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HIGHLIGHTS GRAPHICAL ABSTRACT

e Experimental validation on mixing
induced transfer of MPs from water
surface to sediments.

e Substantial quantity of PE particles was
subject to downward vertical transport.
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e Vertical velocity of PE in turbulent flows h
varied over 4 orders of magnitude from Visualizations g

predicted rising velocity in still water.

Bed sediments

ARTICLE INFO ABSTRACT

Editor: Damia Barcelo Intrinsically floating microplastics (MP) such as polyethene (PE) or polypropylene (PP) are among the most
common MPs found in aquatic sediments. There must hence be mechanisms that cause lighter-than-water MPs to

Keywords: deposit despite them being buoyant. How these MPs end up in the sediment bed is only partly understood. This

Buoyant MPs study explores how turbulence in the water can affect the vertical movement of buoyant MP and bring them in

Vertical transport
Turbulent flow
PTV

contact with the bed. The deposition of PE (995 kg m™>) in slow-flowing water (average flow velocities of 1.85
and 4.17 cm s~1) was measured by tracking them and analyzing their motion in an open, rectangular, glass-sided
flume. Flow characteristics in terms of turbulent kinetic energy and shear velocity were measured by particle
image velocimetry. Experiments were conducted at a water depth of 27 cm and at various hydraulic conditions
created by adjusting inflow speeds and using different bed materials: medium gravel, fine gravel, medium sand,
cohesive sediment, and glass. The results showed that the vertical velocity of the MPs in the turbulent flow
regimes varied over 4 orders of magnitude from their predicted rising velocity in quiescent water (laminar flow).
Turbulence mixing resulted in distribution throughout the water column with a substantial quantity consistently
subject to downward vertical transport, which in turn increased the chance of the PE particles encountering the
bed and potentially getting immobilized. This work provides a plausible explanation and further experimental
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validation for the concept of mixing induced transfer of MPs from the water surface to the sediments of shallow

waters.

1. Introduction

Plastic pollution in the aquatic environment causes major problems,
ranging from macroscopic impacts such as the entanglement of marine
wildlife by macroplastics (>5 mm), to the ingestion of tiny plastic
fragments called microplastics (MPs) (<5 mm) by organisms. Plastic
pollution is linked to its widespread use and inadequate practices in
waste management, as well as the physical properties of plastics such as
durability and floating ability. These properties result in their easy
transport in water bodies (Moore, 2008).

With growing concern about the adverse environmental impacts of
plastics, this topic has seen increasing interest from the public, from
legislators, and researchers. There has been a particular focus on MPs
due to their potential harm to organisms. These particles are released
into the environment either as primary MPs (i.e., as plastic particles
intentionally produced to sizes below 5 mm) (Cole et al., 2011) or from
the fragmentation of larger plastic items under impact of light, heat,
mechanical forces, and other factors (secondary MPs) (Andrady, 2011).

Studies of MPs in various water bodies have shown that they cover a
wide spectrum of properties in terms of polymer, size, shape, density,
etc. which all affect their mobility and eventual fate (Khatmullina and
Chubarenko, 2019). MPs in a flowing water body, for example a river
(Lu et al., 2023) or the currents of a lake (Yan et al., 2022) or ocean (Liu
et al., 2023), can be transported longitudinal over long distances. At the
same time, they are transported vertically due to gravitational forces
and the eddies of turbulent flow (Molazadeh et al., 2023). The vertical
transport ultimately leads to the MPs arriving at the bottom of the water
body, where they can become part of the sediment bed (Simon-Sanchez
et al., 2022).

One of the physical characteristics commonly associated with the
mobility and fate of MPs is their density. The density of MPs varies
widely, with some having densities as low as 0.8 g cm~° and others as
high as 2 g em ™ (Koelmans et al., 2022). Positively buoyant MPs are
lighter than the ambient fluid; hence based on the density alone, they are
supposed to be present at the surface of a water body and not close to or
in its bed. Nevertheless, lower-than-water-density polymers such as PP
and PE are among the most common MPs found in freshwater sediments
(Molazadeh et al., 2023; Olesen et al., 2019; Liu et al., 2019).

MP density, and consequently their sinking behavior, have been
widely reported to change in the environment due to various mecha-
nisms, such as material ageing, biofouling, aggregation with other
organic/inorganic particles, vertical mixing, etc. (Long et al., 2015;
Semcesen and Wells, 2021; Molazadeh et al., 2023). However, a recent
paper by Jalon-Rojas et al. (2022) contradicts the general assumption
that the attachment of biofilm to a plastic particle will result in faster
descent. The authors showed that the irregular attachment of biofilm
decreased the sinking velocity of sheets due to triggering motion in-
stabilities, despite an increase in density. These and other findings
(Besseling et al., 2017; Li et al., 2019) indicate that processes other than
simple sinking or rising can affect the vertical transport of MPs, and that
they should be given more attention.

