i [-]

During one-dimensional settling the total volume displaced is zero hence:

N∑
j=1

c j vs, j +
(
1−

N∑
j=1

c j

)
vw = 0 (2.14)

Combining 2.10 and 2.14 gives:

vs,i =−
N∑

j=1
c j vs, j + vs,i (2.15)
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Here,
N : Amount of different fractions [-]
c j : Concentration of fraction j [%]
vs, j : Slip velocity of a particle with fraction j [m/s]
vs,i : Slip velocity of a particle with fraction i [m/s]

Interference during settling
A single sediment particle settling in still water has a specific settling velocity, which is a function of its shape,
size, density, and fluid viscosity. When the concentration of particles is increased, the particles start to in-
terfere and hinder each other. Thereby reducing the particle settling speed. Increasing the concentration
further will result in particles that are in constant contact with each other (Dankers and Winterwerp, 2007;
Richardson and Zaki, 1997). The effective settling velocity can be calculated with equation 2.16.

v0,s = v0(1− c)n (2.16)

Here,
v0,s : Effective settling velocity [m/s]
v0 : Settling velocity of a single particle [m/s]
c : Volume concentration [%]
n : Hindered settling exponent [-]

The hindered settling exponent is a function of the particles Reynolds number and varies between 2.4 for
coarse particles and 4.65 for fine particles. The hindered settling component can be computed by equation
2.17 (Rowe, 1987).

n =
4.7+0.41Re0.75

p

1+0.175Re0.75
p

(2.17)

Hindered settling already takes place at sediment concentrations ≥ 2-3 kg /m3 and the gelling effect of co-
hesive sediment could take place at sediment concentration ≥ 40 kg /m3, depending on the sediment com-
position, see fig 2.4 (Winterwerp, 2002; Camenen and Bang, 2011). As the volume concentrations during
deep-sea mining are around 2%. The concentrations are deemed sufficiently small that the particles should
fall initially without being influenced by surrounding particles. As the settling continuous near the bottom,
the particle concentration there would increase, and the settling of each particle would be subjected to hin-
dered settlement (Sutherland et al., 2014).

Hindered settlement occurs when particles interfere with each other; this interference can also induce
a faster settling velocity speed through flocculation. Flocculation is the result of a mutual collision of, and
subsequent adherence between, particles of cohesive sediment (Winterwerp and Kesteren, 2004).

2.3. Flocculation
Flocculation is the formation and breakup of flocs of cohesive sediment. It results from a mutual collision of
and subsequent adherence between particles of cohesive sediment. Break-up is caused by turbulent stresses
and mutual collisions (Winterwerp and Kesteren, 2004; Winterwerp, 2002). Cohesive sediment implies a mix-
ture of silt and clay with a diameter less than 50 µm and as small as a fraction of 1 µm with various de-
grees of organic matter (Partheniades, 2009b). The sediment properties and the environmental conditions
affect the settling velocity through the process of flocculation. The rate at which particles bond and the size
they become depends on hydrodynamic conditions, residence time, sediment properties, pH, and salinity
(Francesca Mietta et al., 2009).

Cohesive sediment consists predominantly of clayey particulate matter subjected to aggregation, breakup,
deposition, and erosion processes. Through random motion, different settling velocities, or turbulent mix-
ing of the fluid, the suspended aggregates contact each other, inducing further aggregation and inducing the
growth of aggregates. Breaking can occur simultaneously; it happens when the fluid stresses disrupt those
aggregates that cannot withstand the shear stresses. The mechanism of most importance for particle aggre-
gation is the collision amongst particles. The distribution of the floc size is fundamental to characterize a
cohesive suspension because it is correlated to the residence time of the sediment in the water column, as
the settling velocity scales with a power of the floc size (Maggi, 2005).
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Figure 2.4: Hindered settling (Winterwerp, 2002).

Flocculation and, in particular, the settling velocity is affected by several factors. Manning and Dyer (2002)
found that particulate systems consisting of a collection of massive, cohesive particles interacting with each
other show intriguing behavior. Large flocs generally have a higher settling velocity than small flocs. However,
it is observed that flocs with similar sizes differ in settling velocity due to the differences in relative density.
This implies that the settling velocity also depends on the geometrical structure of the flocs. Not only the
geometry depends on the flocculation, but also the mineralogy and the electrochemical properties, which in
turn can be altered by the salinity (Winterwerp and Kesteren, 2004). Flocs can be formed by the addition of
flocculating agents, which are classified as (i) inorganic salts and (ii) organic/carbon-based polymers, defined
as flocculants.

2.3.1. Flocculation process
The formation of aggregates is governed by three processes: (i) Brownian motions, random motion of par-
ticles suspended in a medium, cause the particles to collide, resulting in the formation of aggregates. (ii)
Particles with a more significant settling velocity will overtake those with a smaller settling velocity. Aggre-
gates can form by collisions of these particles. (iii) Turbulent motions will cause collisions of particles, causing
aggregations or breakup of aggregations due to turbulent shear (Winterwerp and Kesteren, 2004).

Clays have a plate-like structure. This structure is divided into the face surface and the edge surface. The
interior of the crystallite has a net negative charge due to isomorphous lattice substitutions. In the presence
of water, the negative charge from the interior is compensated by positive counter ions, which are absorbed
on the face surface. At the edges of the plate, a bond surface is exposed due to a disrupted lattice. Here an
electrical double layer of the constant potential type is created. The double-layer on the edge is considered
negative, see figure 2.5(Olphen, 1964; Partheniades, 2009a). This layer neutralizes the negative charge of the
minerals so that the particles have the opportunity to form bonds when the particles move close enough for
the Van der Waals force to be working (Dankers, 2006).

The aggregation process of the plate-like particles can take place in three ways: face to face, edge to face,
and edge to edge. Face to face leads to the formation of thicker plates. Edge to face and edge to edge result in
voluminous flocs or gels or voluminous card house matrix. Edge to face and edge to edge will be accompanied
by the appearance of real floes and should be described as flocculation (Olphen, 1964).

2.3.2. Electro-chemical properties of cohesive minerals
The electrical charge on the particles determines the rate of aggregation and the strength of flocs. This charge
is called the electric potential and is defined as ξ. The clay has a negative surface charge, shown in figure 2.5
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Figure 2.5: Electrical double layer & zeta potential.

and 2.6a(Kruyt 1983). This negative surface may surround itself with a cloud of cations, which are positively
charged ions whose concentration is very high in the stern layer. The adjacent layer to the surface, the Gouy
or diffuse layer, where the positive and negative charges meet, is called the double layer. The double-layer is
characterized by the ξ-potential ξ0 at the water particle interface, which decreases proportionally to the ion
concentration, see figure 2.6b. Van Leussen (1994) says that "The thickness of the double layer can vary largely
for different minerals and ion concentration in the medium, and also according to the balance between at-
tractive electrical forces and diffusion within the medium". The aggregation of two particles depends strongly
on the interaction of their double layers. First, the repulsive electrical force tends to separate the particles, if
this is overcome at a certain distance, then the collision of the particles may occur, and aggregation could be
possible, see figure 2.6c (Maggi, 2005).

Figure 2.6: (a) schematic representation of the electric double layer surrounding the particles. (b) Qualitative representation of the ξ-
potential as a function of the distance from the surface of the particle. (c) Potential energy corresponding to the double layer interaction
for two approaching particles, where VR and VA are the potential energies associated with repulsion and attraction respectively, with∆V
the electrical barrier (Valioulis, 1983)

.

The relationship between the surface charge of particles and their ξ potential is complex (Chassagne et
al., 2009). Uniformly charged particles with a low ξ potential are considered to form aggregates more likely
than particles with a high ξ potential (Francesca Mietta et al., 2009). Particles with a high zeta-potential (in
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absolute value) will have less tendency to aggregate than those with low zeta-potential (Mietta et al., 2009).

2.3.3. Salinity
As individual clay particles are plate-shaped with a negative charge, see section 2.3.1, this arrangement is
such that plates repel each other when dispersed in freshwater. However, if the water is saline, sodium and
chlorine ions act to neutralize the repulsive forces so that the plates may flocculate (Sutherland et al., 2014).

An increase in salt concentration would lead to an increase of flocculation, and so to an increase in the
floc size an settling velocity (Sutherland et al., 2014). Flocs created in fresh water are smaller than flocs in
seawater (Burban et al., 1989). An average salinity of 2 parts per thousand (ppt) can already increase min-
erals cohesion and allow aggregation (Drake, 1967). Leussen (1994) and McAnally (1999) suggested different
salinity for different minerals. For kaolinite they suggested 0.6 ppt and for illite 1.1 ppt and 2.4 ppt for mont-
morillonite. However Vane and Zang (1997) clearly shows that the ξ potential of kaolinite can be related to
the salt concentration, see figure 2.7. The electrolytic levels can be affected by the salinity Krone (1963) which
can in turn alter the ξ potential (Chassagne et al., 2009). Krone (1963), Migniot (1968) and Francesca Mietta
et al. (2009) observed that aggregation with a salinity larger than 15 ppt varies very little.

Figure 2.7: Variation of zeta potential with electrolyte concentration for kaolinite and bentonite at constant pH. All samples: KCl-treated,
0.1 g-clay/l suspensions in KC1 solutions at 25°C and pH = 5.9 + 0.2.

The history of the flocs influences the effect of salinity. Leussen (1994) performed experiments of natural
sediments at different salinities; the experiments concluded that mud flocculation had not been related to
the electrokinetic properties (ξ potential) of the sediment in a systematic way. The in situ salinity variations
depend strongly on the shear rate, sediment concentration, and organic matter content. Therefore it isn’t
easy to establish the effect of each physical quantity independently. Moreover, the history of the flocs has a
strong influence on the impact of salinity on aggregations (Francesca Mietta et al., 2009).

2.3.4. Cohesive sediment
As pointed out in section 2.3, cohesive sediment or mud implies a mixture of silt and clay with particle di-
ameter less than 50 µm and as small as a fraction of 1 µm with various degrees of organic matter, water, and
sometimes gas (Partheniades, 2009b). Clays are the most minor solid constituents of mud, and together with
organic bounds, they are responsible for the cohesion properties. Sand and silt particles have, in contrast to
clay, no effect on cohesion (Maggi, 2005).

Various clay minerals have different shapes, sizes, layer charges, exchangeability of cation, edge charge
densities, and structures of the particle edges, which in turn control the rheological and cohesive properties
of the clay flow (Lagaly, 1989). Some of these properties are also influenced by the pH and the available ions in
the medium (Luckham and Rossi, 1999). As the deep-sea has a constant pH value, this variable is disregarded.

There are four main groups of clays: kaolinite, chlorite, illite and smectites or montmorillonites. Kaolinite
is weakly cohesive, and montmorillonite is strongly cohesive because of differences in chemical and physical
properties, see table 2.4. As shown in section 2.1.2 clays in the CCZ mainly consist of smectite (montmoril-
lonite) and illite. Smectite particles are relatively small and have a large Specific Surface Area (SSA), which
is the ratio of the surface area of a material to either its volume or its mass (Baker et al., 2017). The SSA of
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the particle controls the magnitude of the interparticle forces, with a larger SSA allowing greater interparticle
forces (Atkinson, 2007). The SSA from smectite is further increased by the ability of smectite to absorb water
into its chemical structure (Yong et al., 2012).

The cation exchange capacity (CEC) is a measure of the potential chemical activity of a clay mineral, which
in turn is directly related to the cohesive forces. The higher the CEC, the more plastic the clay will behave, and
also higher cohesive and adhesive shear strengths may be expected (Baker et al., 2017; Kooistra et al., 1998).

Edge view
Typical

Thickness
(nm)

Planar
Diameter

(nm)

Specific
Surface Area

(SSA)(m^2/kg)

Cation Exchange
Capacity (CEC)

(mEq/100g)
Montmorillonite 2 10-1,000 700-800 80-100
Illite 20 100-2,000 80-120 10-40
Chlorite 30 100-2,000 70-90 10-40
Kaolinite 100 10-1,000 10-15 3-15

Table 2.4: Typical values of thickness, planar diameter, specific surface area, ans cation exchange capacity of common clay minerals. The
clay minerals are sorted from small to large. Modified after (Hillel, 2003; Yong et al., 2012)

2.3.5. Flocculant
Flocs can be formed by the addition of floccualtion agents, inorganic salt or/and organic/carbon-based poly-
mers, called flocculants. Anionic flocculants are quite common in nature and synthetic organic flocculants
are widely used in industry for solid–liquid separation (Shakeel et al., 2020; Tan et al., 2012) Aggregations are
mainly formed by a combination of two groups of processes: (i) those bringing particles together, and (ii)
those keeping them together. The first one was explained in 2.3.1, the second one is related to the forma-
tion of sticky organic matter by a variety of organisms. As microflocs consist of mineral particles and organic
matter, their formation is strongly related to the origin of the organic matter (Eisma, 1986).

Organic matter consist mainly of polymers (Winterwerp and Kesteren, 2004). These polymers are a major
factor responsible for mud flocculation since it can adhere particles modifying their surface charge. These
polymers exhibit different polarities, such as cationic, anionic, and neutral, and hence are chemically active
or reactive in solution or suspension (Tan et al., 2012). The choice of the best flocculant is related to multiple
factors, one of these factors is the mineral composition of the particle. The desired efficiency of the flocculant
and type of floccualtion is depend on the flocculant structure, molecular weight, charge and dose.

The difference between cationic and anionic is that cationic has a positive charge and anionic has a nega-
tive charge. As cationic is positively charged, electrostatic attraction is the main driving mechanism between
cationic polymers and negatively charged clay. The use of cationic polymers ensures for larger aggregates
than those created by the aggregation by salt. Anionic polymers which are negatively charged need a cationic
agent to ensure flocculation. This cationic agent can be provided by the use of salt (Shakeel et al., 2020).

2.4. Turbidity/gravity currents
As told in paragraph 1.1.4, the plume will travel as a turbidity current. This paragraph will first explain what
a turbidity current is, what it looks like, and what velocity and concentration profiles look like. Further, it will
give insight into saline lock exchange and particle-driven gravity currents.

