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Plastic pollution is overflowing in rivers. A limited understanding of the physics of plastic transport in rivers
hinders monitoring, the prediction of plastic fate and restricts the implementation of effective mitigation stra-
tegies. This study investigates two unexplored aspects of plastic transport dynamics across the near-surface,
suspended and bed load layers: (i) the complex settling behaviour of plastics and (ii) their influence on plastic

Bed load T ' ) !
Pollution transport in river-like flows. Through hundreds of settling tests and thousands of 3D reconstructed plastic
Plastic transport experiments, our findings show that plastics exhibit unique settling patterns and orientations, due to

their geometric anisotropy, revealing a multimodal distribution of settling velocities. In the transport experi-
ments, particle-bed interactions enhanced mixing beyond what established turbulent transport theories (Rouse
profile) could predict in low-turbulence conditions, which extends the bed load layer beyond the classic defi-
nition of the bed load layer thickness for natural sediments. We propose a new vertical structure of turbulent
transport equation that considers the stochastic nature of heterogeneous negatively buoyant plastics and their

singularities.

1. Introduction

The production of plastics is expected to double by 2040, (Geyer
et al., 2017) leading to mounting challenges due to the accompanying
increase in plastic leakage into the environment (Bergmann et al. 2022).
This escalation is particularly concerning in light of growing scientific
evidence showing that plastic pollution is causing unprecedented im-
pacts to many aspects of life, including biodiversity, food security and
climate change (De-la-Torre 2020; MacLeod et al., 2021; Clark et al.
2023). Moreover, plastics have the potential to pose risks to human
health (Dick Vethaak and Legler 2021), an unsettling revelation further
emphasised by recent studies detecting plastics in human lung tissue
(Jenner et al., 2022), the placenta (Amereh et al. 2022; Ragusa et al.
2022) and blood (Leslie et al., 2022).

In response to these concerns, the United Nations Environment
Programme has signed a legally binding treaty involving 175 member

states aimed at promoting measures to globally reduce plastic pollution
in the environment, beginning as early as 2024 (UNEP 2023). Central to
these efforts are the proposed expansion of monitoring programs for
plastic pollution in rivers to inform and influence policy (UNEP 2021).
However, current monitoring protocols lack harmonisation and
inter-comparability across basins (Gonzalez-Fernandez and Hanke
2017; Hurley et al. 2023). Moreover, the complexity and variability
inherent to fluvial plastic transport dynamics are not yet well under-
stood (Waldschlager et al. 2022; Lofty et al., 2023a). This lack of
comprehensive knowledge significantly impedes our ability to quantify
riverine plastic budgets and frequently leads to significant un-
derestimations of plastic concentrations. For example, current riverine
monitoring strategies may fail to detect as many as 90 % of plastics
residing in the river water column for flows with strong turbulence,
according to estimations presented by Valero et al. (2022).

An additional challenge to existing fluvial plastic monitoring
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strategies is that current methods primarily focus on water surface ob-
servations (Gonzalez-Fernandez and Hanke 2017; Geraeds et al., 2019;
van Emmerik and Schwarz 2020; Kataoka and Nihei 2020; Vriend et al.,
2020). As a result, a large portion of negatively buoyant plastics may
remain undetected during monitoring efforts, leading to a consistent
bias in river pollution estimates. This becomes especially troublesome
given that studies have shown that the prevalence of plastics transported
in the near-bed region of rivers might be comparable to that of floating
plastics (Blondel and Buschman 2022; McGoran et al., 2023; Vriend
et al., 2023) and this transport layer may have even more complex dy-
namics due to bedform interactions (Russell et al., 2023).