Another process which can affect the vertical transport of MPs is
turbulence-induced mixing driven by factors such as surface wind,
temperature gradients, river flow, and waves, as they cause motion in
addition to gravity and buoyancy, which then affects the fate of particles
(Shamskhany and Karimpour, 2022). However, so far, physical drivers
of MP transport within turbulent aquatic environments have only
sporadically been investigated. The gravitational velocity of MPs in
quiescent water has been examined by several researchers (Ballent et al.,
2013; Reisser et al., 2015; Kowalski et al., 2016; Khatmullina and Isa-
chenko, 2017; Kaiser et al., 2019; Waldschlager and Schiittrumpf,

2019). However, water bodies like rivers and the upper layers of lakes,
fjords, and seas are not quiescent (laminar flow conditions) but turbu-
lent, and experimental studies of the vertical velocity of MPs under such
conditions are scarce. Studies addressing turbulent conditions have been
limited to modelling exercises (Daily and Hoffman, 2020; Shamskhany
and Karimpour, 2022). For example, in the study by Shamskhany and
Karimpour (2022), the authors modelled the effect of MP size and
density on their mixing behavior in response to different turbulence
intensities, and they found that the motion of small MPs is highly
influenced by the ambient turbulent flow. Additionally, field measure-
ments (Kukulka et al., 2012; Kooi et al., 2016) as well as regional large-
eddy simulations of oceans (Liang et al., 2012; Yang et al., 2014;
Brunner et al., 2015; Taylor, 2018) have shown the presence of vertical
concentration profiles within the ocean mixed layer. These profiles are
largely caused by wind and wave breaking at the ocean surface (Cha-
mecki et al., 2019), leading to buoyant particles being distributed in the
ocean mixed layer instead of accumulating at its surface.

Moreover, whether turbulence can transfer buoyant MPs from the
water surface to the sediments has not yet been experimentally inves-
tigated. In a study by Molazadeh et al. (2023) the authors concluded that
mixing was likely to have caused the transfer of PP and PE polymers to
the bed sediments of a small water body. They substantiated this by
computational fluid dynamics modelling. However, to prove this
concept, in-depth laboratory experiments are needed. Studying this
fundamental mechanism can help to answer the question of why much
plastic seems to be missing in the global plastic mass budget. The lack of
balance between plastic production and observed plastic in the oceans
(Isobe and Iwasaki, 2022) suggests the possibility of buoyant polymers
existing in the water column and entering the sediments rather than
staying at the water surface. Furthermore, understanding the role of
turbulence in MP transport is a prerequisite to predict the pathways and
final endpoints of MPs in water bodies, which in turn will allow better
estimates on local concentrations and consequently environmental
impacts.

The objective of this study was to better understand the turbulent
transport of buoyant MPs. It was done by tracking the movement of
marginally buoyant MPs (PE particles) under turbulent flow conditions
to see how the ambient flow regime and conditions affect their move-
ment. The probability that a particle can encounter the bed at different
flow turbulent kinetic energies and bed types was also assessed. For this,
Particle Tracking Velocimetry (PTV) and Particle Image Velocimetry
(PIV) were applied to separately monitor the trajectory and velocities of
individual PE particles and measure turbulence characteristics. Different
sets of experiments with different flow conditions and bed types were
conducted.

2. Material and methods
2.1. Experimental setup and experimental conditions

The experiments were conducted in a 2 m long, 0.3 m wide, and 0.3
m deep, rectangular, glass-sided, flume in the hydraulics laboratory of
the National Research Institute for Agriculture, Food and the Environ-
ment (INRAE) at Antony, France (Fig. 1). For all experiments, the flume
was filled to a height of h = 27 cm with tap water with a measured
density of 1001 kg m~>. Five test beds were examined, ranging from a
glass bed (no sediment in the flume) to a gravel bed (Table 1). The size
distribution of each bed sediment can be seen in Fig. S1. Before each
experiment, sediments were washed until the residual water was clear. It
was necessary to remove dirt from the medium gravel, fine gravel, and
medium sand beds as it otherwise could have interfered with the flow
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analysis. The cohesive sediments consisted of clay and silt. The sediment
size distribution for this bed type was found by laser diffraction. The
median grain diameters (d50) of the beds are given in Table 1. Each bed
was established at the bottom of the flume with a thickness of 0.05 m.
The test section was located 1.2 m downstream of the water inlet
(Fig. 1). The water temperature was around 20 °C throughout the
experiments.

