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A B S T R A C T

This article discusses whether or to what extent flocculation plays a role in the saline deep-sea environment and
whether sediment plumes generated by deep-sea mining activities are affected by the process of flocculation.
The results of our laboratory study demonstrate that deep sea mineral clay with a median floc size of 20 μm
can flocculate quickly within 2.5 min of mixing to form flocs with a median floc size of about 50–150 μm
and outliers as large as 500 μm in size due to the presence of natural organic matter. At high shear (turbulent
mixing), a threshold of about 125 s−1 was found above which, organic matter can successfully bind to clay.
Above 125 s−1, the steady-state floc size is also found to increase linearly with shear. In low energetic conditions
(when flocs experience mainly differential settling), the median floc sizes are found to be 2 or 3 times larger
than at turbulent mixing. As expected, the rate of flocculation is greater at higher clay concentrations. At
long mixing times, the median floc size is found to decrease due to the breaking/reconformation of flocs.
Experiments performed to study the ageing of flocs at rest demonstrated that a dynamic process was ongoing
between the organic matter and the clay. It is hypothesized that the organic matter present has amphiphilic
properties. Over time, the organic matter would rearrange itself such as to maximize its contact area with the
mineral clay, resulting in two effects, depending on the structure of the flocs. In the case of flocs formed at
high shear, it led to a rupture of flocs. A slow agitation of settled flocs, having previously experienced low
shear conditions, on the other hand, led to aggregation. Overall, the results found in the present article show
that flocculation likely plays a significant role in deep-sea areas.
1. Introduction

Flocs are widely found in coastal environments, and their presence
significantly impacts sediment transport (Gratiot and Manning, 2004;
Deng et al., 2019; Safar et al., 2019; Ho et al., 2022). It was found
that flocculation occurs rapidly when coastal environment conditions
are recreated in the lab (in terms of salinity and shear), often taking
only a few minutes, especially when microscopic organic matter is
present (Gillard et al., 2019; Shakeel et al., 2020). In the marine
and coastal systems, particle aggregation and break-up are ongoing
dynamic processes influenced by changes in shear, salinity and type
and amount of organic matter. Below the permanent thermocline in
the ocean interior, where currents are significantly weakened, the
dominant process driving particle aggregation at these low shears is
differential settling, which leads to the formation of large flocs known
as marine snow (Alldredge and Silver, 1988). Marine snow is mainly
composed of organic matter, such as dead phytoplankton, faecal matter,
and natural polymers produced by bacteria and phytoplankton. Most
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parts of marine snow are consumed by filter-feeding animals within
the first 1,000 metres of their sinking. As sunlight cannot reach deep-
sea organisms, they rely principally on marine snow as an energy
source. Some unconsumed material, however, can reach the sea floor
and become incorporated into the ocean bottom, where it is further
decomposed through biological activity. At the sea floor a large mi-
crobial community is also found (Riemann, 1983; Verlaan and Cronan,
2022; Sujith and Gonsalves, 2021). The major component of these
microorganisms and their excretions are marine phospholipids (Suzu-
mura, 2005). Deep-sea environments cover 65% of Earth’s surface and
host 95% of the global biosphere, yet remain largely unknown as only
0.001% of their biodiversity has been sampled and described (Gage
and Tyler, 1991; Danovaro et al., 2008; Webb et al., 2010). The
composition of the sediments in these regions differs depending on the
location and formation factors. Typically, Clarion Clipperton Fracture
Zone (CCFZ), contains clay, silt, sand, rock fragments, and organic
material (BGR, 2019; Lang et al., 2019; Zawadzki et al., 2020). The
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Fig. 1. PSD of Clay 1 and Clay 2 collected from CCFZ. (A) Shows the PSD before the removal of organic matter, whereas (B) shows PSD after the removal of organic matter.
deep-sea environment is typically favourable for flocculation due to its
elevated salinity and substantial organic matter concentration (Mewes
et al., 2014; ISA, 2015; Fettweis and Baeye, 2015; Volz et al., 2018).