Describing the behaviour and quantifying the concentration of sus-
pended particles in turbulent river-like flows, such as sediments and
plastic particles (originally as laboratory proxy for natural sediments),
has been studied since the work of Rouse (1939). Rouse derived a con-
centration profile of suspended point-particles as a function of the
relative settling velocity of a particle and turbulence forces, which can
be expressed by the Rouse number g (Rouse 1939):

f=— (€H)

w
Ku.

where w is the settling velocity of the particle, xk = 0.41 is the von
Kérmaén constant and u, is the shear velocity. The Rouse number j de-
termines the shape of the Rouse profile, which is a theoretical vertical
concentration profile for point-particles in turbulent flows, under the
assumption of parabolic and symmetric eddy diffusivity distribution
across the water column. The Rouse profile (Rouse 1939) can be
expressed as:

B
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where C is the concentration at a height z above the bed, C, is a reference
concentration at z = a and H is the flow depth. This model has been
described in detail for vertical concentration profiles of neutrally (Elata
and Ippen 1961) and negatively (Rashidi et al., 1990; Kaftori et al.,
1995; Muste et al., 2005; Baker and Coletti 2021) buoyant
point-particles, which have material compositions including quartz
sediment and plastic.

Recently, turbulent transport theories have been suggested for
application within plastic pollution transport (Cowger et al., 2021; Lofty
et al., 2023b; Yu et al., 2023). Turbulent suspension has been described
for positively buoyant macroplastic (plastics > 5 mm in size) of different
shapes (Valero et al., 2022) and near-spherical microplastics (plastics <
5 mm in size) (Born et al., 2023). Given the diversity of plastic pollution,
in terms of shape and geometry anisotropy, it may be expected that
vertical concentration profiles of plastics may depart from that calcu-
lated by the Rouse profile, due to simplicities in the derivation of the
Rouse equation (Eq. (1)), which do not consider different fluid drag
components related to different particle orientations (Baker and Coletti
2022) or particle inertia near the bed (Baker and Coletti 2021). How-
ever, in the study by Valero et al. (2022), the observed plastic vertical
concentration profiles did not statistically deviate from a Rouse profile
within experimental uncertainty, until immediately beneath the free
surface, where a new surfaced transport layer of plastic was observed. In
this near-surface layer, transport is described by the balance of relative
settling/rising velocity of a particle, turbulence and surface tension, and
thus observed plastic concentrations exceed the theoretical Rouse pro-
file estimates, as only the former two factors are considered.

The settling velocity is thus an essential descriptor for plastic trans-
port (Eq. (1)) (Waldschlager and Schiittrumpf 2019; Kuizenga et al.,
2022; Goral et al. 2023), which has been studied for plastic particles, at
least, since the study by Christiansen and Barker (1965). If the settling
velocity of a sampled plastic is known, as well as the river hydrody-
namics, the Rouse number can be used in predictive models to explain
plastic concentration in the river water column from a single sampling
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point at a given depth (Cowger et al., 2021). Therefore, a suitable
settling velocity parameter needs to be carefully measured in order to
calculate appropriate vertical concentration profiles of the plastic
particle.

Typically, when conducting settling experiments, one settling ve-
locity is taken deterministically as a singular ensembled average value
based on a number of settling tests repeats. However, given the diversity
of plastics, with varying geometric anisotropy and shape, plastics may
find distinct orientations during their vertical transport, which can affect
their equilibrium settling state and subsequent settling velocity. Here we
hypothesize that these different settling orientations may have different
levels of stability, i.e., one mode being more stable than the others,
which are therefore metastable. When a plastic particle is in a meta-
stable position, and is subject to a large enough perturbation, the plastic
may abruptly move into a new metastable or stable position, resulting in
a different exposed area and drag force, which affects the plastic’s ver-
tical transport. Each orientation can therefore correspond to a distinct
fall velocity, resulting in a multimodal settling distribution. Similar re-
sults have been observed for cards (Andersen et al., 2005), disks (Field
et al., 1997; Auguste et al., 2013) and cylinders (Jayaweera and Mason
1965), where multiple metastable and stable settling orientations during
their vertical transport have related to distinct equilibrium settling ve-
locities. However, this aspect of vertical transport dynamics has yet to be
addressed from a plastic transport perspective. In light of this, a perti-
nent question arises: how will the different modes of settling impact
plastic transport in river-like turbulent flows?