Water entered the flume through 2 customized pipes, placed 1.2 m
upstream of the measuring location (Fig. 1A). The pipes were parallel,
horizontal, and had holes pointing in the direction of the flow (Fig. 1B).
At its lowest and highest level, the pump generated a flow resulting in an
average velocity in the flume of 1.85 and 4.17 cm s~ !, corresponding to
Reynolds numbers of 3674 and 8282, respectively. The flow conditions
created when the pump was set at its highest and lowest level are sub-
scripted with respectively 1 and 2 in Table 1. In addition, to create a less
turbulent flow condition at the lowest flow rate, the inflow pipes
(Fig. 1B) were turned in the opposite direction of the flow, that is, the
holes pointed towards the upstream flume wall. By hitting the wall and
being reflected back into the flume, some of the energy of the flow was
dissipated, creating less turbulence. This flow condition is subscripted
with 3 in Table 1.

2.2. Measuring particle trajectories

Instantaneous velocities for each test were measured by two-
dimensional particle image velocimetry (PIV). The flow was seeded
with small tracer particles and illuminated with a pulsed laser light
sheet. A camera recorded images of the illuminated area during each
light pulse. The displacement of the particle between the light pulses
was used to determine the velocity vectors. A high-speed camera
(Dantec Dynamics FlowSense 4 M (CCD) digital camera) with a resolu-
tion of 2048 x 2048 pixels and an Nd: YAG double-pulse laser (Litron
Lasers Nano —S200 15 PIV, wavelength: 532nm), fitted with a Powell
lens line optics to generate a planar light sheet, was used for the PIV
measurements.

The measurements were conducted in the vertical centerline of the
flume at a distance of 15 cm from the side walls, and the field of view
(FOV) was irradiated by the laser. The thickness of the laser sheet was
approximately 1 mm, and it entered the flow through the free surface
allowing simultaneous measurements of the streamwise (u) and wall-
normal velocity components (V).

The seeding particles to trace the flow, and thus measure flow
characteristics according to their instantaneous motion, were 20 pm
Polyamide particles (PSP) with a specific gravity of 1030 kg m™>. A
calibration target was used to provide a reference scale for the physical
dimensions in the captured images and the corresponding distances in
the real-world flow field. The camera recorded double-frame images for
90 s at a rate of 7.4Hz within the FOV of approximately 6 x 6 cm. The
FOV varied between 5.6 and 6.4 cm for different experiments, and was

Science of the Total Environment 911 (2024) 168540

calculated from calibration images that captured the water from ~1 cm
above the bed. The time interval between each frame, i.e., between laser
pulses, was 22 ms. The image pairs were processed using the open-
source software PIVlab (Thielicke and Stamhuis, 2014). An FFT defor-
mation algorithm (direct Fourier transform correlation with multiple
passes and deforming windows) was used within the PIVlab software to
derive the velocity field. The data were analyzed by this algorithm in 3
passes with 128, 64, and 32-pixel interrogation areas (Thielicke and
Stamhuis, 2014).

To track the path of MPs and measure their velocity, 40-47 pm
spherical and fluorescent PE particles (UVPMS-BR, Cospheric) with a
density of 995 kg m 3 were injected into the flume, and their trajectories
tracked. The laser sheet for illuminating the fluorescent particles was
approximately 2 cm deep. The particles emitted light in a red color when
excited by the laser, clearly distinguishing them from other particles in
the flow. A long-pass optical filter was mounted on the camera lens to
capture only the emitted (fluorescent) red light from the MP particles.

At the start of each experiment, the FOV was checked to see how
many particles were left from previous experiments. Depending on the
leftover particle concentration, approx. 8.5 mg of fluorescent particles
was dispersed in a small amount of water and added to the flume. This
step involved some trial-and-error checking of the FOV to see if there
were enough particles to be tracked, as some particles got stuck in the
tubing’s and other parts of the flume, thus leading to some loss of
particles.

A series of images was recorded at 14.8 Hz for 30 s. Because the
images were taken rapidly, individual MPs could be tracked and fol-
lowed over the time of measurement while passing the FOV. Each
measurement was repeated 6 times, for a total of 3 min per experiment.
The sequences of captured images were processed to identify and track
individual particles over time using algorithms developed by Standford
University to track the trajectories of particles moving in fluids (Particle
Tracking, Standford). The image processing toolbox of MATLAB
(MathWorks) was used to pre-process images, for instance, to increase
image intensities or to draw the bed topography.

