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Abstract: Turbidity flows are known to be affected by the density difference between sediment
plumes and the surrounding water. However, besides density, other factors could lead to changes in
flow propagation. Such a factor is the presence of suspended organic matter. Recently, it was found
that flocculation does occur within plumes upon release of a sediment/organic matter mixture in a
lock exchange flume. In the present study, mineral sediment (illite clay) was released into the outflow
compartment containing water and synthetic organic matter (polyacrylamide flocculant). Even
though the density of water was barely affected by the presence of flocculant, flow head velocity was
observed to be larger in the presence of flocculant than without. Samples taken at different positions in
the flume indicated that flocs were created during the small current propagation time (about 30–60 s)
and that their sizes were larger with higher flocculant dosage. The size of flocs depended on their
positions in the flow: flocs sampled in the body part of the flow were larger than the ones sampled at
the bottom. All these properties are discussed as a function of sediment–flocculant interactions.

Keywords: flocculation; organic matter; turbidity current; lock exchange

1. Introduction

The spreading of sediment plumes and the generation of turbidity currents are a
consequence of human interventions, such as dredging or (deep-) sea mining. Dredging
is a crucial activity for the construction and maintenance of ports and waterways, land
reclamation, and flood and storm protection, to name a few [1–3]. Dredging is also carried
out to excavate contaminated sediments, thereby improving water quality and aquatic
ecosystems [4]. With the global population on the rise, deep-sea mining has appeared
in recent years as an alternative source for rare metals. A significant amount of these
high-grade metals are present in potato-shaped deposits known as polymetallic nodules at
a depth of 4000–6000 m in the Pacific Ocean in an area known as the Clarion Clipperton
Fracture Zone (CCFZ/CCZ).

During the process of extracting polymetallic nodules, the dispersion of sediment
plumes behind the Sea-floor Mining Tool (SMT) is one of the main concerns that the
deep-sea mining industry has to deal with. The excess water along with sediment that is
discharged from the SMT travels through different regimes during the course of its release,
as it propagates and eventually settles [5].

For any of these dredging or mining activities, the creation of turbidity plumes is
an inevitable part. It leads to an increase in suspended solids concentration, which can
further propagate. The spread of a turbidity plume depends on the settling velocities
of the suspended material, the technology and operation control used for dredging or
excavating, and the ambient water characteristics. Sediment plumes can be quite localized,
having a minimal direct impact on marine mammals living in a marine environment [6].
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However, in certain types of activity, such as deep-sea mining, sediment plume dispersion
modeling results showed that the area of influence ranged from 4 to 9 km under normal
flow conditions and when an eddy had passed through the study site [7]. The discharge
of the sediment plume has a direct influence on the habitat. It can lead to limited light
penetration, smothered organisms, reduced visibility and food, and also to a disruption in
reproduction patterns. Turbidity currents have a potential impact on the local ecosystem,
but the effect is species- and location-specific [6]. In the case of an environment such as
the deep sea, any change in the environment could be significantly large [8]. Limiting the
spread of turbidity flows is, therefore, a key objective of deep-sea mining activities.

Turbidity currents are a subclass of gravity currents. Their transport mainly takes
place due to the difference in densities between the turbidity current and the ambient fluid.
It has three main parts, namely, the head, body and the tail. The head of the turbidity
current exhibits distinctive properties when compared to its body and tail. The head has
significantly different mass and momentum than its body and tail. According to [5,9],
the horizontal discharge of sediments can typically be divided into several stages for a
near-field scenario. After being discharged from the SMT itself, the flow behaves as a
turbulent jet [5,9]. The jet then loses its momentum and the entrainment of ambient fluid
takes place. The jet is mainly driven by the density difference and is defined as a plume [9].
The density difference causes the plume to sink. At the impingement area, there is the
possibility of seabed erosion and deposition [5]. The last stage is the turbidity current stage,
where the flow propagates as a turbidity current, moving along the seabed, away from the
SMT’s path [5].