Two unresolved aspects of plastic transport are therefore investi-
gated in this study: i) the role of multimodality in shaping the distri-
bution of settling velocities for negatively buoyant macroplastics with
varying geometric anisotropy, and ii) the resulting impact on their
vertical concentration and transport within river-like flows. To unravel
these intricate mechanisms, an extensive investigation involving hun-
dreds of negatively buoyant samples was conducted. The samples are
based on full and deformed polystyrene drinking cups, as well as cups
that have been cut half-wise and into fragments. The samples thus
encompassed four distinct types of plastic, each varying in size, shape,
and anisotropy and are representative of commonly observed plastics in
the river environment (van Emmerik et al. 2018; van Emmerik et al.
2020a; Nguyen and Bui 2023). A total of 400 settling experiments were
conducted to first assess the multimodality in settling plastic. We then
assembled three-dimensional transport trajectories from video re-
cordings of approximately 3000 plastic samples transported under tur-
bulent river-like flows. By comparing their vertical concentration
profiles to the theorical Rouse profile (Eq. (2)), distinct features of the
multimodal distribution of plastic settling that better explain observed
concentration profiles were identified.

2. Methods
2.1. Experimental design

Experiments were conducted in two laboratories. Measurements of
the settling velocity of plastics samples were conducted in the Theodor
Rehbock hydraulics laboratory at Karlsruhe Institute of Technology
(Germany) and the plastic transport experiments, conducted under
turbulent flow conditions, were undertaken in the Hydraulic Engineer-
ing Laboratory at Delft University of Technology (the Netherlands). For
the plastic settling experiments, it was apparent that the plastic samples
settled at different velocities, which was related to different trajectories
and settling orientations. Therefore, experiments in which plastic sam-
ples settled in straight vertical trajectories and had little interactions
with the tank walls were conducted in a cylindrical settling tank, 188 cm
in height and 24 c¢m in diameter (tank 1, Fig. 1A), while experiments in
which plastic samples settled with an oscillating trajectory and or moved
significantly away from the initial drop position were conducted in a
wider rectangular tank, 98 cm in height (z), 200 cm in length (x), and 57
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Fig. 1. Photographs of the settling tanks used to measure setting velocities of A) the full and deformed cups, B) the half cups and cup fragments. The wider tank
allowed for the settling of samples with higher anisotropy, in which horizontal motion had larger amplitude. C) The open channel flume used for plastic transport
experiments. D) Plastic transport experimental setup and bounding box plastic detection output using a synchronous multi-camera detection routine.

cm in width (y) (tank 2, Fig. 1B). Experiments in which particle-wall
interactions occurred, and hence affected the settling velocity, were
discarded and repeated. Tank 1 was filled up with tap water to a depth of
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140 cm, while tank 2 was filled up to a depth of 70 cm. Both tanks were
kept at room temperature.

Transport experiments for negatively buoyant plastics were
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Fig. 2. Photographs of A) full, B) deformed, C) half and D) cup fragments used in experiments with measured dimensions.
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conducted in a rectangular open channel flume (Fig. 1C) with the di-
mensions 14.40 m long, 0.4 m deep, 0.4 m wide, and a bed slope of
0.00026, analogous to the experimental setup of Valero et al. (2022) . A
9.58 m long roughened bed consisting of closely packed sand grains of
median diameter of 6.7 mm (see Fig. 2C of Valero et al. (2022) for
granulometry curve of sand grains) was installed on the flume floor to
increase turbulence in the flow.

Five different flow conditions were considered for the plastic trans-
port experiments and are described in Table 1. All discharges represent
subcritical flows with high Reynolds numbers (Re) between 353,768 -
1,002,458. Flow depth was controlled by a downstream gate and the
flow depth for all flow conditions was measured using a point gauge for
each experiment, obtaining a mean value of 0.278 m (+ 1 mm, gauge
resolution). Flow characterisation was conducted by velocity measure-
ments at 2 cm vertical intervals using an Acoustic Doppler Velocimeter
(ADV, Vectrino+, Version 1.24.00) and upstream hydrogen bubble
seeding (Blanckaert and Lemmin 2010). Each point was sampled for at
least 2 min with a sampling frequency between 100 and 200 Hz,
depending on signal quality.