2.3. Particle transport

Turbulence data were computed based on the fluctuating velocity
obtained from a classical Reynolds decomposition; that is, the instan-
taneous horizontal and vertical velocity components were decomposed
into a mean value and a fluctuation term (Eq. (1); Reynolds, 1895). Data
from the PIV measurements provided the streamwise, u, and wall-
normal, v, instantaneous flow velocity fields.

U=u—tandy =v—7 (@)

where u and v are the instantaneous velocity components, u and v the
time-averaged components, and the primes indicate their fluctuation
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Fig. 1. Schematic of the experimental set-up (A) front view of the customized water inlet pipe (B).
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terms. The turbulent kinetic energy (TKE, Eq. (2)) was used to quantify
the intensity of the turbulent flow. The lateral velocity component is not
measured by 2D PIV, and 2D PIV hence provides velocity information in
a plane only, meaning in the streamwise-vertical plane, neglecting the
lateral velocity component. The estimated TKE could hence not fully
account for the energy associated with the lateral turbulence.

_Larr
TKEfz(u +v2) 2

To investigate entrainment of hypothetical particle sizes and den-
sities not physically tested in the flume experiments, the dimensionless
Rouse parameter was introduced (Eq. (3)).

— WS
~ BKu

3)

Table 1
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where W is the particle terminal settling/rising velocity [m s'], k is the
von Karman constant [—] set to 0.4, p [—] is a parameter that adjusts the
assumption of parabolic eddy diffusivity for the Rouse profile (assumed
to be 1) (De Leeuw et al., 2020), and u* is the spatially averaged shear
velocity [m s’l] of the flow calculated from Eq. (4).

U= \/ﬁ ©)]

To calculate the Rouse parameter, the particle terminal velocity (W)
must be derived. For small spherical particles, like the 40-47 ym PE
particles of the present study, W; can be determined by Stokes law (Eq.
(5)) as it is valid for spherical particles <100 pm.

w @ -1)

s 185 )

Investigated flow conditions and bed types, TKE (turbulent kinetic energy), u* (shear velocity) and d50
(median grain diameter of the sediment bed) of each experiment.

Test bed / Flow TKE (J/kg) u* (cm/s) d50 (mm) | Bed types
condition
Medium gravel 1 6.9x10* 0.7 8.3284
Medium gravel 2 3.8x 10+ 0.5 8.3284
Medium gravel 3 2.6x10* 0.48 8.3284
Fine gravel 1 6.6x 10+ 1.05 3.2288
Fine gravel 2 8.0x 10+ 0.95 3.2288
Fine gravel 3 2.6 x 10* 0.47 3.2288
Medium sand 1 5.0x 10+ 0.8 0.2641
Medium sand 2 3.0x10* 0.65 0.2641
Medium sand 3 6.3x10* 0.49 0.2641
Cohesive sediment | N.A. N.A. 0.0336
1
Cohesive sediment | N.A. N.A. 0.0336
2
Cohesive sediment | N.A. N.A. 0.0336
3
Glass 1 1.2x 103 1.26 -
Glass 2 6.1x10* 0.62 -

8.7x 10+ 0.86 -
Glass 3
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where g is the gravitational acceleration [m s_z], d the particle diameter
[m], fp the particle density [kg m %], fu the density of the ambient
water [kg m~2], and p is the kinematic viscosity [m? s~1] of the flow at
20 °C.

For larger particles, the Dietrich formula (Dietrich, 1982) was used
to calculate the particle settling or rise velocity, as it is valid for particles
up to 4.9 mm. Only spherical particles were considered, and the Dietrich
formula could be simplified to Eq. (6) (Isachenko, 2020).