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

The nodule mining procedures involve the usage of the Seafloor
Mining Tool (SMT), which gathers nodules from the seafloor and sepa-
rates them from unnecessary water and sediments. During this process,
the leftover water and sediment are discharged behind the mining
vehicle on the seafloor. The generation of turbidity currents within
the near-field region is a particular worry in this mining operation.
Various flow regimes, including jets, plumes, and turbidity currents
corresponding to the ones generated by the SMT have been stud-
ied (Elerian et al., 2022; Peacock and Ouillon, 2023; Ali et al., 2022;
Blue Nodules D1.7, 2020; Hein et al., 2020; Haalboom et al., 2022).
They found that the generated currents may remain suspended for
extended periods (Gillard, 2019; Blue Nodules D1.7, 2020; Hein et al.,
2020; Haalboom et al., 2022). Their settling and subsequent smoth-
ering effect can result in the burial of benthic species, hindrance of
respiratory surfaces for filter feeders, and contamination of food sources
for numerous benthic organisms (Vanreusel et al., 2016; Gollner et al.,
2017; Jones et al., 2017).

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

The aim of the present study is, therefore, to explore the changes in
the particle size distribution of clays representative of deep sea mining
2

locations (CCFZ), as a function of various clay concentrations, mixing
times, and shear rates. Note that the experiments are performed at
regular atmospheric pressure (105 Pa). The pressure in the deep sea
is about 400 times higher. However, neither mineral sediment nor
organic matter is expected to behave differently, considering the fact
that mineral sediment has an incompressible crystalline structure and
that organic matter is mainly composed of polyelectrolytes (stemming
from phytodetritus) similarly indifferent to pressure. We will show
that our results indeed match the results of Gillard et al. (2019) who
performed flocculation studies at deep sea pressures. A series of floccu-
lation experiments were conducted using jars, with variations in mixing
times, clay concentrations, and shear rates. The influence of the flocs’
residence time at the bottom of the jars was also studied. In addition,
flocculation experiments at very low shear, resulting in differential
settling, were conducted in a novel rotating wheel setup. Particle sizes
and their associated settling velocities were measured using an in-house
video microscopy set-up coupled with a settling column.

The article is structured as follows: materials used and the ex-
perimental setups are given in Section 2. Results and discussions are
presented in Section 3. Finally, conclusions are summarized in Sec-
tion 4.

2. Material and methods

2.1. Clay

Two types of clay were used for the experiments; each was collected
from a different area of the CCFZ at a water depth of approximately
4000 metres. For convenience, we refer to them as Clay 1 and Clay 2.
Clay 1 was collected from the German licensing area of CCFZ, while
Clay 2 was collected from the NORI-D area of CCFZ. Both types of
clay were stored in a refrigerator (at 6 ◦C). The total organic carbon
(TOC) was calculated from the difference between total carbon (TC)
and total inorganic carbon (TIC). The TC was measured by utilizing
a UNICUBE device made by Elementar Analysensysteme GmbH, while
TIC was determined by gas chromatography and acid digestion. TOC in
Clay 1 is approximately 0.53 wt%, and for Clay 2 is 0.55 wt%. The TOC
values align with those observed in previous research conducted in the
CCFZ region (BGR, 2019). The type of organic matter in Clay 2 visually
differed from Clay 1. Clay 2 organic matter seems to be composed of
long elongated strings, whereas Clay 1 organic matter did not display
such strings. The Clay 1 and Clay 2 samples have a 𝑑50 around 20 μm,
determined through static light scattering, using a Malvern Master Sizer
2000 (Ali and Chassagne, 2022). The Particle size distribution (PSD)
before and after the removal (by using the loss on ignition method:
sample heating for 5 h at 600 ◦C) of organic matter can be found in
Fig. 1. Both Clay 1 and Clay 2 were used as received, implying that no
organic matter was removed from the samples.
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2.2. Flocculation experiments