The deep-sea sediments found at the top of the sea floor consist of mineral particles
and organic matter. When this material is resuspended, it has been found that there is
an occurrence of flocculation [7,10]. Flocculation is the process where organic materials,
under various hydrodynamic conditions, bind the sediment particles together, leading to
the formation of larger particles, known as flocs. According to [11], it has been seen that the
formation of flocs lead to an early settlement of plume, thus reducing its spread. Floccula-
tion has been widely studied in various environments such as in rivers and estuaries [12],
where organic matter is the main driver for flocculation, and also in the field of sanitary
engineering [13], where synthetic flocculants (usually polyacrylamide-based polyelec-
trolytes) are used. The mechanisms and the controlling factors involved in these environ-
ments are generally well known [13]. However, studies on flocculation in turbidity flows in
open water are limited. A model with calibrated flocculation parameters using the existing
experimental work of [7] was set up that included flocculation. Although the effect of
flocculation is already clearly present in the near field, its effect on the propagation of the
turbidity current is likely to take place in the far field [14].

To study the importance of the different variables in the system (clay and organic mat-
ter concentration in particular) on the propagation of the turbidity flows, laboratory-scale
experiments in the form of lock-exchange experiments are usually performed [15–17]. The
propagation of flocculated sediment/synthetic organic matter (polyacrylamide flocculant)
slurries in lock exchange experiments by [11,18] enabled the study of the changes occur-
ring in floc size and structure during turbidity current propagation. It was, in particular,
found that additional flocculation takes place during the turbidity current propagation.
In the marine environment, organic matter is found everywhere in the water column.
One unanswered research question, targeted in the present article, is whether the presence
of this organic matter (unbounded to clay) in the flow compartment of a lock exchange
will or will not affect the turbidity current propagation. To mimic the action of organic
matter, two synthetic flocculants (polyacrylamide-based) were used [19], as they are well-
characterized polyelectrolytes that are representative of the action of polysaccharides
(polysaccharides are produced by microorganisms in situ and constitute a large class of
natural flocculant).
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In this article, Section 2 gives an overview of the materials and methods. In Section 3,
the results are presented, followed by discussions and conclusions in Sections 4 and 5,
respectively. The Supplementary Materials are included at the end of this article.

2. Materials and Method

In this section, the materials and methods used in the experiments are outlined.
Section 2.1 covers the materials that were utilized, while Section 2.2 details the experimental
methods employed.

2.1. Materials

The materials used in these experiments are discussed in detail in the following
subsections.

2.1.1. Clay

Illite clay was used in the experiments. It is the dominant mineral component com-
prising 39–54% [20] of the topmost layer of sediments in the Clarion Clipperton Zone
(CCZ) [21]. Illite clay was also used in previous research on this topic [11]. The il-
lite used in these experiments is “Granulated green clay for poultice and plaster” from
Argiletz laboratories, Lizy-sur-Ourcq, France. The d50 was found to be 6.4 µm when ana-
lyzed by static light scattering using Malvern Mastersizer 2000 from Malvern Panalytical,
Malvern, UK.

2.1.2. Flocculant

Sediments in general contain organic matter which is present everywhere in the water
column. However, the material used here (illite) is devoid of any organic matter and,
therefore, does not form flocs on its own. In order to study the floc behavior, illite flocs were
formed using flocculants. Two types of flocculants are used here, anionic and cationic, used
one at a time. The anionic flocculant is a polymer referenced Zetag 4120 (from the BASF,
purchased in Heerenveen, The Netherlands). It has a medium charge and high molecular
weight. The other flocculant used is Zetag 7587 (BASF), which is a cationic polymer. It
has a high charge and medium molecular weight. These flocculants are in the form of
dry powder and are mixed with water to form a stock solution. Polyacrylamide-based
polyelectrolytes such as the ones from the Zetag line are comparable to Exopolysaccharides
(EPS), which are high-molecular weight carbohydrate polymers produced by marine
bacteria or microalgae [22,23]. These EPS are the building materials for microbial aggregates
like biofilms and flocs [24].