Full open channel flow hydrodynamics, as well as average and tur-
bulent quantities, were described for all flow conditions in Valero et al.
(2022) (see Fig. 4 of Valero et al. (2022) for full flow hydrodynamics,
which follow expected trends for smooth open channel flow). The shear
velocity u. and the boundary layer thickness were obtained through a
log-law fitting and verified by using the Reynolds shear stress profile, as
described in Valero et al. (2022). Both methods were in good agreement,
but for simplicity, the shear velocity u, values used for subsequent cal-
culations are only those estimated through a log-law fitting (presented in
Table 1).

2.2. Plastic samples

For both settling and transport experiments we consider clean
negatively buoyant macroplastic samples (plastics > 5 mm in size, as
defined by Hartmann et al. (2019)) which are shown in Fig. 2 and
characterised in Table 2. The Corey Shape Factor (CSF) (Corey et al.,
1949) is also described in Table 2 to explain the anisotropy of the plastic
samples (CSF = 1: isotropic, < 1: anisotropic). The selected plastics were
chosen to be representative of riverine plastic litter observations and all
originate from the same plastic samples but were fragmented and
deformed into different shaped forms. These include undeformed rigid
3D objects (full cups, Fig. 2A), damaged rigid 3D objects (deformed
cups, Fig. 2B), rigid quasi-2D fragment (half cups, Fig. 2C) and smaller
quasi-2D fragments (cup fragment, Fig. 2D). The full cups were left
unaltered from the original packaged state. The deformed cups were
formed by crushing full cups against the floor using human weight,
while the half cups and the cup fragments were formed by carefully
cutting the full cups in half height-wise, and into small uniformly sized
fragments, respectively. The main dimensions of the plastic samples are
presented in Fig. 2.

The plastic samples were composed of one of the top five most pro-
duced plastic polymers (Geyer et al., 2017), namely polystyrene (PS)
and belong to the 20 most widely found macroplastics (categorised by
the River-OSPAR protocol (van Emmerik et al. 2020b)) found on the

Table 1
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Rhine-Meuse delta (van Emmerik et al. 2020a) and Saigon River
(Nguyen and Bui 2023) riverbanks, as well as representative of moni-
toring campaigns in Asian river networks (van Emmerik et al. 2018). The
selected samples also represent different levels of fragmentation and
degradation, from full unaltered cups to damaged and fragmented cups,
therefore, potentially considering different levels of plastic age-related
degradation in the river environment.

The density of the plastic samples was determined using a 50 ml
pycnometer following ISO 1183-1:2019 (E) for pycnometer tests (ISO
2019) at the water quality laboratory of Deltares (Netherlands). During
the tests, distilled water was used as the immersion liquid (997.98
kg/m® at 21°C, estimated using the same pycnometer). From each
plastic, small fragments were cut to allow insertion in the pycnometer,
filling the pycnometer approximately halfway. Displaced volumes and
dry weights of the inserted samples allowed estimating the density of the
material. The density estimation was repeated five times allowing the
plastic’s density uncertainty to be estimated, resulting in a density of
1020 + 0.006 kg/m°.

2.3. Experimental procedure — settling experiments

To capture the different modes of settling for each of the plastic
samples and to decrease statistical uncertainty, 100 settling tests were
conducted per plastic sample. Full and deformed cup settling experi-
ments were conducted in tank 1 (Fig. 1A), while half and fragmented
cups settling tests were conducted in the larger rectangular settling tank
2 (Fig. 1B), therefore allowing for larger horizontal motions that were
observed for the more anisotropic plastics. The plastic samples were
released in the centre of each tank, immediately below the water level,
very carefully to avoid inducing predefined motions. To avoid system-
atic biases in the settling orientations of the plastic, samples were
released at random orientations to ensure that the complete variability
of the plastic settling was represented in the results.