W, = W*%gﬂ 6)
where
W. = 10}

R = —3.76715 + 1.92944l0g oD+ — 0.09815(log1oD+)* — 0.00575(logioD-)*
+0.00056(log oD+ )*

If, — Ful 2d’Fs

D« = ®

Fine gravel 1

Fine gravel 2
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3. Results and discussion
3.1. Measured flow characteristics

The measured flow characteristics, including turbulent kinetic en-
ergy (TKE) and shear velocity (u*), did not increase with bed roughness
(Table 1). There were several reasons for this. One was that the flume
was too short (2 m) to ensure a fully developed velocity profile, that is,
the upstream and downstream discharge points affected the flow pattern
and hence the measurements. The bed form with its undulations could in
principle induce a similar effect within the studied 6 cm from it. How-
ever, the effect was seen for all bed forms, also the glass bed, and the first
reason hence probably the dominant one. This means that the experi-
ments did not reflect idealized hydraulic conditions, which on the other
hand was not the purpose of the experiments. The purpose was to study
non-ideal conditions which are not uncommon in the real world. Table 1
summarizes the flow turbulence characteristics measured during each
experiment. The flow characteristics could not be measured for the
cohesive sediment bed experiments due to the presence of suspended
solids in the flow, which made it impossible to solely detect tracer
particles.

3.2. Settling and rising velocity of PE particles

The nature of particle motion is determined by the balance between
the forces acting upon the particle. In a motionless water column, a

A

Fine gravel 3

D (ems-1)

-35-3 252 15-1 05 0 051

U (cm s'l)

Density

Density

Density

Fig. 2. The mean (tracked average) velocity obtained during 30 s of measurements for PE particles (A). The red line depicts the Stokes rising velocity of a 47 pm PE
particle, which was the upper size of the particles tested in this study. Le., the velocity which would be expected had the flow been completely quiescent. B:
Histogram of the mean (tracked average) vertical particle velocity with the estimated density distribution (blue curve). The green line shows the Stokes velocity of a

47 pym PE particle.
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freely moving particle’s terminal velocity (falling or rising) is defined
under the assumption that gravity, buoyancy, and fluid drag are acting
on the particle, and these forces are properly in balance. Stokes
formulated the first theoretical model relating the terminal velocity of a
particle in a liquid to the gravitation and drag forces acting on said
particle. Stokes’ law provides a convenient measure for calculating
particles’ settling or rising velocity; however, it applies only to small
spherical particles existing in laminar flow, i.e., low Reynolds numbers
(Stokes, 1851).

Fig. 2 shows the measured time-averaged velocities of the PE parti-
cles for the fine gravel bed at different flow conditions (the full set of
experiments is shown in supplementary information, Fig. S2). v and u
denote respectively the average vertical and horizontal velocity of each
tracked PE particle (blue stars in Fig. 2A). The measured vertical velocity
of particles deviated substantially from the Stokes velocity. The Stokes
terminal velocity for the tested MPs (40-47 pm) was between
—0.000434 and — 0.000599 cm s}, meaning the particles had positive
buoyancy in quiescent water and would have risen towards the water
surface at 0.000434-0.000599 cm s~ 1. However, in the experiments the
tracked PE particles showed both positive and negative vertical velocity
(Figs. 2A, B, and S2.), meaning some particles moved towards the bed
and some towards the water surface. Moreover, the numerical particle
velocity was magnitudes above what would be expected for quiescent
water as predicted by Stokes law.

A dimensionless parameter (Z) was defined as the relative ratio of the
effective value v (average vertical velocity of all tracked PE particles in
an experiment) measured in each flow regime to that expected in
quiescent water (Stokes velocity) for 47 pm particles, i.e., the upper size
of the particles added to the flow. Thus, values of Z > 1 indicate
“enhanced” average rising rates (particles moving towards the surface),
and Z < 1 diminished average rising rates or enhanced downward
movement (particles moving towards the bed).

For all bed types and flow intensities, the average particle velocity
deviated substantially from the predicted Stokes velocity (Table S1 and
Fig. S3). No clear enhancement or diminishment pattern was observed
for the different tested conditions. Medium sand 3 (TKE = 0.000625 J/
kg) had the highest average enhancement of downward movement (Z <
1), namely 255. IL.e., the numerical value of the average particle velocity
deviated 255 times from the intrinsic Stokes rising velocity. For this test
condition, the particle with the most extreme downward movement had
avelocity of 1.19 cm s}, that is, 1987 times higher than expected Stokes
velocity and in the opposite direction of it. For the fine gravel bed 2
(TKE = 0.0008 J/ kg), particles were on average moving towards the
surface 250 times faster than predicted by Stokes law.