2.1.3. Saltwater

The experiments were carried out in saltwater. The salt (NaCl) was purchased from
Boom Laboratories, the Netherlands. The saltwater was prepared separately in a drum.
The electrical conductivity of the prepared saltwater was 34.7 mS/cm. The saltwater was
then pumped to the lock exchange flume.

2.2. Methods

The small-scale experiments (jar tests) were carried out in the Fysisch Laboratorium of
Deltares. The lock exchange experiments were carried out in the Offshore and Dredging
Laboratory of TU Delft.

2.2.1. Jar Tests

Jar tests were carried out using illite and saltwater, at different flocculant-to-clay ratios
as described in the protocol below. The two setups used to measure particle sizes and
settling velocity of the flocs created in these jar tests are shown in Figure 1. The first setup
consists of a mixing jar apparatus (JLT6 from VELP Scientifica, Usmate Velate, Italy) coupled
with a particle size analyzer (Malvern Mastersizer 2000). The Particle Size Distribution
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(PSD) of sediment is determined by the Static Light Scattering (SLS) technique [25], and
particle sizes can be recorded in the range (20 nm–2 mm). The second setup is a homemade
video microscopy instrument coupled with a settling column (FlocCAM). Here, particle
size (>20 µm) and corresponding settling velocity can be recorded [26,27].
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Figure 1. Particle size and settling velocity measurements; (a) mixing jar coupled with a particle
size analyzer [11]; (b) FlocCAM setup that enables to measure both size and settling velocity of
particles [11].

The jar test experiments were carried out using a sediment concentration of 0.5 g/L.
The protocol that was adopted for these experiments is as follows.

1. Two samples (one for Malvern analysis and the other for FlocCAM analysis) of the chosen
concentration (0.5 g/L) of illite and saltwater were prepared using a volumetric flask.

2. Each of the illite saltwater suspensions was then mixed separately at 800 rpm using
an overhead stirrer for 5 min in order to ensure a homogeneous suspension.

3. A stock solution of Zetag 4120 with water was prepared. Four different dosages of
Zetag 4120 (milligram per gram of dry mass of clay) (0.35 mg/g, 0.25 mg/g, 0.2 mg/g,
and 0.1 mg/g of clay) were chosen for the jar tests.

4. The samples (illite and a chosen dosage of Zetag 4120) were then mixed for 30 s at
75 rpm (which corresponds to a 50/s shear rate) using the JLT6 jar test apparatus setup.

5. One sample was immediately measured in FlocCAM and videos were recorded.
6. For the other sample, a clean jar with saltwater was placed under the JLT6 jar test

apparatus and constantly mixed at 75 rpm. The flocs were then scooped from the
illite–saltwater suspension containing Zetag 4120 with the help of a pipette and were
put into the jar under the JLT6 jar test apparatus.

7. The jar was connected through a peristaltic pump to the Malvern Mastersizer 2000.
The pumping speed was kept at 88 rpm, which was just sufficient to pump the flocs
to and out of Malvern Mastersizer 2000, minimizing the shear that might affect the
floc structure.
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8. The floc size was then obtained from Malvern Mastersizer 2000. The time difference
between adding Zetag 4120 and obtaining the first floc size measurement would be at
least 90 s.

2.2.2. Lock Exchange Setup

The lock exchange flume is 3 m long, 0.4 m high, and 0.2 m wide. The mixing section
or the lock section is 0.2 m long. Two siphons S1 and S2 were suspended into the flume with
the help of clamps. The flume has three pre-installed bottom outlets (BO1, BO2, and BO3).
Sediment samples from inside the turbidity currents were collected through the siphons
and bottom outlets for flocculation analysis. Figure 2 shows a schematic diagram of the
lock exchange flume. Four different sediment concentrations were used in the experiments:
0.5 g/L, 2.5 g/L, 5 g/L, and 10 g/L.
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Figure 2. Lock exchange flume with siphons S1 and S2 and bottom outlets BO1, BO2, and BO3.