2.4.1. Turbidity current
Turbidity currents are the best-understood mode of sediment gravity flows (Parsons et al., 2009). The buoy-
ancy or gravitational force driving the motion may be due to differences in composition or temperature be-
tween the gravity current and the ambient fluid. The two fluids may even be physically different liquids. A
density difference can also arise from the suspension of particles in the fluid forming the current. The bulk
density of such a suspension may be greater than its surroundings, resulting in a gravity current (Bonnecaze
et al., 1993).

Sediment gravity flows, or gravity currents are primarily horizontal currents, which consist of one fluid
within another when this flow takes place because of relatively small differences in density between the fluids
(Middleton, 1993). They occur as either top or bottom boundary currents or as intrusions at some interme-
diate level (D’Alessio et al., 1996). These turbidity currents are gravity currents in which the excess density or
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unit weight providing the driving buoyancy forces is due to the presence of sediment being held in suspension
by fluid turbulence (Moodie et al., 1998).

B. Kneller and Clare Buckee (2000) say that a turbidity current is a suspension current in which the in-
terstitial fluid is a liquid (generally water). These currents are dilute mass concentrations, with a mass con-
centration of less than 10 kg /m3, fully turbulent flows of poorly sorted sediment (Re > 104). The Reynolds
number Re can be calculated by equation 2.18.

Re = ρu0L

µ
(2.18)

These currents can flow with speeds larger than 0.3 m/s for minutes or as long as a couple of days (Parsons
et al., 2009). Although turbidity currents transport material everywhere they travel, the material deposit will
only take place in areas of reduced bed shear (B. Kneller, 1995).

Lock-exchange experiments or fixed volume gravity currents are caused by the release of dense material in
a fixed volume. These experiments approach continuous flows asymptotically. Continuous turbidity currents
are currents where the supply of sediment is continuous, like in deep-sea mining operations (Parsons et al.,
2009).

Composition driven flows
A visualization of a gravity current is shown in figure 2.8. In figure 2.8 η(x, y, t ) represents the displacement of
the free surface from its undisturbed configuration, u=(u; v ; w) is the fluid velocity in Cartesian coordinates
with position vector x =(x; y ; z), H is the mean total depth, h(x; y ; t ) is the thickness of the near bed current,
and ρ1, ρ2 (ρ1<ρ2) represent the constant densities of the upper and lower fluids, respectively (Moodie, 2002;
D’Alessio et al., 1996).

Figure 2.8: Visualization of a gravity current with physical quantities defined.

The flow following the release is a gravity current of finite volume that will have spread sufficiently that
its length is much larger than its height. The height varies over the horizontal position and in time. When the
maximum surviving height of the lower-layer of the two layer flow is small compared with its length, vertical
accelerations in the motion will also be small compared with horizontal accelerations. This observation led to
the assumption that the pressure at any point is the same as the static pressure due to its depth below the free
surface. This assumption together with the assumption that the flow is inviscid, incompressible, irrotational
and horizontal gives the formula for the total pressure field in equations 2.19 and 2.20 (Moodie, 2002).

p1 = ρ1g [(H +η)− z] (2.19)

Here p1 is the total pressure in the upper layer, see figure 2.9.

p2 =−ρ2g z +ρ2g ’h +ρ1g (H +η) (2.20)
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Here p2 is the total pressure in the lower layer and g’ is the reduced gravity. The reduced gravity can be
calculated with equation 2.21. From equations 2.19 and 2.20 it follows that the horizontal pressure gradients
driving the flow are independent of depth and hence also are the horizontal velocities (D’Alessio et al., 1996;
Moodie, 2002).

g ’ = g (ρc −ρ f )/ρ f (2.21)

ρc =ϕ0 ∗ρs + (1−ϕ)ρ f (2.22)

Figure 2.9: Key anatomical components of a typical sediment-laden gravity flow through an interstitial fluid. Fluid is entrained into the
current via overlapping at the current front and Kelvin-Helmholtz instabilities at the back of the head (Wilson et al., 2017; Middleton,
1993)

2.4.2. Anatomy of turbidity currents
The anatomy of the gravity current is equal to that of a turbidity current. A turbidity current is divided into
three parts: the head, the body, and the tail; see fig 2.9. A "universal profile" of a gravity current head does
not exist. Even for flows into calm surroundings, the value of the excess head height above the following flow
varies with the fraction of the total depth occupied by the current. The form of the head is strongly modified
by opposing and following ambient flows and other physical effects (Simpson, 1982).

Head
The head of the density surge is considered a complex part of the current with a distinct shape and hydraulics,
which differ from the region behind the head. This zone plays a vital role in the dynamics of the current as this
is a zone of breaking waves and intense mixing and so sets a boundary condition for the current as a whole
(Simpson and Britter, 1980a). For the head to advance, it must displace the ambient fluid, which is generally
at rest (Buhler et al., 2016). Accelerating the ambient fluid produces resistance to the flow, which is larger
than friction at the bed or the upper interface. Therefore the head of the current must be thicker than the
current behind the head, where only frictional resistance is important (Middleton, 1993). A current flowing
along a horizontal surface usually has a "nose," or foremost point raised a short distance above the ground
(Simpson, 1982). The nose is a result of the no-slip condition at the lower boundary and frictional resistance
at the upper boundary (Simpson and Britter, 1980b). This is one way that ambient fluid is mixed into the flow
(Middleton, 1993)

At the rear of the head, a series of transverse vortices, see fig 2.10 are present, Kelvin-Helmholtz insta-
bilities (Simpson and Britter, 1980b). Kelvin-Helmholtz instabilities are the result of a vortex-intensification
process associated with shear. The Kelvin-Helmholtz instability is a flow instability in which variation of ei-
ther velocity or density occurs over a finite thickness. Gerard Middleton (1966) performed experiments on the
heads of turbidity currents in a laboratory and found that for low slopes (angles < 2°-3), the head velocity is
adequately described by equation 2.23 in with the head velocity is independent of the slope (Keulegan, 1957)

U0 = F r
√

g ’h0 (2.23)

Here,
U0 : Velocity of the head h0 [m/s]
F r : Froude number [-]
h0 : Height of the head current [m]
g’ : Reduced gravity [-]
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Its Froude number can characterize the state of flow in an open-surface conduit. The Froude number can
be calculated with equation 2.24. Benjamin (1968) found that the value of the Froude number depends on
the ratio of the height of the head of the current to the depth of the ambient fluid and has a theoretical value
of

p
2 for a current intruding into very deep surroundings.

F r = U√
g d

(2.24)

Here,
U : Local flow velocity [m/s]
d : Hydraulic mean depth [M]

The Froude number has a value of 1.0 when a flow passes through critical conditions. For sub-critical
flow, the depth is greater, and the velocity is lower; therefore, the Froude number is always less than 1.0. For
supercritical flow, the opposite is true, and the Froude number will always be greater than 1.0 (Brandt et al.,
2015) As the flow starts to slow down, the vertical settling velocity of the grains becomes more significant
than the horizontal velocity. This contraction of the flow brings the particles into closer proximity, resulting
in greater frictional forces, which further reduce the forward momentum of the particles. Which in turn leads
to a rapid decline in head velocity (Baker et al., 2017). The closer the Froude number is to 1.0, the more
unstable the water surface becomes since minor disturbances can cause the flow to flip locally between two
possible energy states. This can lead to waves and surface disturbances (Brandt et al., 2015)

Figure 2.10: Quasi two-dimensional image of the head and body of a saline gravity current illustrating well-developed Kelvin±Helmholtz
billows (side view); modified from Simpson (1969). Inset shows schematic view of lobes and clefts seen from below. upper

At the head of a gravity current moving along a horizontal surface, there is a complicated shifting pattern
of lobes and clefts, believed to be caused by gravitational instability of the less dense fluid, which is overrun
by the nose of the current (John Simpson, 1972). Instantaneous velocities, associated with large eddies, were
found to exceed the maximum mean downstream velocity by up to 50%. The turbulence structure in the
head, in which the Froude number is always less than one, is dominated by shearing at the upper interface.
This is reflected in the distributions of turbulent kinetic energy and density fluctuations, both of which have
a maximum at the upper boundary of the head (Best et al., 2009).

Body
The body is a region of steady downstream velocity with a thin, dense layer of fluid near the base of the
current, with increasing downstream velocity, mixes with the ambient fluid at the upper boundary as an
irregular succession of large eddies (Ellison and Turner, 1959). The velocity may be up to 40% higher than the
maximum mean velocity in the body, and therefore equivalent or higher than the instantaneous velocity of
the head(B. Kneller and Clare Buckee, 2000). Simpson and Britter (1980b) and Simpson and Britter (1980a)
used visual observations and measurements to divide gravity currents, behind the head, into two distinct
regions; the body, which is the lower dense layer, and a region of less dense, mixed fluid that has been mixed
out of the head of the current. A similar structure was inferred by (C. Kneller et al., 1999) based on the effect of
mixing on the refractive index of brine currents. Some controversy surrounds the nature of the mixed region
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above the dense layer; it has been suggested that this is not strictly part of the gravity current but should be
described as a zone of clouded water entrained by the underflow(Gerard Middleton, 1966; Kuenen, 1951).

2.4.3. Mean flow properties of gravity currents
Velocity profile
Figure 2.11 shows a typical vertical profile of the downstream velocity (Hamilton, 1997; Altinakar et al., 1996;
Chikita, 1990). Gravity currents have inner and outer regions divided by the velocity maximum. The inner
part has a positive velocity gradient in contrast with the outer region. The thickness of the inner region is
generally less than half the thickness of the outer region. The height of the velocity maximum is controlled by
the ratio of the drag forces at the upper and lower boundaries (Gerard Middleton, 1967; Hiscott et al., 1997).
According to Altinakar et al. (1996) and Hiscott et al. (1997) the height of the maximum velocity is found
between 0.2 and 0.3 from the height of the current. This height will be raised when looking at gravity currents
traveling over a rough bed (Buckee et al., 2001). Despite the variable in the height of the velocity maximum, it
is possible to describe the velocity profile by using a characteristic length scale, y1/2. This characteristic length
scale is defined as the distance between the bed and the height in the outer region at which the downstream
velocity is half the maximum downstream velocity (Buckee et al., 2001).

Figure 2.11: Schematic diagram of the head and body of a gravity current, showing a typical downstream velocity profile (B. Kneller and
Clare Buckee, 2000)

Concentration profiles
Gravity currents are density stratified, having a dense lower layer of fluid and sediment, with a less dense,
more homogeneous mixed region above. Two-layer models were based on visual observations of saline cur-
rents (Simpson and Britter, 1980a; Simpson and Britter, 1980b). The inflection point in the density distribu-
tion was observed to occur well above the level of the velocity maximum and divided the body of the current
from the mixed fluid detrained from the head, shown in figure 2.12a.

Two main types of sediment concentration profile have been observed by (Peakall et al., 2000)). A smooth
profile is shown in figure 2.12b. This profile is commonly shown in low-concentration, weakly depositional
currents, and in saline gravity currents (Altinakar et al., 1996; Buckee et al., 2001). These currents are highly
stratified, with a density gradient that is greatest near the base of the current and decreases rapidly around the
level of the velocity maximum (B. Kneller and Clare Buckee, 2000). A stepped-concentration profile is shown
in 2.12c and is commonly observed in erosional currents or currents interpreted to have a high entrainment
rate at the upper boundary (GarcõÂa, 1993; Peakall et al., 2000).

According to GarcõÂa (1994) the fine-grained material is more uniformly distributed in the vertical than
the coarse material, which tends to become concentrated in the lower part of the current. 2.12d shows a high
near-bed concentration of suspended sediment, decaying rapidly upwards.

2.4.4. Lock exchange experiments
Smooth bed
Gravity currents have been studied extensively in the laboratory through lock-exchange experiments, which
consist of the instantaneous release of a fixed volume of dense fluid into another fluid of slightly lower density.
Nogueira et al. (2013) calls the lock-exchange set up a simple and convenient way to investigating the flow
features of gravity currents. Gravity currents produced by lock-exchange experiments over a smooth bed
present two or even three distinct phases. Namely the adjustment phase, the self-similar phase, and viscous
phase (Rottman and John Simpson, 1983). The initial adjustment phase, during which the initial conditions
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Figure 2.12: Schematic diagram showing various characteristic density/concentration profiles (dashed lines) in density currents; the
same downstream velocity profile (solid line) has been used in each case for reference. (a) A two-layer model type concentration profile,
dividing the flow into a constant density lower region and an upper region of fluid detrained from the head. (b) A smooth profile,
characteristic of low-concentration, weakly depositional flows. (c) A stepped concentration profile observed in erosional flows. (d) A
Rouse-type distribution of sediment grain-sizes observed in turbidity currents, in which coarse material is concentrated towards the
lower part of the flow whereas fine-grained material is more evenly distributed throughout the depth of the flow (B. Kneller and Clare
Buckee, 2000)

are essential, at this phase, the front advances with approximately constant velocity (Huppert and Simpson,
1980). In the self-similar phase, the front speed decreases as t−1/3 (where t is the time measured from release).
The transition from the first to the second phase is observed to be rather abrupt. The decrease of front speed
is based on the assumption that the motion is determined by a balance between the inertia and buoyancy of
the fluid in the current (Rottman and John Simpson, 1983).

From the observations of Rottman and John Simpson (1983) it is clear that the current front moves steadily
in the first phase and that the transition to the inviscid self-similar phase occurs when a disturbance gener-
ated at the end wall overtakes the front. If the initial depth of the heavy fluid is equal to or slightly less than
the total depth of the fluid in the channel h0 ≤ H , the disturbance has the appearance of an internal hydraulic
drop. Otherwise, the disturbance is a long wave of depression.

After the release of a volume of saltwater into freshwater when h0 = H , the fluid from behind the gate
forms a gravity current that moves away from the end wall at a constant speed and with constant head depth,
see figure 2.13a. Intense mixing between the two fluids is confined to a region just behind the leading edge
of the current, the mixed fluid being left behind the head and above the following current. When the back-
flowing current meets the wall, the hydraulic drop is generated, see figure 2.13b. The backflow then propa-
gates away from the wall, see figure 2.13c, and eventually overtakes the front, see figure 2.13d. Again, after the
front has been overtaken, its speed begins to decrease roughly as t−1/3 until viscous effects dominate inertial
effects, when the Reynolds number approaches 1, causing the front speed to decrease more rapidly. The front
was observed to be ten lock lengths from the end wall when it was overtaken by the bore. From this instant,
the front position advances as t 2/3 Nogueira et al. (2013).