The flocculation experiments were carried out at ambient pressure
(105 Pa) and room temperature (21 ◦C) with different clay concentra-
tions and mixing times. The measurements were performed in a JLT6
jar setup provided by VELP Scientifica, Italy. The jars have dimensions
of 95mm in diameter and 110mm in height. To stir each suspension, a
rectangular paddle was used, measuring 25mm in height and 75mm in
diameter. The paddle was positioned 10mm above the bottom of the
jar within the suspension. The shear rate employed for the flocculation
experiments remained constant at 50 s−1, and the clay was mixed in
saline water, having a salinity of 34.68 PSU, which is equivalent to
the average salinity of the ocean water. For practical reasons, the
saline water was made using NaCl salt (analytical grade, provided
by Boom Laboratorium, The Netherlands) and tap water (Table 1 in
supplementary material shows the properties of the tap water used),
and some flocculation tests with artificial seawater showed that the
results presented in the article are representative of seawater condi-
tions. Gillard et al. (2019) studied flocculation using saline water from
the CCZ region and found similar results. Other tests showed that the
clays did not flocculate in tap water, which highlights the role of salt
in flocculation. All clays were fully dispersed in saline water before
the measurements, as the clay received was in the form of a compact,
fully saturated lump (see Figure S1). To ensure a full dispersion, the
required amount of clay was taken from the lump and put in a jar.
Then, saline water was added to achieve the desired concentration. The
full dispersion of the clay was achieved using a high-stirring mixer with
a speed of about 600 RPM for 60 min. This protocol was used for all
experiments presented in this article.

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

2.3. FLOCCAM

The FLOCCAM set-up consists of a rectangular settling column and
uses video microscopy to measure particle size distribution (PSD) for
particles larger than 20 μm and their settling velocities (Manning et al.,
2007; Ye et al., 2020; Shakeel et al., 2021; Ali et al., 2022, 2023). The
settling column has dimensions of 10 cm 𝑥 10 cm 𝑥 30 cm, featuring
glass panels on the front and rear, with plastic sides. The camera
utilized is a 5MP CMOS camera with a resolution of 2592 𝑥 2048 pixels,
4.8-micrometre pixel size, and a Global Shutter, identified as iDS UI-
3180CP-M-GL Rev.2.1 (AB02546). The camera is equipped with the
S5VPJ2898 telecentric lens featuring a tunable working distance and a
C-mount, produced by Sill Optics GmbH & Co. KG. Fig. 3(A) illustrates
the equipment set up in a schematic representation. The Safas software
package was employed to analyse recorded videos of settling flocs in a
settling column, allowing for the calculation of the flocs’ PSD, shape,
and settling velocity (MacIver, 2019).
3

Fig. 2. Schematic showing shear cycle experiment process.

2.4. Shear cycle experiments

Shear cycle experiments were conducted in order to investigate the
influence of shear rate on the median floc size. Six shear rates (50, 125,
200, 275, 350 and 50 s−1) were used in the shear cycle experiment as
shown in Fig. 2 for 5 gL−1. Each shear step had a duration of 60 min to
ensure that a steady-state floc size has been reached at the end of the
step.

2.5. Residence time at the bottom of the jar

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

2.6. Rotating wheel

Experiments in a novel in-house set-up, known as a rotating wheel
(Fig. 3(B)) were conducted to induce flocculation at low shear. The
rotating wheel experiments were conducted with Clay 1 at a shear rate
of 1 s−1. The inner diameter of the wheel is 34 cm with a depth of 7 cm.
The wheel was filled up to the top with suspension for all experiments.
Three concentrations were considered (0.5, 2.0, and 5.0 g L−1) with
four mixing times (2.5, 30, 60, and 120 min). Floc size measurements
of flocs created in the wheel and their corresponding settling velocities
were also calculated after 2, 10, 20, and 30 days.

3. Results and discussion

3.1. Influence of mixing time and concentration

The effect of mixing time and clay concentration on flocculation
are given in Fig. 4. The median floc size for Clay 1 is compared with
the median floc size of Clay 2 for different concentrations and mixing
times, and it is clear that Clay 2 flocculates much faster than Clay 1
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Fig. 3. (A) Schematic representation of the FLOCCAM setup (Ali et al., 2022). (B) Schematic representation of the rotating wheel setup and experimental procedure: the dispersed
clay is mixed slowly in the rotating wheel, and flocculation occurs over time. At the end of the experiment, the rotation is stopped, and samples are collected from the settled
material.