The protocol that was followed for the lock exchange experiments is as follows:

1. The lock exchange flume was filled with saltwater up to a height of 35 cm, which
makes a total of 210 L.

2. A weighed mass of illite (according to the concentration) was added to the lock section,
and was then mixed for 20 min.

3. In case of runs with flocculant, a weighed mass of Zetag 4120 or Zetag 7587 (according
to the dosage) was added to the outflow section of the flume and mixed with a
hand mixer for 30 s. The lock gate was opened after the water level in the outflow
compartment was stable.

4. The propagation of turbidity currents was recorded using a GoPro Hero 9 camera for
analysis of the front position using Tracker software (Version 6.1.3) [28].

5. To collect samples from the turbidity current, a duplicate experiment was performed
in each case, following the above-mentioned steps. The samples were taken from
two siphons located at the same height but at two different positions in the flume.
Bottom outlets were also used to collect samples at three different positions in the flume.

6. The collected samples were then analyzed using the particle sizer and FlocCAM setup
described in Section 2.2.1.

3. Results

The results from the jar tests and lock exchange experiments are presented here.

3.1. Jar Tests

The results obtained from jar test experiments are explained in this section.

3.1.1. Malvern Mastersizer 2000

The evolution of floc sizes over time, formed with four different dosages of Zetag 4120
(Section 2.2.1), are shown in Figure 3. Floc sizes were recorded using static light scattering
as described in (Section 2.2.1). The d10, d50, and d90 of illite clay (unflocculated) were found
to be 1.56 µm, 6.4 µm, and 43 µm, respectively, and are indicated by the red squares in
the figures. The flocculant was added just after t = 0. The corresponding particle size
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distributions are shown in Figure 4. For all measured sizes (d10, d50, and d90), a very rapid
increase in particle size occurred (within a few minutes) after the addition of flocculant.
This is reflected in the shift of PSD peak towards the right over time (Figure 4). After
reaching maximum size, these d10, d50, and d90 floc sizes are observed to decrease as a
function of time (Figure 3), and the PSD peak shifts to the left (Figure 4). The position of
the maximum floc size shifts to smaller times when increasing the flocculant dosage. This
behavior indicates that there is a competition between the aggregation of polyelectrolyte
and clay and the action of shear. It is known that flocs, under the action of shear, are prone
to reconform and, hence, become denser [19] and rounder in shape. Indeed, the PSD peaks
are observed to sharpen over time, indicating that flocs become more monodisperse. At the
same time, the d90 of flocs decreases substantially, and the d50 similarly decreases (Figure 3).
The d10 does not vary much (Figure 3), and the relative amount of fine particles does not
increase in time, see Figure 4, which confirms that flocs are not eroding or breaking. For
0.35 mg/g, at t = 30 s, a small peak was observed between 10 and 50 µm. This peak
represents small, unflocculated materials (Zetag and illite). At t = 3000 s, the primary peak
sharpened and the smaller peak disappeared, leading to the conclusion that all smaller
particles have now been incorporated in flocs. This would imply that 0.35 mg/g is close
to the optimal flocculant dosage, which is in line with the fact that flocs at this dosage are
the largest.
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3.1.2. FlocCAM

Figure 5 shows floc size and settling velocities obtained from FlocCAM video analysis.
It is quite striking that the settling velocities obtained in all cases, for all particle sizes, are
pretty similar. This behavior can be linked to the influence of hydrodynamics resulting
from the collective motion of the sampled flocs [29], whereby flocs are entrained in the
wake of the surrounding ones. Nonetheless, some features are apparent when comparing
the distributions. In Figure 5a, it is seen that flocs formed with a 0.35 mg/g dosage are
larger than that of the lowest dosage of 0.10 mg/g. However, the settling velocities of the
flocs (below 300 microns) formed with 0.10 mg/g dosage are (on average) higher. One of
the reasons could be that there were more flocs in that size range at 0.10 mg/g, leading to
higher settling velocities due to collective motion. It has indeed been found that collective
motion can lead to individual settling velocities 10 or 100 times higher than individual
settling velocities measured by sampling single flocs [29]. On the other hand, it is not
excluded that another reason could be that the flocs formed at 0.10 mg/g contained more
sediment particles than flocs formed with 0.35 mg/g. The floc sizes and settling velocities
of flocs formed with 0.25 mg/g and 0.20 mg/g (Figure 5b) do not differ much from the
ones observed for 0.35 mg/g.