Figure 2.13: Schematic illustrations of the collapse of a volume of heavy fluid with h0/H = 1 at four successive times after release. (a), (b)
and (c) are in the adjustment phase, and (d) is at the beginning of the inviscid self-similar phase (Rottman and John Simpson, 1983).

Figure 2.14 shows a plot of the front position and the bore position, for the case h0/H = 1, as functions of
time after release. The front and the bore initially travel at constant speed until the lines intersect. Here the
front speed declines Rottman and John Simpson, 1983.
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Figure 2.14: The front position and bore position as functions of time after release with h0/H = 1 (Keulegan, 1957; Huppert and Simpson,
1980).

Rough bed
Nogueira et al. (2013) looked at the difference between lock exchange experiments with a smooth or rough
bed. Seven lock exchange experiments were done with saltwater in freshwater, with variable roughness of
the bottom. Nogueira et al. (2013) found that roughness of the bed plays an essential role in the current
kinematics, particularly in decreasing the front velocity due to extra drag at the bed. Increasing the size of
the bed materials induces a homogenizing effect throughout the current height, fewer large-scale billows
being observed. This is possibly due to the turbulent production in the lower level, causing extra mixing
with the current. During the self-similar phase, the front position decreases in time and is a function of t 0.78,
approximately, which is higher than t 2/3 described above. Increasing the bed roughness made the transition
to the self-similar phase happen earlier.

Also, La Rocca et al. (2008) did experiments with fresh and saltwater where gravity currents were produced
by varying the initial density of the mixture in the lock and the bed roughness of the tank. With an increase
in the mean diameter of the roughness elements, the front velocity decreased. The rise of friction by larger
elements precedes the beginning of the current deceleration.

2.4.5. Particle-driven gravity currents
If the current fluid is a mixture (suspension) of heavier particles in essentially the same interstitial fluid as the
ambient, it is called a particle-driven current. While the current spreads, particles fallout and the effective
driving strength of the current, compared to a homogeneous current, decays (Ungarish, 2009). Alternatively,
sediment may be entrained if the current is passing sufficiently rapidly over an erodible bed, which increases
the particle concentration and driving buoyancy force. Both the settling and entrainment rates depend on
the velocity and dimensions of the gravity current, and so there is a strong coupling between the sediment
transport and the dynamics of the flow (Bonnecaze et al., 1993). A particle-driven current can be described as
a two-phase fluid or suspension due to the fact it typically contains thousands of particles per cm3 (Ungarish,
2009).

The dynamics of the particle drive current can be divided into three phases, namely the initial or starting
phase, the transition phase, and a traveling shock phase, see figure 2.15. During the initial or starting phase,
the initially stationary fixed volume of fluid is released and collapses, during which it approaches the self-
similar solution though very few particles have yet settled out of the current. In the transition phase, the
particles are removed from the rear of the current. The fluid in the tail now decelerates less rapidly than the
nose. In the last phase, the traveling shock phase, a bore is developed within the current and separates a
region of low concentration particles from a particle-rich gravity current region (Bonnecaze et al., 1993).

When the initially stationary fluid collapses, it creates a wave that will be reflected from the end wall a
short time later and will travel towards the front of the current. Meanwhile, the current lengthens as the front
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Figure 2.15: Photographs of the different phases in a particle driven current(Bonnecaze et al., 1993).

moves to the end wall, and the height profile approaches the self-similar shape. During this initial phase,
very few particles settle out. During the transition phase, the height of the nose is increasing, and the particle
density is declining faster in the back of the current than in the front. Eventually, a traveling shock of bore
forms, which rapidly changes the height and the velocity.

During the shock, the rear of the fluid is relatively particle-free, where the front is particle rich. The con-
centration of particles in the fluid varies continuously across the shock by virtue of the conservation of parti-
cles and fluid. The shock is created due to the differential settling of particles along the length of the current
As the height of the front and the tail varies, the front is higher, which establishes a pressure gradient that
decelerates the fluid behind the nose. Due to the smaller height of the back of the current, the particles settle
out faster than in the front. Consequently, the pressure gradient and the density in the rear are reduced. As
the fluid in the rear did not decelerate enough to maintain the self-similar profile, the fluid in the rear accu-
mulates behind the slow-moving front. The motion of the rear is like a jet due to the vanishing concentration
of particles and due to the fact that the motion is due to the momentum of the particle-free fluid, and the
effects of buoyancy are negligible. The front now behaves like a buoyancy-driven flow as the concentration
of particles is declined since the initial value (Bonnecaze et al., 1993).

Influence of particle size distribution and deposition behavior
To simulate the natural environment, Gladstone et al., 1998 did non-cohesive lock exchange experiments
with more than one-grain size because turbidity deposits typically comprise a wide range of grain sizes. The
mixing of different sizes of particles has strongly non-linear effects on both the motion of the current and the
sedimentation patterns.

Adding small amounts of coarse particles to a current composed of fine particles has little effect on the dy-
namics of the current. Comparing this with the addition of a small number of fine particles to a dominantly
coarse material has a totally different effect as the flow will travel further. The nonlinearity arises from the
presence of modest amounts of fines which causes the current to maintain an excess density difference for
much longer. The decay of velocity is dominated by the particles which remain in the suspension. The non-
linearity is seen in both bidisperse and polydisperse experiments. Coarse particles will travel larger distances
when in a current with an increasing amount of fine particles. These coarse particles will travel further due
to the fact that they are being carried by a current of fines, which has a slower decaying velocity than coarse
particles. Concluding, the transport of bidisperse and polydisperse currents depend strongly on the amount
of fine-grained sediment (Gladstone et al., 1998).

Cohesive influence
Marr et al. (2001) conducted an experimental study of cohesive sand-rich sub-aqueous gravity flows in a
glass-walled flume, which also carried bentonite or kaolinite. Bentonite is a swelling clay composed of a
significant amount of montmorillonite. Marr et al. (2001) found that between 0.7 and 5% by weight ben-
tonite was sufficient to produce coherent flows, compared with 7% for kaolinite. They defined coherent flows
as flows that resist breaking apart and becoming completely turbulent under the dynamic stress associated
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with the head of a propagating debris flow. The lower concentration of bentonite is caused by the higher yield
strength compared to kaolinite. Baas et al. (2016) found that the suspended sediment concentration to pro-
duce transient turbulent behavior is much lower in bentonite flows than in kaolinite flows due to the greater
cohesive strength of bentonite producing flows with a significantly higher molecular viscosity and yield stress
than kaolinite flows at concentrations above the gelling threshold.

Baker et al. (2017) conducted smooth bottomed lock-exchange experiments in a 5 m long, 0.2 m wide, and
0.5 m deep set up to find the effect of clay type on the properties of cohesive sediment gravity flows and their
deposits, their focus was on the head of the flows. They conducted experiments with noncohesive silica flour,
low coherent kaolinite, and strong, cohesive bentonite in ambient seawater. And found that bentonite flows
with a volumetric sediment-water concentration of less than 10% and kaolinite flows of 15% behaved as low-
density turbidity currents (LDTCs), with only yield stress on the upper boundary. The kaolinite C≤15% and
bentonite C≤10% behave in a similar manner to that of the low concentration silica flour flows, exhibiting
strong turbulent mixing, both internally and at flow boundaries, pointed semi- elliptically shaped heads with
a pronounced nose, and Kelvin-Helmholtz instabilities at the upper boundary. The low concentrations of
kaolinite and bentonite did not influence the flow dynamics, as can be seen by the velocities of the heads in
figure 2.16 which is inferred to result from effective particle support by shear turbulence and minor particle
settling. Baker et al. (2017) expect that the shape of the deposits of these LDTCs is also independent of the
cohesive properties of the sediment at C≤10%, although a longer lock-exchange tank is needed to test this
hypothesis.

At low concentration, the dominant turbulent forces prevent electrochemical binding and frictional in-
teraction between the particles. The kaolinite, bentonite, and silica flour produce similar behavior between
flows laden with sediment of contrasting cohesive properties. The effect of the cohesive properties of the
suspended sediment on deposit geometry can be ignored at C≤10% (Baker et al., 2017).

Figure 2.16: Maximum head velocity.

The visual flow properties of flows with Kaolinite C≤15% and Bentonite C≤10% show similarities. They
are both fully turbulent and have uniform color when mixed with ambient water. Increasing the mass con-
centrations will give other visual properties; see figure 2.17.
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3
Experimental methodology

3.1. Introduction
As Spearman et al. (2020) and Gillard et al. (2019) ascribed fast settling velocities to flocculation. They both
tested the long-term flocculation of currents with a maximum of 0.5 g/L of sediment. But Baker et al. (2017)
found that turbulent forces inhibit electrochemical binding and frictional interaction between bentonite par-
ticles or between kaolinite particles at low volume concentration C≤10% in saltwater, so preventing floccula-
tion. What will be the cause of the increased settling velocity observed by Spearman et al. (2020) and Gillard
et al. (2019)? Maybe it lies in the fact that Baker et al. (2017) predominantly investigated the heads of the
sediment gravity flows. He investigated the shape and velocity of the heads. Still, he did not look at the shape
of the body and tail, the plume behavior, the concentration profile, and the settling velocity. The objective of
these experiments is to investigate these features further.

The investigation of these features can be split into two parts. First, the difference in settling speed is
investigated by doing settling column tests with altering clay concentrations in water with varying salinity.
After this, lock exchange experiments will be done to see if the flocculation results of the first experiments are
comparable in turbidity currents. During these experiments, there will be made use of Illite. C aC l2 was used
as salt as this is a well-known salt that induced flocculation (Francesca Mietta et al., 2009).

3.2. Sediment characterization
Illite was used in the experiments. As told in paragraph 2.1.2, illite and bentonite were the most frequent clay
in the CCZ. Bentonite was not used, as from experience with bentonite, it is tough to get a homogeneous mix-
ture with the same characteristics. Illite is a clay with strong ionic bonds that hold back the water movement
between the layers F. ( D. Mietta (2010). Clays containing illite show an initial significant volume decrease on
drying with only minor swelling on re-wetting Yong et al. (2012).

The Illite used in the experiments was bought in dry form to ensure no water was present. It was put
in the oven for 12 hours at 105 degrees Celsius. The illite used is from the brand: Argiletz laboratoires. To
determine the density of illite, a determined quantity of illite was placed in a graduated cylinder filled with
a determined amount of water. Subsequently, the mixture was stirred for 20 minutes to make it homoge-
neous. A volume change was observed from the initial water volume. With this value, the density could be
calculated. The particle size was determined with a Mastersizer 2000. The ξ potential was determined by
electrophoretic measurements with a Malvern Zetasizer 1000HS/ 3000HS. All the known material properties
of Illite are shown in table 3.1.

Illite Bentonite
Density [kg /m3] 2750 2500

Zeta[mV] -17,3 -20,6
d10 [µm] 1,39 1,92
d50[µm] 5,32 6,35
d90 [µm] 18,61 21,02

Table 3.1: Properties illite & bentonite
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3.3. Experimental setup of the settling column
To investigate the different settling velocities created by flocculation, settling column tests were done. These
tests consist of examining the settling velocity for different concentrations of clay in different concentrations
of added salt. The experimental methodology was based on the effect that particles block more light than
water. When the sediments settle, more light will be visible at the top of the graduated cylinder. These exper-
iments were filmed and analyzed.

3.3.1. Setup settling column
The side view and top view of the setup used are shown in Figure 3.1. From left to right, there is pictured:
GoPro Nero 7 Black on a wooden block to center it to the middle of the settling column. Next, the graduated
cylinder (settling column) is shown. On the right, the LED lamp is shown.

(a) Side view (b) Top view

Figure 3.1: Schematic view of settling column setup.

Making the mixture was done by adding water to a predetermined quantity of clay to make a constant
volume of one liter. For experiments nine up to 25, I first mixed the water with C aC l2. Mixing was done for
20 minutes to make sure the mixture was homogeneous. The steps to make the settling videos are shown
in figure 3.2. After I mixed the solution, I measured the temperature and total dissolved salts[mg/L] using
an Elmetron pH/conductivity meter CPC-401. The Elmetron is a measuring tool with three separate attach-
ments: a temperature meter, a conductivity meter, and a pH meter. Combing all three gives the most accurate
outcome as the salinity affects the pH value.

Figure 3.2: Order of making the videos
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I first tested the Elmetron meter by adding C aC l2 to water. The result is shown in table3.2. The meter
is not very accurate in determining the C aC l2 concentration, especially not when the salt concentration is
increased. Also, there is a difference in the accuracy shown at the two last 100g/L C aC l2. There is at largest a
difference of around the 14 %. Both can be the effect that the amount of salt was too significant to dissolve.

Added
CaCl2 [g/L]

Measured
TDS [g/L]

Percentage of measured salt
compared with added salt [%]

0 0.26
5 3.99 0.80
10 7.31 0.71
50 28.55 0.57
100 49.07 0.49
100 42.89 0.43

Table 3.2: Elmetron accuracy. TDS: total dissolved salts

Equipment used:

• mixer: VOS-12020 overhead stirrer

• mixing rod:, 4 bladed mixing rod which is placed 17cm above the bottom of the jar.

• pH/conductivity meter: Elmetron CPC-401

• mass scale: Kern with accuracy of 0.1g

3.3.2. Settling column experiments
The TU Delft Dredging Laboratory provided a graduated cylinder with a capacity of one liter to do settling
column experiments. Twenty-four experiments were done with the use of the graduated cylinder; see table
3.3. Three different levels of salinities were chosen. Tests are done with various concentrations of clay content
to investigate if salt has a similar effect on the settling speed of clay for different salinities.
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#
Mass concentration
Illite [g/L]

Volumetric concentration
Illite [-]

Concentration C aC l2

[mM]
Concentration C aC l2

(mg/L)
1 10 0.00363 0 0
2 20 0.00727 0 0
3 30 0.0109 0 0
4 40 0.0145 0 0
5 50 0.0182 0 0
6 75 0.0273 0 0
7 100 0.0364 0 0
8 125 0.0455 0 0
9 10 0.00363 10 1110
10 20 0.00727 10 1110
11 30 0.0109 10 1110
12 40 0.0145 10 1110
13 50 0.0182 10 1110
14 75 0.0273 10 1110
15 100 0.0364 10 1110
16 125 0.0455 10 1110
17 10 0.00363 100 11,100
18 20 0.00727 100 11,100
19 30 0.0109 100 11,100
20 40 0.0145 100 11,100
21 50 0.0182 100 11,100
22 75 0.0273 100 11,100
23 100 0.0364 100 11,100
24 125 0.0455 100 11,100

Table 3.3: Summary of experiments, [mM] stands for mol/m3.