A Logitech C920 camera (1080p Full HD, 30 frames per second) was
placed on a tripod facing each of the settling tanks and was used to re-
cord the settling of the plastic samples. The plastic trajectories were
extracted from each of the video recordings manually every vertical 10
cm for samples settling in tank 1, and 1 cm for samples settling in tank 2.
Using the differences between the manually extracted coordinates and
time stamps, the settling velocities were obtained (an exemplary routine
is included in Lofty (2023)). In the calculation of the sample’s settling
velocities, the refraction correction was also considered in the velocity
estimations, referencing each particle to the central axis of each tank.
Transformation from pixel coordinates to real distance was performed
with a multi-point linear transformation.

Inspection of the plastic trajectories allowed for verification that
plastics reach an equilibrium settling state that was independent of the
release point; i.e., the settling velocity and orientation no longer change
over the immediate trajectory. Thereafter, the settling velocity is
determined through the time it takes a given sample to travel a segment
of 30 cm vertically (between 90 and 120 cm for tank 1 and 10 to 40 cm
for tank 2, relative to the water level). Although the orientation of the
settling samples can vary during the trajectories, a mode of settling was
determined by visual inspection of distinct orientation of the plastic

Flow conditions used in transport experiments including the total discharge (Q), uncertainty in its estimation (&), specific discharge (q), Froude number (F = U /,/gH,
where U is the depth-averaged velocity), and Reynolds number (Re = 4q/v, with v the water kinematic viscosity). Shear velocity u, and boundary layer thickness &

correspond to the log-wake law profile fit.

Q (m®/s) eq (%) q (m?/s) H (m) U (m/s) F() Re () u, (m/s) 8 (m)
0.035 3.21 0.088 0.278 0.318 0.193 353,768 0.0213 0.111
0.053 1.80 0.132 0.278 0.475 0.288 528,405 0.0320 0.116
0.073 2.34 0.183 0.278 0.657 0.398 730,843 0.0444 0.105
0.088 2.49 0.219 0.278 0.787 0.477 875,200 0.0535 0.106
0.100 2.24 0.251 0.278 0.901 0.546 1002,458 0.0613 0.102
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The material and geometrical properties of the plastic samples used in experiments including the plastic density (p,), maximum (L1), intermediate (L) and smallest

. . . L . .
(Ls) dimensions of the plastic samples, the Corey Shape Factor (CSF) (Corey et al., 1949), calculated as ﬁ, the maximum diagonal length (1) calculated as 1 =
1L2
(L2 + L%)l/ %, the plastic volume (V}), estimated from mass and density, and the remaining volume (herein, AV,) compared to the largest volume sample (i.e., full
cup).
Plastic Class pp (£ std) L, corresponds L L, corresponds Ly L corresponds L3 CSF A A AV,
(kg/m3) to (mm) to (mm) to (mm) (mm) (mms) (%)
Full cup Rigid 3D body 1020 £ 6 Height 78 Largest 72 Smallest 44 0.59 106 3429.2 100
diameter diameter
Deformed Damaged rigid 3D 1020 £ 6 Height 79 Largest 72 Smallest 44 0.58 107 3399.3 99.1
cup body diameter diameter
Half cup Rigid quasi-2D 1020 £ 6 Major side 79 Largest 71 Smallest 22 0.29 106 1696.7 49.5
fragment diameter diameter
Cup Smaller rigid quasi- 1020 £ 6 Side 41 Side 39 Concavity 8 0.20 57 277.6 8.09
fragment 2D fragment height

sample from the recorded videos at a reference vertical position where
the samples remain in an equilibrium state. This was deemed to be at
110 cm vertical distance from the release position for full and deformed
cups (tank 1) and 25 cm for half cups and cup fragments (tank 2),
relative to the water level.