In Supplementary Material Figure S1, snapshots from FlocCAM videos are shown.
The size of the formed flocs is governed by the clay to Zetag 4120 concentrations.
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3.1.3. Comparison Between Malvern Mastersizer 2000 and FlocCAM

Particle Size Distributions (PSD) obtained from the Malvern and the FlocCAM are
compared in Supplementary Material Figure S2, using the bin sizes of the Malvern. In
all cases, it is found that the peak in floc size obtained from the FlocCAM measurements
is shifted to the right (indicating larger particle sizes) compared to the peak found by
Malvern measurements. This implies that the d50 found by the FlocCAM are higher than
the ones found using Malvern. There are several reasons for these differences: (1) particles
measured by FlocCAM can experience differential settling, and hence aggregate while
settling (though this reason is most probably not the main one), (2) flocs measured by
Malvern are sheared in the tubes (of diameter 6 mm) in which the samples were pumped
from the jars to the measurement chamber, leading to reconformation in the floc structure,
and (3) the software producing the PSD found by Malvern, smoothen the data to produce
bell-shaped curves, which leads to an underestimation of the larger sizes [30].

3.2. Lock Exchange Experiments

To study the influence of the presence of (synthetic) organic matter in the flow com-
partment on the turbidity current, a relatively high dosage of flocculant was chosen (corre-
sponding to a flocculant to clay ratio of 2.5 mg/g). In order to achieve a 2.5 mg/g of clay
dosage, it was necessary to use a flocculant concentration of 1.785 g/L. This amount of
flocculant changes the water density by a small percent only and is therefore not expected
to play a significant role in the propagation of a density-driven flow.

3.2.1. With Anionic Polyelectrolyte Zetag 4120

Front positions of turbidity currents as a function of time for different sediment
concentrations with and without Zetag 4120 are compared in Figure 6a.
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Figure 6. Comparison of front positions of turbidity currents with different sediment concentrations
(a) Zetag 4120 and No-Zetag cases (b) Zetag 4120 and Zetag 7587 cases.

The associated velocities are shown in Figure 7a. The velocity values were obtained
from video recordings (recorded at 24 fps) using a moving average point of 5 to smoothen
the velocity fluctuations. The velocities in the Zetag 4120 cases were always higher than in
the No-Zetag cases. For the 0.5 g/L case, it is seen that the initial velocity for the No-Zetag
case was higher than its Zetag counterpart. From the video recording for 0.5 g/L sediment
concentration, it was observed that the materials did not entirely come out of the mixing
section of the lock exchange flume. Thus, the momentum and density difference of the
turbidity current was reduced. For all sediment concentrations, the front positions of
turbidity currents with Zetag 4120 reached the end of the flume faster than their No-Zetag
counterpart. The hypothesis behind this is that the polymer (Zetag 4120) acts as a lubricant,
lowering the friction between water and the traveling current. In particular, the bottom
surface of the flume becomes lubricated by the unflocculated polymer, thus allowing the
turbidity current to travel faster.
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3.2.2. With Cationic Polyelectrolyte Zetag 7587

In Figures 6b and 7b, the front positions of turbidity currents and their corresponding
velocities in the presence of cationic polyelectrolyte Zetag 7587 are compared with the
fronts created with the anionic flocculant, Zetag 4120. It is clear that the front propagation
is not affected by the type of flocculant used, as both the flocculant cases have similar front
velocities. However, the floc size varies in both the cases. The flocs formed with cationic
flocculant are smaller in size when compared to the ones formed with anionic flocculant,
which is due to the difference in the binding mechanism of flocculant to the sediment
particle (Figures 8 and 9).
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3.2.3. Particle Size Analysis as a Position in the Current