3.3.3. Experimental measurement settling column
Illite’s settling velocity was measured by using machine vision tools like Opencv and algorithms developed
in Python. The time-lapse was made into a movie by using a pre-existing python script found online. The
obtained video was cropped to 0.35 meters in height, so no surroundings were shown.

A subtraction procedure was used to only consider changes over time of the background, see figure 3.4.
This is called the subtracted video. The subtracted movie was then thresh held. Every color in the spectrum
has a pixel value. If the pixel value is smaller than the threshold, it is set to 0 (black); otherwise, it is set
to a maximum value of 255 (white). The threshold was generally set on 100, with some changes at specific
experiments. To determine the threshold, a good visual comparison was made to find the ideal threshold. The
led light was flickering when filmed, making the color changes slightly, which makes the visual comparison
required. An increase of threshold value by 25 can lead to a rise of the settling velocity by 150%. I then flipped
the pixel values to make black white and vice versa, the mask. An overview of the step is shown in figure 3.3

Figure 3.3: Order of python script steps

Python determined all the white pixels. The number of pixels was then divided by the width of the cropped
movie. In that way, it was possible to measure the white line decreasing every 30 seconds.
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(a) t=0s (b) t=14400s

Figure 3.4: Settling column test. Cropped, subtracted, tresh and mask pictures

3.4. Experimental set-up for the lock exchange experiments
Lock exchange experiments were performed to mimic the turbulent flows created by the SMT. The experi-
mental methodology was based in the same way as the settling column test. This was based on the effect that
particles block more light than water. When the concentration of the illite in the water decreases, more light
will travel to the camera.

3.4.1. Setup lock exchange
The TU Delft Dredging Laboratory provided an existing tank. This tank has a length of 3 meters, a width of
0.2m, and a height of 0.4m. The tank has a lock gate located 0.2 meters from the end; see figure 3.5. This lock
was used to release the sediment mixture. The mixture was always made in the mixing section. The filmed
area is shown and is 2.40 centimeters wide.

Figure 3.5: Schematic representation of the tank.

The tank was fixed to the table with two blocks; see figure 3.6. The tank was calibrated with a level to
ensure no height differences between both sides. At the back of the tank, a diffuse paper was placed. This
paper created as much homogeneous light throughout the length and height of the tank. Behind the diffuse
paper, there is a wooden panel with three LED strips attached to it. These LED strips are positioned at 0.15 m
from each other. The LED stripes have the function of creating a white light throughout the length of the tank
to illuminate the current.
Videos were made with an IL5HM8512D: Fastec high-speed camera with a Navitar 17mm lens. The camera
and tank were placed underneath a dark cloth to make sure the outside light is blocked. The camera was
placed 4.75 meters from the camera lens to the front wall of the tank and films with 130 frames per second.
Images of camera settings and used tools are shown in appendix L. Be aware that the camera filmed only the
2.40 meters left from the lock. With the used lens, it was not possible to film a broader range. The camera
could also not be put back further as the dark cloth hanging over the setup was limited in length.
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Figure 3.6: Schematic representation of the total tank setup.

Filling the tank was done in three ways, depending on the salinity of the experiment, see figure 3.7. I
always filled the tank to a height of 0.35 meters, which makes the capacity 210 liters.

Figure 3.7: Order of making the videos

3.4.2. Lock exchange experiments
First off, I did 24 experiments with the lock exchange; see table 3.4. These all have the same concentration of
salt and illite used as in the settling column experiments.

#
Mass concentration
illite [g/L]

Concentration CaCl2
[mM]

1 10 0
2 20 0
3 30 0
4 40 0
5 50 0
6 75 0
7 100 0
8 125 0
9 10 10
10 20 10
11 30 10
12 40 10
13 50 10
14 75 10
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15 100 10
16 125 10
17 10 100
18 20 100
19 30 100
20 40 100
21 50 100
22 75 100
23 100 100
24 125 100

Table 3.4: Summary of experiments.

Additional experiments with pre-existing bed
In addition, I did experiments to see if a pre-existing clay bed has consequences for the behavior of the flow.
Before the experiment, a clay bed has been made by running a lock exchange experiment with a concen-
tration of 100g/L. This test then had, depending on the next experiment, one day or two days settling time
before it was used for the new experiment, see table 3.5. The lock was put back for these tests, and the mixing
section of the tank is cleaned out. This part is then filled with either freshwater or water with added C aC L2.
The tank is left to rest for either one or two days, depending on the following experiment. The clay was added
20 minutes before the experiments and was mixed for 20 minutes at 500 rpm.

#
Mass concentration

illite [g/L]
Concentration

CaCl2 [mM]
Pre-existing bed

[days]
25_1 10 0 1
25_2 10 0 2
26_1 50 0 1
26_2 50 0 2
27_1 100 0 1
27_2 100 0 2
28_1 10 10 1
28_2 10 10 2
29_1 50 10 1
29_2 50 10 2
30_1 100 10 1
30_2 100 10 2

Table 3.5: Summary of experiments

Additional experiments with flocculant
After the experiments above, no quick differences were visible regarding decreasing head velocity or an in-
creased settling velocity. So other options could be attractive. One of those options is the use of flocculant.
I did twelve experiments with either Zetag 4120 or Zetag 8125. Zetag 4120 is an anionic flocculant with a
medium charge and a medium molecular weight. Zetag 8125 is a cationic flocculant with a low charge and
a high molecular weight. Both the flocculants have an optimum dose of 2.5mg per gram of clay used in all
experiments. In figure 3.8 the abilities of the flocculant were shown to increase the d50. Chosen was to use
Zetag 4120 in fresh water and water with added salt to see if there is a big difference as that the d50 predicts.
The difference shown in 3.8a, is explained as told as in 2.3.5 that anionic polymers thrive better with a cationic
medium as salt. Zetag 8125 is only tested in freshwater as it has a positive charge.
I tested the effect of flocculant in two ways based on the idea that biological matter could be in the water
column in the deep sea. 1. Adding the flocculant in only the outflow section, stirred for 30 seconds before the
lock is opened. 2. Adding flocculant to the mixing section, mixed in with the mixture 30 seconds before the
lock is opened. All these experiments are summarized in table 3.6.
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(a) Zetag 4120 (b) Zetag 8125

Figure 3.8: Increasing d50 over time with different concentrations of flocculant, s stands for is saltwater.

#
Mass concentration
illite [g/L]

Concentration
CaCl2 [mM]

Zetag 4120
Mixing section

Zetag 4120
Outflow section

Zetag 8125
Mixing section

Zetag 8125
Outflow section

31 10 0 x
32 100 0 x
33 10 0 x
34 100 0 x
35 10 0 x
36 100 0 x
37 10 0 x
38 100 0 x
39 10 10 x
40 100 10 x
41 10 10 x
42 100 10 x

Table 3.6: Summary of experiments with flocculant

Additional experiments with artificial Clarion Clipperton zone clay
In addition, I investigated artificial soil, which can be can be compared to CCZ sediment. I did experiments
with this sediment to make sure that the experiments with Illite were not too idealized. The mixture consist
of two materials:

• 1. Sibelco FT-S1 (Abidichte Ton") consisting of 64% kaolinite, 10% illite, 19% quartz and 7% various
other minerals

• 2. Cebo OMCA Betonite consisting of 17% kaolinite, 17% illite and 66% montmorillonite

The percentage of the used materials is not known. The clay was made to mimic the mechanical strength
of the CCZ clay. The clay was in wet form, which was put in the oven at 105 ◦C for 24 hours to make sure the
water was evaporated. I measured the density, which came around 2600 kg /m3. Mixing it into a homoge-
neous mixture was more complex than with illite and took more time, see section 3.6.2. These experiments
are summarized in table 3.7. Figure 3.8 shows the density and grain sizes.
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#
Mass concentration
mixture [g/L]

Concentration CaCl2
[mM]

43 10 0
44 50 0
45 100 0
46 10 10
47 50 10
48 100 10

Table 3.7: Summary of experiments with mixture

Mixture
Density [kg /m3] 2600

d10 [µm] 2,49
d50[µm] 19,50
d90 [µm] 75,40

Table 3.8: Properties artificial CCZ sediment

——————————————————————————-

3.5. Experimental procedure for calibration
Making a calibration matrix would contribute to analyze the made videos. Using a calibration curve, the
concentration and mass could be measured of the flow in the videos. The calibration was made by measuring
how much light can travel through a specific concentration of sediment. When more sediment is added, the
more opaque the mixture becomes.

To make a calibration curve, the tank was moved 20 centimeters to the left. This was done to make sure
the camera stays located in the same spot. A calibration matrix was only made from illite with 0mM, 10mM,
and 100mM. No calibration curve was constructed for flocculant as it would be more difficult due to time-
dependent response due to time restrictions. The artificial CCZ clay was also not calibrated; as mixing the
clay takes a long time, it would become a multiple days project.

The tank was filled with water till it reaches 0.35m height. Step by step, sediment was added to the mixing
section. The sediment would be mixed till it was homogeneous, the mixer would be taken out, and a picture
will be made before adding new sediment. As increasing the salinity makes the suspension a little white, three
calibration tests are done.

Per salinity, the calibration was made for mass concentrations between specific ranges with different
steps; a summary can be seen in Table 3.9. An amount of 1.4g of illite was added in every step. After adding
the illite, the mixture was stirred for five minutes to ensure the mixture was homogeneous. This step was
continued until a mass of 70 g is added in total to the 14 liters in the mixing section. A picture was taken after
the mixing, before adding more illite. These pictures are shown in figure 3.9

Volume
concentrations ranges

Steps Mass Steps

0.0% - 0.0051% 0.00051% 0g - 14g 1.4g
0.0051% - 0.02545% 0.00255% 14g - 70g 7g

Table 3.9: Sediment concentration ranges and steps within
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Figure 3.9: Shades of grey for 10 mM, volume percentage per picture.

A calibration curve was made by the use of a pre-existing python script (Vasquez, 2020). As computer work
with color codes per color, each picture from figure 3.9 gets its value, a pixel value of 255 represent complete
white, and a value of 0 represents absolute black. The calibration curve is shown in figure 3.10. It showed that
at a concentration of 0.015, no more visible light was detected. This means that this was the maximum value
of concentration that can be determined.
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Figure 3.10: Pixel calibration curve

The grey colors could be changed to the primary colors using Opencv in Python. This would give a more
precise visual representation of the concentrations and the mass, see figure 3.11. Be aware that the dark red
gives a maximum value of 0.015 and could be much more significant. This was an experiment with the least
amount of illite.

Figure 3.11: Color map of a calibrated current of experiment 1

3.5.1. Experimental measurement lock exchange
Velocity measurements can be done with the same principle as the velocity is measured at the settling column
test; the difference is that the last step is changed. Vasquez (2020) her algorithm scans from left to right to
find the first white pixel value. The other steps are still the same and are shown in figure 3.12 and 3.13. When
the distance from the left wall is known, the speed can be calculated as the fps, size of the image, and size of
the tank are known.

Figure 3.12: Order of analysing video’s to find the speed
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Figure 3.13: Order of analysing video’s to find the speed

As in Vasquez (2020) her experiments, my experiments also experience oscillations in the velocity, see
figure 3.14. This is mainly due to the way the lock is opened; more on this in 3.6. This means that the results
are polluted. The impact is more extreme for low concentrations as these have a longer travel time in the tank
before they reach the end.

Figure 3.14: Velocity over time for 10g/L illite in fresh water

36



3.6. Experimental difficulties 3. Experimental methodology

3.6. Experimental difficulties
Experimental difficulties were experienced with settling column tests and with lock exchange experiments.
One difficulty both had, is the mixing of 100 mM of C aC l2. The amount was not able to dissolve. In settling
column experiments, nothing was done to this fact, but the water C aC l2 mixture was first prepared in a
different tank for the lock exchange experiments. After one day of pumping the mixture around, the mixture
got two days two settle. White flocks were shown on the bottom of the tank. Only water above 5 centimeters
above the tank’s lowest point was pumped to the lock exchange tank.

3.6.1. Experimental difficulties settling column
Settling column test with a low concentration of illite experiences difficulties as the light visibility is blurred
and will not show good contrast between the water and the mixture. This makes the low concentration mix-
tures less accurate than the higher concentrations used. The threshold should be altered to see what the
impact is on the analysis. The led light is flickering when filmed, making it necessary to make a threshold by
visual observation.

3.6.2. Experimental difficulties lock exchange
Mixing
Before the lock gate is opened, the sediment is mixed with water. Mixing is done to make a homogeneous
mixture; however, mixing induces unwanted turbulence. After mixing, the mixing tool is removed and is
put aside. The time between removing the mixing device and opening the lock is around 10 seconds. For
the experiments with the flocculant in the mixing section, an additional 30 seconds were added. In these
30 seconds, the flocculant was mixed in with the homogeneous mixture. The use of different king of light is
recommended.

Turbulence created by opening the lock
Removing the lock causes a lot of unneeded turbulence and disturbances, especially for small particle sizes;
the particles follow the vortices of the generated turbulence because they are that fine that particle’s drag
forces can not overcome the turbulence’s forces. After the transfer of energy from the turbulence on the tank
to the forming wave, the turbulence will lose its momentum inside the tank. As I can not quantify these details
because it is that complex, I set a benchmark position (starting of the current) for all my experiments. This
benchmark is placed on the worst-case scenario I experienced, which is 146 pixels or 21centimeters left from
the lock.

The worst-case scenario is shown in figure 3.15. Clear is that there is a mixture of clay and water in the
upper and lower part divided by water. The start of the experiments is taken at the point where the lower
mixture is further left than the upper mixture, at t=0.