This finding implies that even though the average velocity was either
upwards or downwards, there was in each cohort of particles always
individual velocities in the downwards (or upwards) direction with Z
>1 or Z <1 (Table S1 and Fig. S3). In other words, even in flow regimes
where the net transport was upwards, many single particles were
conveyed towards the bed. Such phenomenon was also reported by
Kukulka et al. (2012) who observed that wind-driven turbulent mixing
within the surface boundary layer in the ocean transferred and redis-
tributed buoyant MPs lower in the water column and hence reduced the
surface concentration. Rapid conveyance of particles towards the bed
(downward movement) and towards the surface (upward movement)
was hence driven by flow eddies. Such movement can sweep particles
along and give them an increased momentum. When a flow eddy in-
teracts with the bed, the inertia of a particle it carries can cause it to
leave the diverted flow eddy and get into physical contact with the bed,
where it may become immobilized. On the other hand, such flow eddies
might also cause ejection of particles as they get swept off the bed.
Whether a particle sticks to the bed would depend on both particle and
bed characteristics. In a coarse bed, for example, a particle might get
carried into the bed and get immobilized in its pores (Phillips et al.,
2019). In a finer bed, the particle might adhere to the bed due to
cohesive forces (Arnon et al., 2010).

Science of the Total Environment 911 (2024) 168540

The effect of different turbulence conditions on the vertical velocity
distribution of PE particles is shown in Fig. S4. For each of the three
conditions, the variability of particle velocities around the median ve-
locity was quite similar, indicating that the bed type did not significantly
affect the pattern of particle movement (Fig. S4). Neither did the bed
type affect the median of the movement. There was, however, a clear
decrease in the variation of particle velocity with decreasing turbulence.
At high turbulence rates, more eddies with higher energy occurred,
imposing larger random flow fluctuations. This then resulted in higher
extreme values of upward and downward particle velocity.

3.3. Generic prediction of particle transport mode and fate

Turbulent motions in the flow can induce mixing of suspended par-
ticles, here MPs, if the turbulence intensity is notably larger than the
rising or settling velocity of the particle. Somewhat counterintuitive,
this means that particles of a density lower than that of water will not
necessarily be found predominantly at the water surface, and particles of
a density higher than that of water will not necessarily be found pre-
dominantly at the bed. Whether a lighter than water particle will mainly
be at the water surface, or a heavier than water particle mainly at the
bed, depends on both the properties of the MP and the vertical mixing.

Crucial MP properties cover size, shape, and density, while the
properties of the flow include the turbulent shear velocity. The Rouse
parameter (P) was used to quantify where in the flow a particle will be
most likely to occur. P is a dimensionless parameter used to describe the
relative significance of inertial vertical movements of particles due to
gravity and buoyancy compared to turbulent-induced particle entrain-
ment (Rouse, 1937). It represents the ratio between the rising/settling
ability of a particle versus its vertical motion due to turbulent mixing
and integrates the effects of particle size and density with the intensity of
a turbulent shear flow (Eq. (3)). The application of the Rouse parameter
for buoyant and non-buoyant plastic particles has been confirmed by
Cowger et al. (2021) and Born et al. (2023). When the shear velocity is
low, the particle distribution in the water column is expected to be
mainly governed by the rising or settling ability of the particles, whereas
turbulent mixing plays a minor role. When the shear velocity is high, the
distribution is expected to be mainly governed by turbulent mixing, i.e.,
the particles tend to be evenly distributed in the flow irrespective of
their size and density.

Cowger et al. (2021) stated that P < —2.5 characterizes surface load
particles (travelling only at the surface); —2.5 < P < —0.8 characterizes
rising suspended load particles (partially distributed throughout the
water column with higher concentrations at the surface); 0.8 > P > —0.8
characterizes wash load particles (equally distributed throughout the
water column); 2.5 > P > 0.8 characterizes settling suspended load
particles (partially distributed throughout the water column with higher
concentrations at the bed); 7.5 > P > 2.5 characterizes bed load particles
(moving primarily along the bed by rolling, skipping, and saltating along
the bottom-most portion of the flow field); and P > 7.5 characterizes
immobile particles (in contact with the bed and not moving). In the
present work, three flow conditions were assessed experimentally for
spherical PE particles of 40-47 pm. Applying the Rouse parameter, these
results were extrapolated to cover particles of 10-1000 pm and densities
of 880-1550 kg m ™2 at the highest and lowest shear velocity measured.