Fig. 4. Effect of mixing time on flocculation of Clay 1 (A–C) and Clay 2 (D–F) concentrations of (A, D) 0.5 gL−1, (B, E) 2.0 gL−1 and (C, F) 5.0 gL−1. Median floc size for Clay 1
and Clay 2 concentrations of (G) 0.5 gL−1, (H) 2.0 gL−1 and (I) 5.0 gL−1.
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Fig. 5. Mean settling velocity of flocs for different floc size ranges, concentrations and time for Clay 1 flocs (A–C), Clay 2 flocs (D–F).
and has a higher median floc size in all cases (see Fig. 4(G-I)). This
can be attributed to the type of organic matter content in Clay 2 since
organic matter is one of the main drivers for flocculation for natural
sediments (Kranck, 1973; Mietta et al., 2009; Deng et al., 2019; Lee
et al., 2019). Moreover, it has been observed that at low concentration,
0.5 gL−1, (see Fig. 4(G)), the floc size of both clays increases with
increasing mixing time, whereas for higher concentrations, the floc size
decreases with increasing time (see Fig. 4(H, I)). Fig. 4 shows that at
0.5 gL−1, the size of the outliers increases over time (up to 120 min),
and from visual inspection we can confirm that the flocs formed are
open and have the large structure. At 150 min of mixing time, both
the median size and the size of the outliers (that was only measured
for Clay 1) are smaller than at 120 min. Furthermore, for Clay 1 at
2.0 gL−1, the median size of flocs and the size of the outliers increase
significantly between 2.5 and 5 min. After 5 min of mixing, the median
floc size decreases with mixing time. This rapid growth, followed by a
size decay, was already observed for clay flocculated using (cationic)
polyelectrolyte (Shakeel et al., 2020). A characteristic size is given
by the Kolmogorov microscale, which, for the shear rate used in the
experiments (about 50 s−1), is of the order of 150–200 μm. Flocs having
a size well below this range (as is the case for the 0.5 gL−1 experiments
until about 100 min of mixing) can grow in time. Flocs having a size
well above this range (as is the case for the experiments done at higher
clay concentrations and for 0.5 gL−1 experiments above 100 min of
mixing) reconform or are eroded over time due to the experienced
shear (Dyer, 1989; Deng, 2022).

It is also observed that Clay 1 and Clay 2 outliers have their size
decreasing with mixing time until about 30 min of mixing, which is
in line with the fact that the size of these outliers is well above the
150–200 μm size range estimated above. These outliers are, therefore,
either reconforming or being eroded over time. After 30 min of mixing,
however, the size of outliers is increasing again. The reason for this
increase is related to an increase in ‘‘double flocs’’ (flocs made of
two flocs attached together). Some of these double flocs are shown in
supplementary material (see Figure S2).

The mean settling velocities of flocs for different floc size ranges,
concentrations and times are given in Fig. 5. As detailed in Ali et al.
(2023), the measured settling velocities cannot be straightforwardly
related to the Stokes settling velocity of flocs, as flocs usually fall
in the wake of other flocs, which significantly influence the local
hydrodynamics. We note that the mean settling velocity of flocs is
5

clearly increasing with mixing time for all concentrations for Clay 2
flocs. No such trend can be observed for Clay 1 flocs, but the mean
settling velocity is generally higher than for Clay 2 flocs. As Clay 2
flocs have an organic matter that differs from Clay 1 flocs, they are
probably more prone to reconformation than Clay 1 flocs. Therefore,
their density will increase with increasing shearing, which explains why
their settling velocity increases with mixing time. Clay 1 flocs have a
higher overall density and, therefore, a higher settling velocity than
Clay 2 flocs. The effect of floc reconformation is probably limited for
Clay 1. For 2.0 gL−1, while the mean floc size decreases with mixing
time, the average settling velocity increases for all size ranges until
60 min of mixing, which is consistent with a reconformation and
compaction of flocs. In contrast, the average settling velocity of Clay 1
flocs for all size ranges decreases overall for mixing times of more than
60 min. In particular, the fact that flocs in the 20–100 μm size range
have a decreasing settling velocity with mixing time would agree with
an erosion of flocs, whereby the eroded 20–100 μm flocs have a higher
organic matter content than the original unflocculated 20–100 μm clay
particles.