37



3.6. Experimental difficulties 3. Experimental methodology

Figure 3.15: Start point measurements

Mixing the artificial CCZ clay
Mixing the artificial CCZ clay was very challenging. Especially with high concentrations, the clay was added
to a square box, the mixing section of the tank, where it should be mixed. Mixing in the square box was
no problem for the same concentrations of illite, but with the artificial CCZ clay, it was impossible. For the
100g/L experiments, the mixture with water was pre-made in a bucket and was mixed around for 5 hours
before adding it gradually to the tank. The lock is set in place, and the mixture is added to the mixing section
at the same speed; the water is filled in the outflow section to minimize leakage from the lock.
The low concentration were mixed in the mixing section and took around five hours to make sure the mixture
was homogeneous.
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4
Experimental results

In this chapter, the results of the settling column experiments and lock exchange experiments are presented.
The settling velocity is obtained by the settling column experiments. The results obtained for the lock ex-
change experiments depend on which experiment is done. For all the standard illite experiments with either
0 mM, 10 mM, and 100 mM, head velocity profiles and mass concentration profiles are made. Only head
velocity profiles are determined for the additional test with flocculant and artificial CCZ clay. In all lock ex-
change experiments, I assessed if there was an increase in settling in the body or tail of the current using
visual observations.

4.1. Settling column experiments
This section represents the result of the settling column experiments are represented. Twenty-four experi-
ments were performed to get a better understanding of flocculation; see the experimental details in table 4.1.
For experiments 1 up to 8 no C aC l2 was added, for experiments 9 up to 16 1,11 grams C aC l2 was added and
for experiments 17 up to 24 11,1 grams of C aC l2 was added.

The heights were plotted over time; see figure 4.1. The experiments had a duration of 500 minutes. From
left to right, an increase in salinity is shown. It is clear that with an increase of sediment, the curves become
rounder in shape, which in turn tells us that the settling velocity declines.

#
Mass concentration
illite [g/L]

Concentration CaCl2
[mM]

Temperature
[◦ C]

TDS
[mg/L]

1 10 0 20.2 509.4
2 20 0 20.1 498.3
3 30 0 19.9 502.1
4 40 0 20.3 500.7
5 50 0 19.8 506.4
6 75 0 18.4 491.3
7 100 0 18.0 495.2
8 125 0 17.4 554.9
9 10 10 17.5 1336

10 20 10 17.4 1157
11 30 10 16.5 1244
12 40 10 11.6 1049
13 50 10 18.8 1425
14 75 10 11.9 1040
15 100 10 14.9 1044
16 125 10 14.1 1191
17 10 100 19.6 8049
18 20 100 19.3 7900
19 30 100 19.1 7993
20 40 100 19.6 8155
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21 50 100 20.2 7839
22 75 100 23.8 6208
23 100 100 23.8 7311
24 125 100 23.8 7353

Table 4.1: Summary of experiments.

Figure 4.1: Relationships of mud-line height for illite clay as a function of salt type and concentration

Settling can be divided into two parts; see Figure 4.2. The first part from t= 0 till t= tc shows a more or
less linear downward trend. The second part is the consolidation part, which means going from undrained
to drained sediment. In this thesis, there will not be looked at consolidation. In the first section, the settling
velocity will be calculated, and this is done by calculating the derivative of the first part.

Figure 4.2: Schematized settling curve with indication of start and end of consolidation phases. The inserted photos correspond with
the start of the consolidation phase, the point of contraction at t=tc and the end of the consolidation phase at t=t∞. The consolidation
phase itself is divided into two phases, C-I and C-II. The x-axis is not to scale.

The settling velocities were determined of all experiments and are shown in 4.3. It shows that with added
C aC l2, the settling speed increases up to a specific concentration; this concentration is in the neighborhood
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of 75 gram/L of illite. There is a difference in settling velocity for experiments with 10, 20, 30, and 50 gram/L
illite with 10 mM and 100 mM of C aC l2.

Figure 4.3: Relationships of velocity for illite clay as a function of salt type and concentration:

Salt densities were determined, no visual volume changes were observed, which means that the density
can be calculated by adding the weight of salt added to freshwater, see Table 4.2. Small steps are observed
from 0 mM to 10 mM.

Salinity [mM] Density [kg/m^3]
0 1000,00

10 1001,11
100 1011,10

Table 4.2: Increased density water due to salinity

Hinder settlement is observed when the mass concentration of illite is increased; see fig 4.4. It shows
a more clear boundary between the mixture and the water with increased mass concentration of illite as
Winterwerp (2002) predicted. As told above will the settling velocities decline with increased concentrations
of illite.

The kinematic viscosity was calculated with the Stokes equation for experiments with ten g/L of illite, see
table 4.3. The Stokes equation is normally used to measure the settling velocity of 1 particle, but as hindered
settlement takes place at sediment concentrations ≥ 2-3 kg /m3, no hindered settlement was suspected. The
viscosity of water at temperatures from experiments done should lie between 1,028 mm2/s and 1,067 mm2/s.
This, however, is not the case because natural sediments consist of different particle sizes, which in turn will
have mutual influence during settling. With particles descending in a fluid, it will have an inevitable slip
velocity relative to the surrounding water velocity. Although the viscosity should not be three times lower,
it should be 0.987 times lower compared to 1 particle settling according to the theory, see appendix A. The
lower viscosity when salt is added can be because the particles form aggregates, and so the d50 increases,
which lowers the viscosity.
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Experiment Viscosity [mm^2 /s]
0 mM 0,318

10 mM 0,144
100 mM 0,177

Table 4.3: Viscosity’s experiments with 10 g/L of illite (1, 9 and 17)

Figure 4.4: Settling columns experiments, t= 50 minutes.

As told, it was hard to get a homogeneous mixture of bentonite. It also did not behave consistently; see
figure 4.5. No experiments have been done with bentonite from this point on.
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Figure 4.5: Comparison settling column experiments of 10 g/L of bentonite

4.2. Lock exchange experiments
This section represents the results of all the lock exchange experiments and compares different experiments
to each other. The driving force of a gravity current for the experiments is due to density difference. The bulk
density of such a suspension may be greater than its surroundings, resulting in a gravity current. As stated in
the introduction of Chapter 4 no mass profiles are made for the pre-existing beds, added flocculant, and the
artificial CCZ clay. Experiments 1 up to 7 are used as a benchmark to compare other experiments.

4.2.1. Head velocities
The head velocity can be calculated with the script provided by Vasquez (2020). Depending on the concen-
tration used, either 30 or 50 frames per measurement were used to track the head velocity. For all the exper-
iments which used 10 up to 50 g/L of clay, 50 frames were chosen. As using fewer frames will give a cloudy
result, see figure 4.6. These cloudy results result from the surface wave created when the lock gate opens to
release the suspension into the outflow section. The used sampling frequency is showed in every upcoming
table with details of the experiments. Vasquez (2020) filtered the velocities with a Chebychev bandpass filter
type 2 with an extra filtfilt function. An additional Gaussian filter type 1 is added to smooth out the spikes
when comparisons need to be made.
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(a) 50 Frames interval

(b) 30 Frames interval

Figure 4.6: Filtered velocity of experiment 1

Specific experiments were repeated to see if they were consistent. Figure 4.7 shows three repetitions of the
first experiment. It shows that except for the first 5 seconds, the velocity profiles have the same characteristics.
A very slight velocity difference is shown.

Figure 4.7: Comparison of head velocities for 10 g/L illite without added C aC l2

Table 4.4 shows the standard deviations from experiments 1 and 7. It shows that there is a difference when
an experiments is repeated. This is due to multiple factors:(i) the fact that every experiment has a different
temperature, (ii) gravity currents are stochastic.
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Experiment Times repeated
Standard deviation

time to reach end [%]
Standard deviation

max head velocity [%]
1 4 5 7
7 3 8 5

Table 4.4: Standard deviations for three experiments.

Table 4.5 shows the frames per measurement used for the head velocity. So, for example, for experiment
1, for every 50 frames, the head velocity is determined. Additionally, the temperature, the pH values, and the
total dissolved salts are shown. An increase of pH is observed when the salinity goes from 0mM to 10mm
C aC l2. This is because a rise in salinity increases the pH. For 100 mM C aC l2, the pH increase should be
expected; however, this is not the case. As the temperature rises, molecular vibrations will increase. This
results in the ability of water to ionize and form more hydrogen ions. As a result, the pH will drop.

#
Mass concentration
illite [g/L]

Concentration
CaCl2 [mM]

Frames per
measurement

Fs
[Hz]

Temperature
[◦ C]

pH
TDS

[mg/L]
1 10 0 50 2,6 23,2 8,00 259
2 20 0 50 2,6 10,7 8,02 270
3 30 0 50 2,6 10,9 8,04 267
4 40 0 50 2,6 10,9 7,99 269
5 50 0 50 4,3 10,1 8,09 299
6 75 0 30 4,3 10,4 8,08 267
7 100 0 30 4,3 10,1 8,01 179
8 125 0 30 4,3 11,6 8,03 192
9 10 10 50 2,6 10,4 8,12 1538

10 20 10 50 2,6 9,4 8,00 1455
11 30 10 50 2,6 9,2 8,33 1535
12 40 10 50 2,6 9,1 8,32 1443
13 50 10 5 4,3 9,6 8,32 1476
14 75 10 30 4,3 10,7 8,31 1579
15 100 10 30 4,3 10,1 8,25 1622
16 125 10 30 4,3 11,0 8,24 1546
17 10 100 50 2,6 17,5 7,24 7205
18 20 100 50 2,6 17,3 7,74 5957
19 30 100 50 2,6 19,0 7,55 7059
20 40 100 50 2,6 19,1 7,60 7084
21 50 100 50 4,3 17,5 7,45 7106
22 75 100 30 4,3 16,3 7,19 7448
23 100 100 30 4,3 17,4 7,69 6237
24 125 100 30 4,3 16,7 7,23 7577

Table 4.6: Experimental details experiments 1 up to 24

The head velocity of all the mentioned experiments above is shown in figure 4.8. With an increase of
sediment in the mixing section, a higher head velocity is created, as the theory predicted. When the head
is formed, an increase in speed is shown in every experiment. The currents produced can be presented in
two or even three phases. The first phase, the initial adjustment phase, starts when the lock is opened; here
the density difference and height will create a current. This current will increase till it reaches its maximum
velocity.
In the second phase, the self-similar phase, the head velocity will decline. The transition from the first to the
second phase is observed to be rather abrupt. While the current spreads, particles fallout, and the adequate
driving strength of the current, compared to a homogeneous current, decays as predicted by Ungarish (2009).
Only currents with a mass concentration up to 30 g/L of illite show a constant speed after the second phase.
None of the experiments experience the decrease in velocity Rottman and John Simpson (1983) described.
It is more in the neighborhood of t−0.15, when the t is measured from the maximum head velocity until it
reaches a constant speed. All these experiments reached the end wall.
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(a) Illite without C aC l2. Experiments: 1 up to 8

(b) Illite with 10 mM C aC l2. Experiments: 9 up to 16

(c) Illite with 100 mM C aC l2 Experiments: 17 up to 24

Figure 4.8: Head velocities experiment 1 up to 24

For comparison, the head velocities of 10, 50, and 100 g/L with different salinity were plotted in figure
4.9. For the low amount of clay, it shows that the head velocity is reduced when salt is added; this is in
contradiction with Baker et al. (2017). With illite amounts of 50 and 100 g/L, there is no clear distinction
about the difference in head velocity seen in figure 4.9. However, with the maximum speed and time to reach
the end is determined, some things can be concluded, see table 4.7. The time to reach the end is always the
lowest when no salt is added.
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Figure 4.9: Head velocities experiments: 10, 50 and 100 g/L of illite with different salinity’s

0 mM 10 mM 100 mM
Time to

reach end [s]
Max

velocity [m/s]
Time to

reach end [s]
Max

velocity [m/s]
Time to

reach end [s]
Max

velocity [m/s]
10 g/L 46,9 0,055 62,7 0,052 63,9 0,046
20 g/L 31,4 0,083 36,7 0,075 34,9 0,085
30 g/L 23,5 0,111 29,1 0,100 27,7 0,100
40 g/L 21,2 0,127 22,5 0,115 23,5 0,117
50 g/L 18,8 0,126 20,5 0,117 19,2 0,121
75 g/L 14,7 0,171 16,2 0,176 15,9 0,160

100 g/L 13,4 0,187 14,0 0,177 12,6 0,195
125 g/L 10,6 0,224 10,4 0,216 11,0 0,250

Table 4.7: Comparison time to reach end and maximum head velocity of experiments 1 tm 24

The difference in density between the mixture in the mixing section and the water in the outflow section
is of great importance when considering the behavior of the current. The densities are always higher in the
mixing section as there the clay is added. The density differences between the mixing section and the outflow
section are shown in 4.8. The table shows that with an increase of illite, the density difference increases. No
significant difference is established between the densities created by the salinity.

0 mM
[kg/m^3]

10 mM
[kg/m^3]

100 mM
[kg/m^3]

10 g/L 6.4 6.4 6.3
20 g/L 12.7 12.7 12.6
30 g/L 19.0 19.1 19.0
40 g/L 25.5 25.4 25.3
50 g/L 31.8 31.8 31.6
75 g/L 47.7 47.7 47.4

100 g/L 63.6 63.6 63.2
125 g/L 79.5 79.5 79.0

Table 4.8: Density different mixing section with outflow section for illite

Additional experiments with pre-existing bed
Additional experiments were done to find out if a pre-existing bed influences the head velocity. Three possi-
bilities of beds are compared: (a) no bed (experiments 1, 5, and 7), (b) a bed which is made 24 hours before,
and (c) a bed which is made 48 hours before. The experimental details are shown in table 4.9.
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#
Mass concentration

illite [g/L]
Concentration
C aC l2 [mM]

Frames per
measurement

Fs
[Hz]

Temperature
[◦ C]

pH
TDS

[mg/L]
25_1 10 0 50 2,6 15,2 8,00 273
25_2 10 0 50 2,6 18,4 7,89 274
26_1 50 0 50 4,3 16,3 8,01 265
26_2 50 0 50 4,3 17,5 7,92 278
27_1 100 0 30 4,3 16,4 7,78 231
27_2 100 0 30 4,3 18,7 7,91 282
28_1 10 10 50 2,6 16,5 8,27 1612
28_2 10 10 50 2,6 19,3 7,50 2071
29_1 50 10 50 4,3 23,8 7,78 1918
29_2 50 10 50 4,3 23,1 7,67 1577
30_1 100 10 30 4,3 18,0 7,65 1724
30_1 100 10 30 4,3 19,6 7,76 1538

Table 4.9: Experimental details pre-existing bed. With _1 indicates 24 hours and _2 indicates 48 hours.