There are in total five samples (three bottom outlets and two siphons) taken from
the turbidity current. The first bottom outlet (BO) is located at a distance of 67 cm from
the lock gate. The other two BOs are located at a distance of 67 cm from each other. The
siphons (S) are placed at a distance of 80 cm from each other and at a height of 3 cm from
the flume bottom (Figure 2). The PSDs of these samples were obtained from the particle
sizer (Malvern Mastersizer 2000), and the displayed PSDs (Figures 8 and 9) are the ones
obtained from the first measurement of the machine (30 s after injection of the sample), to
minimize the effect of shearing in the tubes.

From PSD graphs of samples obtained from bottom outlets and siphons (Figures 8 and 9),
it is seen that the particle (floc) sizes of samples collected from the siphons are much larger
than the sizes of the particles collected at the bottom. Due to the convective motion of particles
in the turbidity current, it is expected that open-structure flocs will be formed by contact
between clay and flocculant in the water column. Flocs sampled at the bottom of the flume
have most probably traveled further in the direction of flow compared to freshly made flocs,
and hence reconformation of the polymeric tails might have led to these flocs’ smaller size.
The sampled cationic flocs (created with illite clay and Zetag 7587) from the siphons are found
to be smaller on average than the anionic flocs (created with illite clay and Zetag 4120) by at
least one order of magnitude. In the case of cationic flocs, electrostatic attraction is the main
driving mechanism [31]. Here, polymer bridging takes place, which leads to the formation of
strong aggregates. The breakage of these flocs is irreversible and flocculation is very sensitive
to applied mixing conditions [32–34]. In the case of anionic flocs, a cationic agent is required
to bind the polymer to the sediment [19,35]. The cations here are the Na+ ions from the
dissolved inorganic salt. Due of the high affinity of the cationic polyelectrolyte with the
clay, it is assumed that in a turbulent environment, this polymer will lead to more compact
aggregates than an anionic polymer, which might be the reason for this large difference in
size in suspended flocs (collected from the siphons).

The flocs sampled at the bottom outlets and siphons were further investigated using
the setups described in Section 2.2.1, see Figures S3 and S4.

The evolution of d50 of flocs collected from the siphons as a function of clay concen-
tration in the flume is given in Figure S5. One can see that the flocs created using the
anionic flocculant (Zetag 4120) are significantly larger than the flocs created by the cationic
flocculant (Zetag 7587) (see Figures S3 and S4) and that the d50 sizes for the flocs created
using the anionic flocculant are shear sensitive as the anionic flocs are more open-structured
and the cationic ones are compact. The anionic flocs collected from the siphons have their
d50 size decreased roughly by half in 300 s, after being measured several times in the
particle sizer. Flocs collected from the bottom outlets, on the other hand (see Figure S3),
do not change significantly in size over that period. This size dependence evolution as a
function of time holds for 2.5 g/L, 5 g/L, and 10 g/L. For 0.5 g/L, it is found that the S1 and
S2 flocs are quite small compared to the other cases, as flocculation barely occurs in that
case. Cationic flocs collected from the siphons, see Figure S5 or collected from the bottom
samples (see Figure S4), on the other hand, did not exhibit significant changes upon shear,
hereby confirming our hypothesis of these flocs being denser than anionic flocs. Some
snapshots of the collected flocs, recorded using the FlocCAM, are given in Figures S8–S11.

4. Discussion

In the present article, the action of two different polyelectrolytes (one anionic and
one cationic) on the flocculation ability of illite clay was investigated in a lock exchange
environment. In contrast to what has been conducted in previous work [11], in these
experiments, unflocculated illite clay was stored in the mixing compartment, whereas the
flocculant was added in the outflow section.
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Influence of flocculation on turbidity current propagation

The study aimed to verify whether flocculation would or would not occur during the
turbidity current propagation and whether the velocity of the turbidity current would be
affected. All experiments were carried out in saltwater.