The effect of increasing turbulence intensity on the particle’s trans-
port is shown in Fig. 3. For illustration purposes, the upper size range of
the PE particles of the current study (47 pm) is indicated by a star. With
increasing turbulence intensity, a wider range of particles can be
transported as wash load. This means that larger particles with higher
densities can be kept in suspension due to the mixing caused by eddies,
and hereby overcome the gravitational force acting on them. Particles
with a density close to that of water would occur as wash load in a wider
size range, regardless of turbulence intensity. For example, a 250 pm PE
particle (995 kg m™>) and 250 pm PS particle 1040 kg m~> would
behave quite similarly at all tested turbulence levels. Regardless of their
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Fig. 3. Rouse domains for lowest (A) and highest measured shear velocity (B). The star shows the location of a 47 pm PE particle in the Rouse domain (the upper size
of PE particles used). The vertical turquoise line shows particles with different densities and 47 pm diameter.

densities, these would all occur as wash load for the tested shear ve-
locities, meaning that all such particles would be distributed over the
full water depth. Non-spherical particles would be even less affected by
their density as the settling velocity of a non-spherical particle is lower
than that of a spherical particle of the same mass (Wang et al., 2021).

While the impact of density on the motion of small particles is not
significant, it does become significant for larger particles. Considering
for example PVC particles of 1150 kg m~> and 500 pm size under the
highest turbulence intensity condition (Fig. 3B): While a portion of these
particles would stay in the water column due to turbulent mixing, a
larger fraction would be close to the bed and moving as settling sus-
pended load. At the lowest turbulence intensity, these particles would be
at the bed and transported as bed load (Fig. 3A). For similar reasons, for
example 500 pm PE particles (940 kg m~>) would at the highest tur-
bulence intensity move as rising suspended load while they would float
at the water surface (surface load) at the lowest turbulence intensity.
Turbulence would, in other words, be insufficient to pull them down
(Fig. 3).

This is in accordance with the findings of DiBenedetto et al. (2023)
who investigated MP segregation by rising of buoyant MPs under strong
winds (wind-driven turbulence) in the ocean surface mixed layer. The
authors stated that physical characteristics of the MPs will also control

Medium gravel 1

Medium gravel 2

their vertical distribution. DiBenedetto et al. (2023) showed that MPs
with high rising velocity were more abundant at the ocean surface, and
turbulent mixing was unable to entrain them far below the surface. MPs
with lower rising velocity were, on the other hand, well mixed in the free
surface boundary layer at the same turbulence condition. Similarly, the
findings of Kooi et al. (2016) showed that not all types of MP behaved
the same while in the ocean. Less buoyant MPs tended for example to be
mixed deeper than more buoyant ones. They also suggested that vertical
distribution of buoyant MPs not only depends on environmental con-
ditions, but also on their size and shape.

3.4. PE particles trajectories

The spatial movement of the PE particles were tracked to gain in-
sights into particle movement patterns and entrainment behavior (fluid-
particle interactions) in response to factors such as changes in fluid
velocity and turbulence. Fig. 4 shows the trajectories which reached the
lowest ~6 cm of the flume for the gravel bed at different flow conditions.
The particle trajectory patterns were similar for repetitions of the
experiment under identical flow and bed type conditions. For reasons of
clarity, only 1 repetition (30 s of measurement) is hence shown (further
instances of repetitions and other bed types are shown in Fig. S5).

Medium gravel 3
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Fig. 4. Selected particle trajectories from one of the six repetitions (30 s) for the medium gravel bed. The first, second, and third illustration show trajectories for flow
conditions 1, 2, and 3, respectively. Particle trajectories in black move towards the bed and trajectories in turquois move towards the surface. The flow direction is

from right to left. The red lines show the bed topographies.



M. Molazadeh et al.

For each flow condition, the pattern of particle trajectories was
similar regardless of the bed type. At flow condition 1, i.e., where the
pump was at its highest flow rate, particle motion was quite chaotic, and
particles followed seemingly random trajectories. Most particles could
not be followed all the 6 cm which the laser sheet covered in the y-x
directions, as they moved out of the plane (i.e., in the z-direction). At
flow condition 2, the particle trajectories were still erratic. At flow
condition 3, particles followed smooth semi-parallel trajectories.
Moreover, particles could be tracked over longer distance before dis-
appearing and their trajectories ended, indicating that particles were
moving longer in the x-y plane (laser sheet) in the observation period.

3.5. Interaction between particles and bed

While the turbulence caused particles to move vertically at velocities
higher than their intrinsic settling/rising velocity, this did not tell
whether they physically touched the bed and hence experienced a finite
probability of becoming immobilized at the bed. The rate at which the
particles arrived at the beds hence remained unknown. To assess this,
and since the first prerequisite for a particle to encounter the bed is that
it must move towards it, the abundance of tracked particles moving
towards the bed in the 3 min of measurement time was calculated.