As Nogueira et al. (2013) noted that the roughness of the bed plays a vital role in the current kinematics,
particularly in decreasing the front velocity due to extra drag at the bed. Increasing the bed roughness made
the transition to the self-similar phase happen earlier.

Alternatively, sediment may be entrained if the current is passing sufficiently rapidly over an erodible bed,
which increases the particle concentration and driving buoyancy force. Both the settling and entrainment
rates depend on the velocity and dimensions of the gravity current. So there is a strong coupling between the
sediment transport and the dynamics of the flow (Bonnecaze et al., 1993).

Both cases are observed; see figure 4.10.

(a) Velocities 0 mM C aC l2 without a bed, with 1 day bed and with 2 day bed

(b) Velocities 10 mM C aC l2 without a bed, with 1 day bed and with 2 day bed

Figure 4.10: Head velocities of experiments with pre-existing bed
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Table 4.10 shows the maximum velocities and time the current needed to reach the end of the video com-
pared to experiments without salt and bed. It clearly shows an increase of time considering one-day beds,
however with two-day beds; it is different. A gravity current moving over a two-day bed almost always indi-
cates a decrease of time to reach the end. This is also clear regarding the maximum velocity. At a one-day
bed, the maximum speed decreases in all cases, except for experiment 30. The maximum speed of the two-
day beds are more incredible except for the experiment of 10 g/L of illite in a 10 mM two-day bed (experiment
28−2)
The initial concentration in the outflow section depends on the time the sediment had to settle. Figure 4.11
shows the initial transparency of the outflow section. There is more sediment in the outflow section at a
one-day bed than the two-day bed, demonstrated by more white/ light blue areas, which corresponds with a
shorter settling time.

No bed

1 Day bed

2 Day bed

Figure 4.11: Initial transparency of illite in the tank before test is done

0 mM 0 mM 1 day bed 0 mM 2 day bed
Time to

reach end [s]
Max

velocity [m/s]
Time to

reach end [s]
Max

velocity [m/s]
Time to

reach end [s]
Max

velocity [m/s]
10 g/L 46,9 0,058 66,5 0,042 44,1 0,074
50 g/L 18,8 0,126 19,5 0,120 18,0 0,128

100 g/L 13,4 0,187 14,4 0,179 12,1 0,206

10 mM 10 mM 1 day bed 10 mM 2 day bed
Time to

reach end [s]
Max

velocity [m/s]
Time to

reach end [s]
Max

velocity [m/s]
Time to

reach end [s]
Max

velocity [m/s]
10 g/L 62,7 0,052 58,6 0,051 62,4 0,048
50 g/L 20,5 0,117 23,5 0,112 12,9 0,128

100 g/L 14,0 0,177 18,0 0,202 12,8 0,199

Table 4.10: Comparison time to reach end and maximum velocity of experiments 25 tm 30

Additional experiments with flocculant
Two kinds of experiments were done. One was mixing the flocculant with the mixture in the mixing section,
and the second by mixing the flocculant in the outflow section. The experimental details are shown in 4.11
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#
Mass concentration

illite [g/L]
Concentration
C aC l2 [mM]

Frames per
measurement

Fs
[Hz]

Temperature
[◦ C]

pH
TDS

[mg/L]
31 10 0 50 2,6 13,7 7,84 259
32 100 0 30 4,3 11,8 8,01 255
33 10 0 50 2,6 23,1 7,83 195
34 100 0 30 4,3 23,1 7,83 195
35 10 0 50 2,6 22,0 8,23 211
36 100 0 30 4,3 22,0 8,19 196
37 10 0 50 2,6 22,0 8,32 202
38 100 0 30 4,3 22,0 8,27 200
39 10 10 50 2,6 22.0 8,02 1470
40 100 10 30 4,3 17,9 8,08 1458
41 10 10 50 2,6 22,0 8,13 1304
42 100 10 30 4,3 13,7 8,00 1777

Table 4.11: Experimental details experiments with flocculant.

From the six experiments where flocculant is added to the mixing section, only two reached the end of the
camera visibility, see figure 4.12. All experiments with Zetag 4120 stop before 1.25 meters; when salt is added,
it stops before 0.5 meters. As told in paragraph 3.4.2 Zetag 4120 is anionic. Due to the ions in the tap water,
flocculation can occur.

Figure 4.12: Distance travelled of the current created with flocculant mixed in the mixing section. Experiments: 33, 34, 35,36,39 and 40

All experiments done with mixing the flocculant in the outflow section result in currents that reach the
end. The head velocities of the experiments, compared to the benchmark experiments, are shown in figure
4.13. Figure 4.13a shows no direct influence of flocculant regarding Zetag 8125. A big difference is shown
when Zetag 4120 is used. A sharp decline in velocity is shown, which corresponds with the fact that the
current not reaches the end, shown in figure 4.12. The experiments with Zetag 4120 in 10 mM C aC l2 are very
slow and are influenced by the standing wave.
Figure 4.13b shows that with 100 g/L of illite, flocculant in all cases increases the head velocity. Experiments
with 10 g/L show a decrease in head velocity when flocculant is added.
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(a) Head velocities of flocculant mixed in the mixing section. Experiments: 7, 34, 36, 40, 1, 33, 35, 39

(b) Head velocities of flocculant mixed in the outflow section. Experiments: 7, 32, 38, 42, 1, 31, 37, 41

Figure 4.13: Head velocities of experiments with added flocculant

No essential differences were determined for Zetag 8125; see figure 4.13a this is indeed the case when we
look at table 4.12. Only a longer time to reach the end is noticed and increases by a small amount. Fort Zetag
4120 0mM, it is remarkable that it has a semi-similar maximum velocity as it doesn’t reach the end. Table
4.13 shows the outcomes of the flocculant mixed in the outflow section. It shows, as told, the decrease of
maximum velocity for 10 g/L and an increase for 100 g/L. The time to reach the end was at all times greater
when flocculant is added to 10 g/L of Illite. The time it took to reach the end of the 100 g/L experiments
declined with added flocculant.

0 mM
0 mM

Zetag 8125
0 mM

Zetag 4120
10 mM

Zetag 4120
Time to

reach end
[s]

Max
velocity

[m/s]

Time to
reach end

[s]

Max
velocity

[m/s]

Time to
reach end

[s]

Max
velocity

[m/s]

Time to
reach end

[s]

Max
velocity

[m/s]
10 g/L 46,9 0,058 53,8 0,060 - 0,052 - 0,062

100 g/L 13,4 0,187 14,2 0,187 - 0,182 - 0,127

Table 4.12: Comparison time to reach end and maximum velocity of mixed in mixing section
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0 mM
0 mM

Zetag 8125
0 mM

Zetag 4120
10 mM

Zetag 4120
Time to

reach end
[s]

Max
velocity

[m/s]

Time to
reach end

[s]

Max
velocity

[m/s]

Time to
reach end

[s]

Max
velocity

[m/s]

Time to
reach end

[s]

Max
velocity

[m/s]
10 g/L 46,9 0,058 66,0 0,044 59,3 0,052 62,2 0,049

100 g/L 13,4 0,187 11,6 0,210 12,4 0,193 12,5 0,198

Table 4.13: Comparison time to reach end and maximum velocity of mixed in outflow section

Additional experiments with artificial Clarion Clipperton zone clay
To make sure the experiments were not too idealized, experiments were done with artificial CCZ sediment.
Six experiments were done to see if the head velocity and time to reach the end are comparable with the
experiments above. Table 4.14 show the experimental details.

#
Mass concentration
mixture [g/L]

Concentration
CaCl2 [mM]

Frames per
measurement

Fs
[Hz]

Temperature
[◦ C]

pH
TDS
[mg/L]

43 10 0 50 2,6 14,0 8,12 243
44 50 0 50 4,3 16,2 8,01 197
45 100 0 30 4,3 17,9 7,98 215
46 10 10 50 2,6 18,2 7,65 1986
47 50 10 50 4,3 18,4 7,84 1764
48 100 10 30 4.,3 18,2 7,71 1842

Table 4.14: Experimental details CCZ sediment

Two experiments with CCZ sediment also did not reach the end. The distance the currents travelled are
shown in figure 4.14. It shows similar behaviours for sediment with and without added salt.

Figure 4.14: Distance travelled of the current with CCZ sediment. Experiment: 43, 44, 45, 46, 47 and 48.

The head velocities are shown in figure 4.15. The head velocities of 10 g/L show a slight increase in head
velocity when salt is added. The 50 g/L experiments show a more significant increase in head velocity com-
pared to 50 g/L of illite without salt. It reaches even higher than the 100 g/L experiments.
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Figure 4.15: Head velocities of artificial CCZ mixture

The maximum velocity and time to reach the end are shown in graph 4.15. It shows, as stated before, with
added salt, higher head velocities are found compared to no added salt for 10 and 50 g/L. The head velocities
of 100 g/L are similar. The time to reach the end for 10 g/L and 50 g/L is lower for the added salt.

0 mM 10 mM
Time to

reach end [s]
Max

velocity [m/s]
Time to

reach end [s]
Max

velocity [m/s]
10 g/L 39,3 0,067 36,7 0,073
50 g/L 17,5 0,132 16,2 0,166

100 g/L - 0,167 - 0,163

Table 4.15: Comparison time to reach end and maximum velocity of the CCZ sediment

The density differences between with and without C aC l2 are shown in table 4.16. It shows that there is no
significant difference observed when comparing experiments with no salt and added salt.

0 mM 10 mM
10 g/L 4.3 4.3
50 g/L 21.4 21.4

100 g/L 42.8 42.9

Table 4.16: Density different mixing section with outflow section for artificial CCZ clay

Froude number
The densimetric Froude number is calculated for each experiment. All the experiments run with illite have
a densimetric Froude number below 0.8, which means a sub-critical flow; see appendix C for the plots. For
experiments with artificial CCZ sediment, the Froude number is higher; see figure 4.16. This is especially the
case for experiment 46, where 10g/L of artificial CCZ sediment is run with 10 mM C aC l2 added to the water.
This experiment has, as noted above, a much faster head velocity than comparable illite experiments, which
influences the densimetric Froude number. At some point, it nearly reaches 1, which is the point the flow gets
in critical condition.
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Figure 4.16: Densimetric Froude number experiments with artificial CCZ sediment. Exp 43 up to 48.

Summary of the Illite results
The following two pages show tables, table 4.17 and table 4.19, with all the illite experiments combined. Un-
derneath these tables are tables 4.18 an 4.20, which compare the experiments with 0 mM added C aC l2. Stan-
dard deviations were only executed for experiments with 10 and 100 g/L of illite. The mean values of experi-
ments 1 and 7 are shown in these tables to make better comparisons.
Table 4.18 shows in almost all cases an increase of time to reach the end for the low mass concentrations of
added C aC l2. Increasing the mass concentration results in experiments that are most of the time inside the
standard deviation, which makes it hard to say something about. Table 4.20 shows the comparison of the
maximum head velocities. Most of the time, there is a decrease in velocity observed for low concentrations.
Increasing the concentration show experiments in the standard deviation zone. Note: only 10 g/L and 100
g/L had multiple experiments to calculate the standard deviation.
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4.2.2. Mass calculation
The mass can be calculated for experiments one till 24 as three calibration curves were made for illite for the
different salinities. The mass values in this paragraph give a misleading impression as they only show the
minimum mass in the current, as told in paragraph 3.5. The current is cut into five sections to determine the
mass per part. This is done to see if there are differences in the head, the body, and the tail of the current. The
five parts are shown in figure 4.17. The mass will only be calculated with the head visible. So part 5 will have
less time to be measured than four and so on. The darker the red will indicate a higher mass concentration
than the green and green. The dark blue is zero mass.

Figure 4.17: Velocities of flocculant mixed in the outflow section

The additional experiments have no mass calculations; however, it is possible to visually say something
about the experiments. I only investigated 10, 50, and 100 g/L of illite in this paragraph.
Figure 4.18 shows the mass distribution in the whole stream. It shows that there is a big difference in mass
when for mass concentrations of 10 g/L.

Figure 4.18: Results for mass measurement

The big difference can be derived from figure 4.19. It shows the color map made of the current reaching
the end. The heads of the currents show a similar image. The body and the tail show significant differences.
Less Kelvin-Helmholtz instabilities are shown with added C aC l2 compared to without added C aC l2. The
biggest differences are shown in part1, part 2, and part 3.
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Figure 4.19: Color maps of 10 g/L. Exp 1, 9 and 17.

Figure 4.20 shows the mass for the first three sections for 10 g/L and 50 g/L. For the 50 g/L, not much can
be concluded, however for 10 g/L; it can. For all three parts, there is a higher peak of mass visible when no
C aC l2 is added, as also shown in the color map above, which means that there is more mass in the head,
which explains the higher head velocity. In part 1, from 20 to 40 seconds, the mass of 10 mM is higher than 0
mM. In part two, from 30 seconds, 100 mM has more mass than 0 mM.

Figure 4.20: Mass in 3 parts for 10 and 50 g/L with different salinity’s

Additional experiments with pre-existing bed
The experiments with a pre-existing bed are not conclusive. As figure 4.21 shows, there are a lot of color
fluctuations in the current. This is because first, the initial picture is subtracted to filter out imperfections for
making the color maps. When for example, figure 4.11 is subtracted, there is a big difference if you subtract
a picture without a bed or with a bed. These images can only give shape differences. The color maps are
misleading as the pre-existing bed is subtracted.