According to [36], salt-induced flocculation of mineral clay is in the order of 15 to
20 min. It was already shown in [11] that there is no effect on the propagating turbidity
current due to the presence of salt within the short duration of time (<1 min) of the density
current propagation in the lock exchange flume. Nevertheless, salt ions do have a significant
effect on flocculation when it is conducted in the presence of an anionic polyelectrolyte, as
the salt cations are required to bind the polymer to the sediment.

It was found that, indeed, turbidity currents are affected by the presence of flocculant
in the water. Sampling at different positions in the lock showed that the illite clay indeed
had bound to the flocculant (irrespective of the flocculant charge, i.e., the flocculant being
anionic or cationic).

Behavior of flocs obtained from different locations of turbidity currents

The size of the flocs was recorded using two setups. The first one, the SLS particle
sizer, requires particles to pass through tubes to access the measurement chamber. This
results in the fact that floc size was found to decrease as a function of measurement time,
due to the continuous shearing in the tubes. This peculiarity of the measurement system
was used to our advantage to confirm that flocs created by anionic polyelectrolyte sampled
from the siphons were rather open in structure, as their sizes were found to decrease by
half in some cases, after shearing for 300 s. Flocs obtained from the BOs, on the other hand,
were found to be rather unaffected by shearing due to the shorter length of the sampling
tube of the BOs compared to the siphons (1 m). This led us to conclude that flocs collected
at the bottom of the flume probably had a longer residence time in the flow, and hence they
became denser over time, due to the collapse of the polymeric hairs on the flocs.

Behavior of flocs analysed with Malvern Mastersizer 2000 and FlocCAM

The results obtained from the FlocCAM were first compared with the results from
the particle sizer. It was found that the mean floc size of flocs obtained from the FlocCAM
experiments was always higher than the ones obtained from the particle sizer. Several
reasons were given to explain this observation. The two most important ones are, the first,
related to the shearing in the tubes already described above, and the second, linked to
the software of the particle sizer. It was also shown in the first part of the article that the
settling velocities recorded using the FlocCAM are not representative of the individual
settling velocity (Stokes settling) of flocs. It would therefore be inadequate to use the
settling velocity results to try to estimate the particle density. Nevertheless, the FlocCAM
provided some visual confirmation of the creation of flocs in the flume.

Behavior of flocs created with two different types of flocculant

Although flocs created by anionic flocculant and cationic flocculant were found to be
very different in size, it was found that the turbidity currents in both cases propagated with
the same velocity. It was also found that their front velocity was larger compared to the
case where no flocculant was present in the outflow compartment. The hypothesis for this
difference is due to the lubrification action of the (unflocculated) polymer, especially at the
bottom of the flume.

By varying sediment concentration and flocculant concentration (using Zetag 4120), it
was also found, by performing jar tests, that a higher dosage (mg/g of clay) of flocculant
leads to the formation of larger flocs. In the lock exchange experiments, presented in the
article, only one (high) flocculant dosage was used to verify whether flocculation would
or not impact the turbidity current propagation. In future studies, it would be interesting
to check the dependence of the front on the dosage of flocculant. In this study, particular
attention should be paid to the interaction between the bed of the flume and the turbidity
current. In natural systems, as in the CCZ region, but also most marine environments,
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the seabed floor is composed of organic matter in the form of biofilms or flocculated
debris. It would interesting to know how the composition of such a bed influences plume
propagation as seen in the work of (7) and (10), where there was occurrence of flocculation.

5. Conclusions

Based on the findings of this experimental study, the behavior of flocs was observed to
vary with different flocculant dosages and types. A higher dosage led to the formation of
larger flocs. The flocs formed with anionic Zetag were larger in size than the ones formed
with cationic Zetag. Additionally, changes in floc size were analyzed depending on the
sampling location with more compact flocs obtained from bottom outlets when compared
to those from siphons. The role of flocculants within the water column was also understood,
as well as how flocculation takes places inside of the turbidity current when it propagates.
This knowledge can be useful in understanding floc characteristics for controlling sediment
plume dispersion in case of dredging activities and as well as in mining operations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse12101884/s1.
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