Analysing the video microscopy data for the highest Clay 1 con-
centration, 2 and 5 g/L, it became clear that there was a complicating
factor in the estimation of settling velocities, as long organic matter
strings or swirls (see Figures S2 and S3) were observed in the videos.
Clay particles could, therefore, experience sweep flocculation and be
embedded in these long strings, which might also erode or break over
time, contributing to lower settling velocities in each size range. Our
flocculation experiments at room temperature and pressure for both
clays lead to floc sizes that are comparable to the ones measured
by Gillard et al. (2019), at deep sea representative conditions.

3.2. Shear cycle experiments

The floc size distribution and median floc size for both Clay 1 and
2 are shown in Fig. 6. Both clays show similar behaviour of median
steady-state floc size as a function of shear. Due to differences in the
type of organic matter, the Clay 2 floc sizes are always larger than
the Clay 1 floc sizes. For both clays, it is observed that after the first
shear step, the steady-state floc size decreases and then increases with
increasing shear. The median floc size at 50 s−1 shear is the same before
and after the shear cycle (see the green points in Fig. 6(C), which
symbolizes the 50 s−1 floc size measured at the end of the shear cycle).
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Fig. 6. Effect of the shear cycle on floc size of Clay 1 (A) and Clay (B). Comparison of median floc size changes during the shear cycle in Clay 1 and 2 (C). The green point
represents the values of median floc size at shear 50 s−1 at the end of the shear cycle.
Fig. 7. Effect of resting time of median floc size: (A) for Clay 1 at different concentrations and (B) for different temperatures.
For Clay 1, however, it is observed that the size of the outliers after the
shear cycle is smaller compared to the beginning of the shear cycle. For
Clay 2, there is no significant change in outlier size.

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

In the flocs studied here, the stationary floc size increases with
the shear rate after 125 s−1. This contradicts the expected behaviour,
which is a decrease in size with the shear rate. We ascribe this peculiar
behaviour to the specific type of organic matter in the samples. In the
samples, we could observe organic matter polymeric strings that, over
time, would bind to mineral clay or already flocculated material. In
contrast to polyelectrolytes used as flocculant, which have very fast
flocculation kinetics, it would seem that the organic matter present in
the samples has slow flocculation kinetics. As shown in Fig. 1, both Clay
1 and Clay 2 flocs contain a small amount of organic matter. However,
the amount of organic matter bound or unbound to clay is unknown.
We hypothesize that at a higher shear, the interactions between organic
matter and mineral clay or between organic matter and flocs are en-
hanced, and therefore, the flocculation kinetics is promoted compared
to a lower shear. At the same time, the decrease in median floc size
observed between 50 s−1 and 125 s−1 and the fact that the steady-state
size at 50 s−1 at the end of the cycle is the same as the one found at
6

the beginning of the cycle suggests that there is another mechanism at
stake. This suggests that organic matter has a low affinity for both water
and mineral clay, implying that at low shear, flocculation is prevented
and explains why the steady-state size is decreasing between 50 s−1 and
125 s−1. At these low shears, the hydrophobic organic matter would
be in a state of coiling that does not promote flocculation. At 125 s−1,
break-up (erosion of flocs) and/or reconformation of flocs lead to a
smaller steady-state floc size. At higher shear rates, the organic matter
uncoils, and aggregation is promoted. If our hypothesis is correct, it
would mean that the steady-state size reached at each shear step is
to be found by a balance between aggregation and break-up rates.
The aggregation rate would be proportional to the collision frequency,
which is increasing with shear and a small collision efficiency that
would be shear-dependent (the collision efficiency being close to zero
below 125 s−1). The break-up rate would be more weakly dependent
on shear than the aggregation rate since the median floc size increases
steeply with shear.