58



4.2. Lock exchange experiments 4. Experimental results

Figure 4.21: Color maps of 100 g/L with pre-existing beds. Exp 27, exp 27-2, exp 30 and exp 30-2

Additional experiments with flocculant
No calibration curve was made for flocculant, as it has a very different effect on clay than salt. These experi-
ments are compared to the benchmark experiments 1 & 7.
Figure 4.22 shows the comparison of experiment 1 with the experiments done with flocculant and 10 g/L of
illite. Significant differences are visible in the tail and the body of the current. Experiments 31 and 41 are
already settled in the tail. Experiment 31 also shows a much earlier start of the body compared to the others.

Figure 4.22: Color maps of 10 g/L illite mixed in outflow section. Exp 1, exp 31, exp 37 and exp 41

Figure 4.23 shows experiments with 100 g/L of illite with flocculant mixed in the outflow section. Much
more minor differences are shown in these color maps. The benchmark experiments show darker colours.
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Figure 4.23: Color maps of 100 g/L illite mixed in outflow section. Exp 7, exp 32, exp 38 and exp 42

The color maps of the mixing of flocculant on the mixing section are shown in figure 4.24 and figure 4.25.
For the 10 g/L of illite, it shows clearly the effect to multiple extents the effect. Zetag 8125 has a more minor
impact than Zetag 4120. Zetag 4120 flocculates directly and is already partly settled in the mixing section.

Figure 4.24: Color maps of 10 g/L illite mixed in mixing section. Exp 33, exp 35 and exp 39

When the illite is increased to 100 g/L, there is still a big difference. Again Zetag 4120 has a more significant
effect on flocculation than Zetag 8125. In the color map from experiment 36, there are large flocs shown.
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Figure 4.25: Color maps of 100 g/L illite mixed in mixing section. Exp 34, exp 36 and exp 40

Additional experiments with artificial Clarion Clipperton zone clay
Again no calibration curve was made for the CCZ clay as this a very time-consuming process. An earlier start
of the tail is noticed for the experiments with 10 and 50 g/L, figures 4.26 and 4.27. The big difference is shown
with 100 g/L, see 4.28. These are the last parts they reach. Experiment 48 has had a significant influence by
C aC l2 as compared with experiment 45. More minor Kelvin-Helmholtz instabilities are shown for 10 g/L of
artificial CCZ sediment compared to illite.

0 mM

10 mM

Figure 4.26: Color maps of 10 g/L artificial clay. Exp 43 and exp 46

0 mM

10 mM

Figure 4.27: Color maps of 50 g/L artificial clay. Exp 44 and exp 47
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0 mM

10 mM

Figure 4.28: Color maps of 100 g/L artificial clay. Exp 45 and exp 48

The last two experiments, 45 and 48, both experiments with 100g/L of CCZ mixture, behave in different
ways than all experiments with illite. They show no to weak internal turbulence in the head; see figure 4.29.

0 mM

10 mM

Figure 4.29: Color maps of 100 g/L artificial clay. Exp 45 and exp 48

62



4.3. Discussion 4. Experimental results

4.3. Discussion
4.3.1. Settling column experiments
The settling column shows that with the addition of C aC l2, flocculation is induced up to a point op 75 g/L of
illite. From this point, hindered settlement prevails flocculation. Flocculation plays a significant role when
the sediment concentration is increased ass Winterwerp (2002) predicted. There is a big difference in the
way the illite settles. When investigating the difference of settling velocity between 10 mM and 100 mM, I
found marked differences, especially for 10 and 20 g/L of illite. As stated in chapter 3, the 100 mM would not
dissolve entirely, and undissolved particles of C aC l2 will be floating in the cylinder. These extra particles will
contribute to the hindered settling and so decrease the settling velocity of these experiments.
As the density difference between illite and water declines when salt is added, the settling velocity should also
decline with increasing salinity. However, this is not shown due to the effect that the density difference was
not significant as shown in table 4.8.

4.3.2. Lock exchange experiments
Lock exchange experiments develop more head velocity when more clay is added due to a higher density
difference in the mixing section and the outflow section. Flocculation is also induced in lock exchange exper-
iments by adding C aC l2 in contradiction with what Baker et al. (2017) told. The flocculation is most visible
at low mass concentrations of illite. The head velocities decline with added C aC l2, and a decrease in mass
is observed. The mass declines the most for parts one up to part three, the body and the tail. It shows that
flocculation is happening the furthest from the head, which is in agreement with what Spearman et al. (2020)
and Gillard et al. (2019) predicted. No density differences are shown, so the less head velocity should be due
to the effect of clay forming by aggregation, which will slow down the head velocity.

Additional experiments with pre-existing bed
As Nogueira et al. (2013) noted is shown in the experiments with a one-day bed, the bed is not entirely set-
tled. This makes for horizontal hindered settlement, which reduces the head velocity, especially for low mass
concentrations of illite.
For experiments with a bed of two days, a decrease in head velocity is observed; this is due to the effects men-
tioned by Bonnecaze et al. (1993). The current is passing sufficiently rapidly over an erodible bed. Sediment
may be entrained, which increases the particle concentration and driving buoyancy force. Only experiment
28-2, 10 g/L of illite with 10 mM of C aC l2 on a two-day bed, does not behave as predicted; this can be an
erroneous experiment, or 25-2 can be inaccurate. It is impossible to say if the current is moving fast enough;
it is hard to say which one is erroneous.

Additional experiments with flocculant
Adding flocculant to either the mixing section or the outflow section will induce flocculation. When flocculant
is added to the outflow section, a similar effect can be shown with added C aC l2 for low mass concentrations
of illite. The time to reach the end increases, and the mass visually decreases in part 1. Looked at higher mass
concentrations of illite, the time to reach the end decreases, but just very slightly and sits inside the standard
deviation zone. Comparing the color maps shows a reduction of high concentrations of mass as the image
becomes lighter from color. No difference is shown in the behavior of the current compared to the bench-
mark experiment.

With flocculant added to the mixing section, different effects are shown. The time to reach the end is only
given for Zetag 8125, as Zetag 4120 never reaches the end. Remarkable differences are shown when looked
at the color maps. Zetag 4120 with added C aC l2 doesn’t even reach part 2. The flocculation effect is very
evident. When mixed in the lock, clay particles already start to aggregate and will form large flocks. When the
lock is opened, the current almost immediately settles.

Additional experiments with artificial Clarion Clipperton zone clay
Experiments with artificial CCZ clay lead, in contradiction with the theory odd effects and show that the ex-
periments with illite are strongly idealized. The current is much faster than the same mass concentration
of illite for mass concentrations of 10 g/L, which corresponds with Marr et al. (2001). The current consists
partially out of bentonite, which is strongly coherent between 7 and 50 g/L as the grains are held fixed within
the fine-grained matrix.
The Froude number reaching just under one indicates that the experiments with mass concentrations of
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10g/L are near-critical conditions, which means that the flow velocity is equal to the speed generated by a
disturbance. This disturbance can be the opening of the lock. This will also explain high head velocities of
the low concentrations, where they were not expected. With adding salt to these experiments, the time to
reach the end decreases, which is also not comparable to the illite experiments. The experiments with mass
concentrations of 50 g/L need a little less time to reach the end but differ not much.

With mass concentrations of 100g/L of the CCZ clay, the current doesn’t reach the end. The experiment with
added C aC l2 shows similar behavior to with added salt and settles faster. This all can be due to the effect that
this is a mixture of bentonite. The greater cohesive strength of bentonite producing flows with a significantly
higher molecular viscosity and yield stress than illite flows. The currents seem to show no internal turbu-
lence in the head, which was also demonstrated by Baker et al. (2017), but this was for volume concentration
of bentonite of 18%≤C≤19%. This could be due to the effect of gelling, where flow deceleration by gelling
exceeds flow acceleration by density difference, but Baker et al. (2017) only experienced this at volume con-
centrations of C≥10%. However, Winterwerp (2002) showed that gelling effects of cohesive sediment could
take place at sediment concentration≥ 40 g/L, which explains the gelling at a concentration of 100g/L.

64



5
Conclusion and recommendations

5.1. Conclusions
• Experiments with illite with mass concentrations between 10 and 75 g/L, in C aC l2 water solution, show

an increase in time before the end of the tank is reached. The maximum head velocity shows a decrease
in almost all these experiments, except for 20g/L of illite, in which case, 100 mM C aC l2 is added to the
water and 75 g/L of illite which case 10 mM C aC l2 is added to the water. This all can be ascribed to
flocculation as there are no density differences and the height of the water column stayed the same.
Adding C aC l2 to 10 and 20 g/L of illite visually shows flocculation in the tails of currents as the mass
decreases. The most significant decline in plume scatter is observed for currents with 10 g/L of illite.

• Running illite mixture currents over preexisting beds made of illite gives different results when looked
at when the bed had to settle. With a bed, which had 24-hours to settle, an increase is shown when the
current reached the end, except for the experiment where 100 g/L of illite is run, in which case 10 mM
C aC l2 is added to the water.
With a bed, which had 48-hours to settle, different observations are made. The time the current reaches
the end is decreased at all times.

• Adding additives as a flocculant in the outflow section shows a decrease of head velocity and an increase
of settlement in the tail for 10 g/L of illite. Adding 100 g/L of illite shows an increase of head velocity, no
change in shape is shown compared to experiments without flocculant.
Adding additives as a flocculant in the mixing section show a decrease of head velocity and an increase
of time to reach the end, for Zetag 8125. It also shows a lot of settling in the tail of the current. When
adding Zetag 4120, the plume will almost immediately settle when leaving the mixing section. The
effect is more significant when this experiment is performed in water with added salt.
When looked at 100 g/L of illite, the time to reach the end is also increased, but no conclusion can be
made on flocculation. Zetag 4120 flocculates a lot and settles before the end is reached. The effect is
more prominent when this experiment is performed in water with added salt.

• The outcomes of experiments with illite are not comparable with CCZ sediment. The artificial CCZ clay
for mass concentrations of 10 g/L give much higher head velocities and decrease in time to reach the
end, compared to similar mass concentrations of illite. Experiments with 100 g/L of artificial CCZ clay
undergo gelling, which was not shown with the illite experiments. With added salt, the stream settles
earlier than without added salt.
To minimize the plume dispersion created by deep-sea mining, a concentration between the 50 and
100 g/L of artificial CCZ sediment should be ideal. Gelling will occur and will increase the settling time.

• The speed of the current fluctuates over the traveled trajectory to the end. The maximum velocity does
not dominate the time needed to reach the end of the tank.
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5.2. Recommendations
• Experiments should be performed with genuine CCZ sediment, as artificial CCZ sediment already showed

marked differences compared to illite. It would be interesting to find out with which concentration the
gelling effect starts.

• A wide-angle lens should be better appropriate to film the tank to ensure the hole tank is visible under-
neath the dark cloth.

• There should be investigated at what influence opening the lock has, the opening procedure should be
standardized because the opening differs each time. Opening the lock creates a surface wave which
affects the measurements. Standardizing the process with actuators will fix this variable.

• Experiments can be done with a reduced height of the water column so that every experiment settles
before the back wall is reached. The Froude number can be extracted and compared with these exper-
iments to see if they are consistent. Also, samples can be removed and sieved to find out the particle
size distribution in the tank.

• Experiments can be done with different concentrations of flocculant to see what the effect is. The
results now for Zetag 4120 in the mixing section are extreme; it would be nice to have control over
the flocculation. Flocs can be extracted using a pipette to not hinder the flow and measure the floc
sizes.

• a further analyses technique should be used; the used method is not sufficient to measure the volume
concentration above 0.015. The used analyses give a misleading image of the mass profiles as the cal-
ibration technique is based on light permeability. The mass profiles now only show the minimum of
mass inside the current.

• Experiments with sediment with organic material should be done. This can then be compared with
the experiments with flocculant. Using Zetag 4120 and Zetag 8125 will probably never be used in the
deep-sea environment.

• Experiments can be done in a different setup, where the current can also disperse to the side.

• All experiments should be done multiple times, to see which standard deviation is expected for all
concentrations.
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A
Sediment properties of illite and bentonite

A.1. Illite

Figure A.1: Zeta potential illite

Figure A.2: Particle size distribution illite
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A.1. Illite A. Sediment properties of illite and bentonite

Figure A.3: Settling velocity with increased grain size. Blue line is size illite used

Figure A.4: Settling velocity with hindered settlement. Blue line is mass concentration of 10 g/L of illite.
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A.2. Bentonite A. Sediment properties of illite and bentonite

A.2. Bentonite

Figure A.5: Zeta potential bentonite

Figure A.6: Particle size distribution bentonite
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B
Head velocities

(a) Head velocity experiments with 10 g/L of Illite

(b) Head velocity experiments with 20 g/L of Illite

Figure B.1: Head velocities experiments: 1, 2, 9, 10, 17 and 18
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B. Head velocities

(a) Head velocity experiments with 30 g/L of Illite

(b) Head velocity experiments with 40 g/L of Illite

(c) Head velocity experiments with 50 g/L of Illite

Figure B.2: Head velocities experiments: 3, 4, 5, 11, 12, 13, 19, 20 and 21
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B. Head velocities

(a) Head velocity experiments with 75 g/L of Illite

(b) Head velocity experiments with 100 g/L of Illite

(c) Head velocity experiments with 125 g/L of Illite

Figure B.3: Head velocities experiments: 6,7,8, 14, 15, 16, 22, 23 and 24
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C
Froude plots

Figure C.1: Densimetric Froude number, experiment 1 up to 8

Figure C.2: Densimetric Froude number, experiments 9 up to 16
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C. Froude plots

Figure C.3: Densimetric Froude, number experiments 17 up to 24

Figure C.4: Densimetric Froude number, experiments 25 up to 27-2

Figure C.5: Densimetric Froude number, experiments 28 up to 30-2
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C. Froude plots

Figure C.6: Densimetric Froude number, experiments 43 up to 48

Figure C.7: Densimetric Froude number, experiments 33, 34, 35, 36, 39 and 40

Figure C.8: Densimetric Froude number, experiments 31, 32, 37, 38, 41 and 42
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D
Color maps

(a) Color maps 10 g/L of Illite. Exp 1, 19 and 17.

(b) Color maps 20 g/L of. Exp 2, 10 and 18. Illite

Figure D.1: Color maps of experiments: 1, 2, 9, 10, 17 and 18
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D. Color maps

(a) Color maps 30 g/L of Illite. Exp 3, 11 and 19.