The highest and lowest number of particles moving downward were
seen for medium sand 3 and fine gravel 2 with 66 % and 30 %,
respectively. The abundance of sinking and rising PE particles at
different test beds and flow conditions is displayed in Fig. S6 of the
supplementary information. For all flow conditions and bed types, there
hence was a significant number of particles moving towards the bed
within the field of view, albeit no clear trend could be found with the
shear velocity (u*) and the bed type. To get closer to assessing the rate of
particle/bed encounters, a near-bed zone was defined as a region 2 mm
from the bed (bed zone). The median percentage of particles in the field
of view reaching the bed zone within the 3 min was 4.2 %, with highest
and lowest values of 0.8 % and 8.8 % for the glass bed 3 and medium

Medium gravel 1

-Y (cm)

+X (cm)

Fig. 5. Examples of PE particles which within a 30 s measuring window had
been within 2 mm of the bed. Particles with trajectories shown in black moved
towards the bed and those in blue moved away from it (some of these particles
might have hit the bed and bounced off it). The red line shows the
bed topography.
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gravel 2, respectively. Le., even though the Rouse parameter indicated
that the MPs were conveyed as wash-load, they still had a quite signif-
icant probability of getting into contact with the bed. Trajectories of
particles coming in close contact with the bed are exemplified in Fig. 5.
The full set is shown in Supplementary Information Fig. S7.

Assuming an infinitely long flume, and that particles are not resup-
plied, this would lead to around 99 % of all beads in the flow getting into
close contact with the bed within a day. Although the particles tracked
in the bed zone had the highest probability of hitting the bed and thus
potentially getting trapped by the bed, the experiments were not
designed to quantify how many of the close encounters resulted in
physical contact with the bed. Nevertheless, the experiments illustrate
how turbulent particle movement can lead to entrapment of micro-
plastics within a rather short time span.

While the experiments were done in the waters of a slow flowing
flume, the general conclusion on turbulence-driven MP transport holds
true for any water body which exhibits a similar turbulence regime
(McWilliams and Sullivan, 2000). Whether the turbulence is induced by
the flow of water in a channel or waves of an open water body (Chor
et al., 2018), the conclusions of eddies driving the transport of MPs holds
true. In a shallow lake, for example, where wind and waves cause tur-
bulence all the way to the lakebed (Reardon et al., 2014), the eddies may
transport lighter-than-water MPs to the bed where they may become
immobilized. In the open ocean where the upper water layer is
completely mixed, turbulent eddies may transport such particles to-
wards the deeper quiescent water layers where flow is laminar (Brunner
et al., 2015). Once there, the lighter-than-water MPs would have to shift
to a different transport mode to reach the bottom, for example ballasted
settling due to biofilm growth and/or particle coagulation (Galgani
et al., 2022). While turbulence alone hence cannot explain why MPs
reach the deep ocean floor, it is crucial in understanding the processes in
the upper water layers. Without this understanding and including it in
MP transport models, these would struggle to predict MP transport
accurately (Onink et al., 2022). This would lead to poorer predictions of
MP pathways and their final destination, which then would lead to
poorer assessment of the impacts these MPs can have on the
environment.

4. Conclusion

The vertical transport velocities of 40-47 pm PE particles (f = 995
kg m~3) in a flume (1.85-4.17 cm s~ ) were orders of magnitude above
the rising velocity as calculated by Stokes law (0.43-0.6 pm s~ 1). Within
the investigated 6 cm of the bed, both the upwards and downwards
velocity of individual MPs reached as much as 2.4 cm s~ 1. There was no
clear preference for these lighter-than-water particles to either rise or
sink. Zooming in on the 2 mm closest to the bed showed that some
particles came into close encounters with, or even hit, the bed. Together
this illustrated that the eddies generated in the flume overcame the
rising tendency of the MPs and brought them to the bottom part of the
flume where they could be captured by the bed.

Applying the results to well-established particle transport theory
presented an approach to predict MP distribution in a turbulent water
body. The results however also showed that these yield average distri-
butions only. Even though a MP on average is predicted to stay sus-
pended in the water, turbulence causes eddies, which sometimes can
convey such an MP close to the bed where it might become immobilized.
The study clearly showed that the fate of MPs in turbulent waters is
linked to turbulent transport, which hence must be considered when
predicting the transport and fate of MPs in aquatic environments and for
developing strategies to mitigate their impact on the ecosystem. To
predict the pathways of MPs in aquatic environments and their final
destinations, it is essential to comprehend the influence of turbulence.
This understanding will in turn lead to improved predictions of local
concentrations and, consequently, provide a better understanding of
their environmental impacts.
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