3.2.1. Influence of residence time at the bottom of the jar
Fig. 7 shows the median floc size for Clay 1 and Clay 2 presented

as a function of the time that flocs have been resting at the bottom of
the jars. For Clay 1, it is found for all concentrations except 0.5 gL−1

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

It was observed while manipulating the jars containing the 0.5 gL−1

samples that flocs were not in contact with each other while resting
but that the slightest movement induced flocculation, as flocs would
roll, getting in contact with each other. The protocol for sampling the
flocs was identical for all samples, so the small perturbations induced
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Fig. 8. Effect of mixing time on flocculation in the jar and the wheel for different concentrations: (A) 0.5 gL−1, (B) 2.0 gL−1 and (C) 5.0 gL−1.
by the unavoidable handling of the jar and pipetting are expected to
be the same for all samples. This is confirmed by the fact that all
0.5 gL−1 experiments are consistent. Until day 10, it would appear that
the organic matter promotes a very rapid flocculation, as the handling
of the jar is happening for a few minutes only. After day 10, breaking
and/or reconformation of flocs is occurring. At concentrations above
0.5 gL−1, resting flocs are always in contact with each other at the
bottom of the jars (see Figure S4). If our hypothesis of the low affinity
between organic matter and water is confirmed, it would imply that
there is a structural energy benefit for organic matter to bind with
clay at the moment two flocs are put into contact. On the other hand,
when the flocs are in contact while resting at the bottom of the jar, the
increase in size is minimal (though apparent, see day 2 for Clay 1 in
Fig. 7(A)). At longer times (after day 2 in all cases), the median floc
size decreases with resting time. It could be that the organic matter at
that time, through a slow diffusion process, has been rearranging itself
around the mineral clay particles in such a way as to minimize contact
with water. This would lead to a breakage of flocs so as to increase
the available clay surface area for the organic matter. Substances, like
phospholipids, which are key components of cell membranes and are
found in the deep sea (Parzanini et al., 2018), are a class of lipids that
are amphiphilic (having a hydrophilic ‘‘head’’ containing a phosphate
group and two hydrophobic ‘‘tails’’ derived from fatty acids). The
properties of the organic matter in our samples (low affinity for water,
high affinity for clay) would hint at the fact that it is amphiphilic, like
a phospholipid.

3.2.2. Flocculation in the wheel compared to jar experiment
Experiments with the wheel have been performed with Clay 1 only.

During the slow rotation of the wheel, it was observed that the flocs
residing at the bottom of the cylindrical wheel were entrained along
the wheel wall and, at a position of about 135 degrees, would fall
back to the bottom of the wheel (see Figure S5). At the same time,
due to the sliding of particles along the wheel wall, particles at the
bottom of the wheel were disturbing the deposited flocs and led to
erosion of the finer particles in the direction opposite to the rotation.
This continuing process led to full dispersion of the clay material in the
wheel, making the water homogeneously turbid in the wheel, except for
a layer of clay at the bottom of the wheel. The hydrodynamics in the
wheel were, therefore, quite different from the ones in the jar, where
most of the material was always suspended (with the exception of some
heavy sand and silt particles) and experienced turbulent mixing. In
contrast to jar test experiments, the shear in the wheel is very small
and differential settling is expected to play a role in the experiments
as the material is continuously entrained along or close to the wheel
wall and falls down when gravity starts to dominate. The floc size
of the flocculation experiment conducted in the wheel in comparison
with the jar is shown in Fig. 8. The median floc size in the wheel for
all concentrations is higher than in the experiments with the jar. The
reason for this difference can be attributed to the same reason that
has been proposed to explain the residence time experiments: organic
7

matter coming into contact with clay at very low shear will bind and
lead to large flocs. Similarly to the resting time tests, this flocculation
occurred very rapidly (within 2.5 min). After 30 min, the median
floc size started reducing. An interesting observation was made when
analysing the video at 5.0 gL−1: flocs started to disintegrate during the
settling process (see Figure S6). This is in line with the hypothesis
proposed for the resting time experiments: the rearrangement of the
organic material on the clay (minimizing contact with water) causes
the flocs to break up.