(b) Color maps 40 g/L of Illite. Exp 4, 12 and 20.

(c) Color maps 50 g/L of Illite. Exp 5, 13 and 21.

Figure D.2: Color maps of experiments: 3, 4, 5, 11, 12, 13, 19, 20 and 21
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D. Color maps

(a) Color maps 75 g/L of Illite. Exp 6, 14 and 22.

(b) Color maps 100 g/L of Illite. Exp 7, 54 and 23.

(c) Color maps 125 g/L of Illite. Exp 8, 16 and 24.

Figure D.3: Color maps of experiments: 6,7,8, 14, 15, 16, 22, 23 and 24
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D.1. Additional experiments with preexisting bed D. Color maps

D.1. Additional experiments with preexisting bed

(a) Color maps 10 g/L of Illite. Exp 25-1, 25-2, 28-1 and 28-2.

(b) Color maps 50 g/L of Illite. Exp 26-1, 26-2, 29-1 and 29-2. Illite

Figure D.4: Color maps of experiments with preexisting bed
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D.2. Additional experiments with flocculant D. Color maps

Figure D.5: Color maps 100 g/L of Illite with preexisting bed. Exp 27-1, 27-2, 30-1 and 30-2

D.2. Additional experiments with flocculant

(a) Color maps 10 g/L of Illite. Exp 31, 37 and 41

(b) Color maps 100 g/L of Illite. Exp 32, 38 and 42

Figure D.6: Color maps of experiments with flocculant mixed in outflow section
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D.2. Additional experiments with flocculant D. Color maps

(a) Color maps 10 g/L of Illite. Exp 33, 35 and 39

(b) Color maps o10 g/L of Illite. Exp 34, 36 and 40

Figure D.7: Color maps of experiments with flocculant mixed in mixing section
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D.2. Additional experiments with flocculant D. Color maps

0 mM

10 mM

(a) Color maps 10 g/L of mixture.

0 mM

10 mM

(b) Color maps 50 g/L of mixture.

0 mM

10 mM

(c) Color maps 100 g/L of mixture.

Figure D.8: Color maps of experiments with artificial CCZ sediment
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E
Mass over time

(a) Mass over time measured at 5 different sections of the tank for experiment 1

(b) Mass over time measured at 5 different sections of the tank for experiment 2

Figure E.1: Mass over time experiments 1 and 2
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E. Mass over time

(a) Mass over time measured at 5 different sections of the tank for experiment 3

(b) Mass over time measured at 5 different sections of the tank for experiment 4

(c) Mass over time measured at 5 different sections of the tank for experiment 5

Figure E.2: Mass over time experiments 3, 4 and 5
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E. Mass over time

(a) Mass over time measured at 5 different sections of the tank for experiment 6

(b) Mass over time measured at 5 different sections of the tank for experiment 7

(c) Mass over time measured at 5 different sections of the tank for experiment 8

Figure E.3: Mass over time experiments 6, 7 and 8
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E. Mass over time

(a) Mass over time measured at 5 different sections of the tank for experiment 9

(b) Mass over time measured at 5 different sections of the tank for experiment 10

(c) Mass over time measured at 5 different sections of the tank for experiment 11

Figure E.4: Mass over time experiments 9, 10 and 11
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E. Mass over time

(a) Mass over time measured at 5 different sections of the tank for experiment 12

(b) Mass over time measured at 5 different sections of the tank for experiment 13

(c) Mass over time measured at 5 different sections of the tank for experiment 14

Figure E.5: Mass over time experiments 12, 13 and 14
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E. Mass over time

(a) Mass over time measured at 5 different sections of the tank for experiment 15

(b) Mass over time measured at 5 different sections of the tank for experiment 16

(c) Mass over time measured at 5 different sections of the tank for experiment 17

Figure E.6: Mass over time experiments 15, 16 and 17
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E. Mass over time

(a) Mass over time measured at 5 different sections of the tank for experiment 18

(b) Mass over time measured at 5 different sections of the tank for experiment 19

(c) Mass over time measured at 5 different sections of the tank for experiment 20

Figure E.7: Mass over time experiments 18, 19 and 20
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E. Mass over time

(a) Mass over time measured at 5 different sections of the tank for experiment 21

(b) Mass over time measured at 5 different sections of the tank for experiment 22

(c) Mass over time measured at 5 different sections of the tank for experiment 23

Figure E.8: Mass over time experiments 21, 22 and 23
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E. Mass over time

Figure E.9: Mass over time experiments 24
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F
Mass over time compared with comparable

experiments

F.1. Total mass

(a) Total mass of the experiments with 10 g/L of Illite

(b) Total mass of the experiments with 20 g/L of Illite

Figure F.1: Total mass of experiments: 1, 2, 9, 10, 17 and 18
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F.1. Total mass F. Mass over time compared with comparable experiments

(a) Total mass of the experiments with 30 g/L of Illite

(b) Total mass of the experiments with 40 g/L of Illite

(c) Total mass of the experiments with 50 g/L of Illite

Figure F.2: Total mass of experiments: 3, 4, 5, 11, 12, 13, 19, 20 and 21
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F.1. Total mass F. Mass over time compared with comparable experiments

(a) Total mass of the experiments with 75 g/L of Illite

(b) Total mass of the experiments with 100 g/L of Illite

(c) Total mass of the experiments with 125 g/L of Illite

Figure F.3: Total mass of experiments: 6,7,8, 14, 15, 16, 22, 23 and 24
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F.2. Part 1 F. Mass over time compared with comparable experiments

F.2. Part 1

(a) Mass part 1 of the experiments with 10 g/L of Illite

(b) Mass part 1 of the experiments with 20 g/L of Illite

Figure F.4: Mass part 1 of experiments: 1, 2, 9, 10, 17 and 18
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F.2. Part 1 F. Mass over time compared with comparable experiments

(a) Mass part 1 of the experiments with 30 g/L of Illite

(b) Mass part 1 of the experiments with 40 g/L of Illite

(c) Mass part 1 of the experiments with 50 g/L of Illite

Figure F.5: Mass part 1 of experiments: 3, 4, 5, 11, 12, 13, 19, 20 and 21
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F.2. Part 1 F. Mass over time compared with comparable experiments

(a) Mass part 1 of the experiments with 75 g/L of Illite

(b) Mass part 1 of the experiments with 100 g/L of Illite

(c) Mass part 1 of the experiments with 125 g/L of Illite

Figure F.6: Mass part 1 of experiments: 6,7,8, 14, 15, 16, 22, 23 and 24
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F.3. Part 2 F. Mass over time compared with comparable experiments

F.3. Part 2

(a) Mass part 2 of the experiments with 10 g/L of Illite

(b) Mass part 2 of the experiments with 20 g/L of Illite

Figure F.7: Mass part 2 of experiments: 1, 2, 9, 10, 17 and 18
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F.3. Part 2 F. Mass over time compared with comparable experiments

(a) Mass part 2 of the experiments with 30 g/L of Illite

(b) Mass part 2 of the experiments with 40 g/L of Illite

(c) Mass part 2 of the experiments with 50 g/L of Illite

Figure F.8: Mass part 2 of experiments: 3, 4, 5, 11, 12, 13, 19, 20 and 21
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F.3. Part 2 F. Mass over time compared with comparable experiments

(a) Mass part 2 of the experiments with 75 g/L of Illite

(b) Mass part 2 of the experiments with 100 g/L of Illite

(c) Mass part 2 of the experiments with 125 g/L of Illite

Figure F.9: Mass part 2 of experiments: 6,7,8, 14, 15, 16, 22, 23 and 24
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F.4. Part 3 F. Mass over time compared with comparable experiments

F.4. Part 3

(a) Mass part 3 of the experiments with 10 g/L of Illite

(b) Mass part 3 of the experiments with 20 g/L of Illite

Figure F.10: Mass part 3 of experiments: 1, 2, 9, 10, 17 and 18
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F.4. Part 3 F. Mass over time compared with comparable experiments

(a) Mass part 3 of the experiments with 30 g/L of Illite

(b) Mass part 3 of the experiments with 40 g/L of Illite

(c) Mass part 3 of the experiments with 50 g/L of Illite

Figure F.11: Mass part 3 of experiments: 3, 4, 5, 11, 12, 13, 19, 20 and 21
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F.4. Part 3 F. Mass over time compared with comparable experiments

(a) Mass part 3 of the experiments with 75 g/L of Illite

(b) Mass part 3 of the experiments with 100 g/L of Illite

(c) Mass part 3 of the experiments with 125 g/L of Illite

Figure F.12: Mass part 3 of experiments: 6,7,8, 14, 15, 16, 22, 23 and 24
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F.5. Part 4 F. Mass over time compared with comparable experiments

F.5. Part 4

(a) Mass part 4 of the experiments with 10 g/L of Illite

(b) Mass part 4 of the experiments with 20 g/L of Illite

Figure F.13: Mass part 4 of experiments: 1, 2, 9, 10, 17 and 18
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F.5. Part 4 F. Mass over time compared with comparable experiments

(a) Mass part 4 of the experiments with 30 g/L of Illite

(b) Mass part 4 of the experiments with 40 g/L of Illite

(c) Mass part 4 of the experiments with 50 g/L of Illite

Figure F.14: Mass part 4 of experiments: 3, 4, 5, 11, 12, 13, 19, 20 and 21
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F.5. Part 4 F. Mass over time compared with comparable experiments

(a) Mass part 4 of the experiments with 75 g/L of Illite

(b) Mass part 4 of the experiments with 100 g/L of Illite

(c) Mass part 4 of the experiments with 125 g/L of Illite

Figure F.15: Mass part 4 of experiments: 6,7,8, 14, 15, 16, 22, 23 and 24
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F.6. Part 5 F. Mass over time compared with comparable experiments

F.6. Part 5

(a) Mass part 5 of the experiments with 10 g/L of Illite

(b) Mass part 5 of the experiments with 20 g/L of Illite

Figure F.16: Mass part 5 of experiments: 1, 2, 9, 10, 17 and 18
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F.6. Part 5 F. Mass over time compared with comparable experiments

(a) Mass part 5 of the experiments with 30 g/L of Illite

(b) Mass part 5 of the experiments with 40 g/L of Illite

(c) Mass part 5 of the experiments with 50 g/L of Illite

Figure F.17: Mass part 5 of experiments: 3, 4, 5, 11, 12, 13, 19, 20 and 21
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F.6. Part 5 F. Mass over time compared with comparable experiments

(a) Mass part 5 of the experiments with 75 g/L of Illite

(b) Mass part 5 of the experiments with 100 g/L of Illite

(c) Mass part 5 of the experiments with 125 g/L of Illite

Figure F.18: Mass part 5 of experiments: 6,7,8, 14, 15, 16, 22, 23 and 24
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G
Average height head
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G. Average height head
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H
Height profiles head

(a) Height head experiments with 10 g/L of Illite

(b) Height head experiments with 20 g/L of Illite

Figure H.1: Height heads experiments: 1, 2, 9, 10, 17 and 18
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H. Height profiles head

(a) Height head experiments with 30 g/L of Illite

(b) Height head experiments with 40 g/L of Illite

(c) Height head experiments with 50 g/L of Illite

Figure H.2: Height heads experiments: 3, 4, 5, 11, 12, 13, 19, 20 and 21
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H. Height profiles head

(a) Height head experiments with 75 g/L of Illite

(b) Height head experiments with 100 g/L of Illite

(c) Height head head experiments with 125 g/L of Illite

Figure H.3: Height heads experiments: 6,7,8, 14, 15, 16, 22, 23 and 24
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H. Height profiles head

(a) Height head experiments with 0 mM C aC l2

(b) Height head experiments with 10 mM C aC l2

(c) Height head experiments with 100 mM C aC l2

Figure H.4: Height heads experiments: 1 up to 24
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H. Height profiles head

(a) Height head experiments with 0 mM C aC l2

(b) Height head experiments with 10 mM C aC l2

Figure H.5: Height heads experiments with pre-existing bed: 25 up to 302

(a) Height head experiments with flocculant in mixing section

(b) Height head experiments with flocculant in outflow section

Figure H.6: Height heads experiments with flocculant: 31 up to 42

123



H. Height profiles head

Figure H.7: Height heads experiments with artificial mixture: 43 up to 48
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I
Calibration curves

Figure I.1: Calibration curve without C aC l2
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I. Calibration curves

Figure I.2: Calibration curve with 10 mM C aC l2
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I. Calibration curves

Figure I.3: Calibration curve with 100 mM C aC l2
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J
Logbook of experiments

J.1. Settling column experiments

# Date Temperature [◦ C] TDS [mg/L]
1 11-01-2021 20.2 509.4
2 11-01-2021 20.1 498.3
3 07-01-2021 19.9 502.1
4 07-01-2021 20.3 500.7
5 07-01-2021 19.8 506.4
6 19-02-2021 18.4 491.3
7 19-02-2021 18.0 495.2
8 19-02-2021 17.4 554.9
9 16-02-2021 17.5 1336

10 16-02-2021 17.4 1157
11 18-02-2021 16.5 1244
12 17-02-2021 11.6 1049
13 11-01-2021 18.8 1425
14 17-02-2021 11.9 1040
15 17-02-2021 14.9 1044
16 28-02-2021 14.1 1191
17 13-01-2021 19.6 8049
18 13-01-2021 19.3 7900
19 13-01-2021 19.1 7993
20 13-01-2021 19.6 8155
21 23-02-2021 20.2 7839
22 23-02-2021 23.8 6208
23 23-02-2021 23.8 7311
24 23-02-2021 23.8 7353
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J.2. Lock exchange experiments J. Logbook of experiments
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K
Used equipment and materials

Figure K.1: Mixing rod settling column experiments
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K. Used equipment and materials

Figure K.2: Left: Fastec camera. Right: Mixing rod lock exchange experiments

Figure K.3: Left:Elmetron pH/ Conductivity meter. Right:Vos stirrer

132



K. Used equipment and materials

Figure K.4: Left: Illite/ Right: C aC l2
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L
Camera settings

Figure L.1: Camera settings
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M
Python script settling column experiments
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M. Python script settling column experiments
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M. Python script settling column experiments
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