Residence time at the bottom of a jar experiments with samples of
the wheel were also conducted. The samples were collected from the
wheel and transferred to jars. Although the concentration in the jars
could not be well controlled, the jars were still labelled according to
the concentrations used in the wheel experiments. The samples were
stored at room temperature. The median floc size with different clay
concentrations is shown in Fig. 9. It can be observed that there is a
decrease in floc size after day 1, after which the floc size increases over
time. The rate of increase in floc size is decreasing with concentration.
As can be seen from the floc size distributions (Fig. 9(A–C)), all floc
sizes were reduced after the first day. Again, the hypothesis is that the
rearrangement of the organic material onto the clay (minimizing its
contact with water) causes the flocs to break up. As for the residence
time experiments with the jar tests, the later increase in particle size is
attributed to the manipulation of the jars during sampling. In contrast
to jar experiments, however, size growth is observed for all concen-
trations, which leads us to conclude that the structure of the flocs is
different in this case. Most probably, flocs are overall less reconformed
than in jar test experiments, leading to a larger clay surface area onto
which organic matter can aggregate.

4. Conclusions

In this study, laboratory experiments were carried out to examine
the flocculation of deep-sea clay collected from two different regions
of CCFZ. The results showed the importance of shear, particle concen-
tration, and organic matter in flocculation. Two types of mixing were
studied: turbulent mixing in a jar and slow mixing in a rotating wheel,
whereby differential settling plays a significant role. It was found that
even at low mixing time (less than 2.5 min), flocculation occurs at all
shear and mixing conditions, even at the lowest clay concentration used
(0.5 gL−1). The flocs found had a median size that is, on average, 3–6
times larger than the median floc size of the unflocculated material.
The organic matter present in the sample was found to be in the form
of long strains, and sweep flocculation is likely to occur. The behaviour
of median floc size at steady-state upon shear in jar test experiments
led us to conclude that the organic matter present in the samples has a
low affinity for both water and clay. Because of the peculiar affinity the
organic matter has with water and clay, the median floc size displays
the following trends:

• With flocs having experienced turbulent mixing, a shear threshold
(around 125 s−1) is required for the organic matter to uncoil and
successfully bind to the clay with increased collision frequencies

(i.e. with increasing shear rate), the median floc size is getting
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Fig. 9. Effect of resting time on floc size at different concentrations in the wheel: (A,D) 0.5 gL−1, (B,E) 2.0 gL−1 and (C,F) 5.0 gL−1.
larger; longer mixing times result in an increase in floc size below
125 s−1, when the median floc size is well below the Kolmogorov
microscale, which reduces the break-up of flocs since flocs are
then simply advected by the flow. At shear rates above 125 s−1,
the median floc size decreases with mixing time due to the
breaking/reconformation of flocs.

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

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

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

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

These findings highlight the complexity of flocculation kinetics for
natural sediments. Most flocculation studies focus on the interaction
between solid particles and synthetic flocculants (like polyacrylamides)
used in sanitary engineering or mining engineering. Natural flocculants,
on the other hand, are quite diverse. Some of these flocculants, known
8

as Extracellular Polymeric Substances (EPS), consist mostly of polysac-
charides that are expected to perform like polyacrylamides — in the
sense that they are hydrophilic and known to bind to mineral clay easily
through specific surface groups, hydrogen bonds or cation bridging.
However, as discussed in the article, other natural substances are
amphiphilic (having a hydrophilic ‘‘head’’ and a hydrophobic ‘‘tails’’).
The results found in this article are in line with the hypothesis that
the organic matter in the samples is amphiphilic, like, for instance, a
phospholipid (commonly found in deep-sea areas). An analysis of the
organic matter contained in the samples would be required to confirm
this hypothesis.

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