2.4. Experimental procedure — transport experiments

For the plastic transport experiments, samples were released one at a
time at an insertion point set at the upstream end of the open channel
flume by a controlled distance grabber at around 20 — 30 % of the water
depth (Fig. 1D). This upstream insertion point allowed plastics to
interact with the wall-generated turbulent flow. A sample number of N =
150 for each plastic class (full, deformed, half and fragmented cups) was
targeted for each of the five flow conditions, although a small number of
samples were lost during transport (stuck in the channel glass or rough
bed surface) or remained undetected. Plastics were cleared from bubbles
before being released into the flume using the same procedure as Valero
et al. (2022). This prevented most of the bubbles from remaining
attached to the plastic sample. The contribution of any remaining bubble
to buoyancy is deemed negligible (Appendix B of Valero et al. (2022)).

The plastic samples travel a longitudinal downstream distance of
10.62 m before reaching the observation window, where four GoPro
HERQ9 cameras (Sony IMX677 CMOS sensor, 60 frames per second)
recorded the movement and position of the plastic travelling through the
observation window (Fig. 1D) (see supplementary videos for example
analysis). Two of the cameras were positioned in a vertical plane in front
of the observation window, at two different angles, and were also
aligned with the water surface to accurately capture any plastics inter-
acting with the free surface during the tests. This positioning also
avoided reflections in the lower free surface, which would hamper the
automated tracking of plastics. The cameras were initiated by a common
IR remote trigger and an external flashlight was used to perform accu-
rate cross-camera time-synchronisation. The camera distortion and
calibration methodology are analogous to techniques used in Valero
et al. (2022) and includes the use of ArUco markers (Garrido-Jurado
et al.,, 2014) to continuously reconstruct the relative position of the
cameras and overcome possible changes of camera orientation
throughout experimental tests.

A bounding box automated detection routine was built using the
Python library OpenCV (Bradski 2000) to capture the plastic samples
contours and centre of gravity position per frame from the cameras
video sequence (an exemplary routine is included in Lofty (2023)). The
automated detection routine was composed of contrast-limited adaptive
histogram equalization (CLAHE), to enhance contrast between the
plastics and the background, and Gaussian blur techniques to diffuse
small artefacts in the image. A background subtraction based on frame
differencing was used to identify the moving plastics (see Fig. 1D for
examples of the bounding box detection and supplementary videos for

the automated detection routine).

The centre of gravity coordinates of the plastic samples was obtained
per frame from the video sequence of two cameras, following a similar
procedure as used in Huls (2022). Next, the plastic coordinates obtained
from both cameras were then combined, considering the cross-camera
time-synchronisation. In some instances, more than one sample was
detected in the same video frame. To systematically classify the plastics
detected in both camera recordings, a Gaussian mixture model (scikit
library of Python (Pedregosa et al. 2011)) was used to match the indi-
vidually detected plastic coordinates to a unique ID in both cameras.
This methodology classifies plastic coordinates based on the plastic’s
time stamp and the horizontal position of the plastic’s centre of gravity
detected by each camera and is aided by a pre-processing routine in
which the particle coordinates x,-t,, are used to find principal axes x/p—t;,
that assist in the unequivocal classification of particle trajectories. Based
on the instantaneous position of the centre of gravity of each plastic by
the two cameras, a 3D reconstruction was performed based on
ray-crossing routines including refraction correction, based on methods
by Duinmeijer et al. (2019) and as described in Valero et al. (2022).

3. Results and discussion
3.1. Multimodality of plastic settling

Through the 400 settling experiments, we identified that the settling
velocities of the four negatively buoyant plastics were bimodally
distributed, with all plastics exhibiting two main settling orientations,
herein referred to as mode 1 (slower velocity wy,;, stable orientation)
and mode 2 (faster velocity wp;, metastable orientation). Each of these
modes were identified through manual inspection of the video re-
cordings of the settling experiments and based on both the geometrical
configuration of the falling sample and its kinematics: oscillating or
straight oblique settling (see supplementary videos for examples of the
distinct settling orientation of the plastic samples).

Fig. 3A-D shows the settling velocity of each of the four tested plastic
samples against the settling distance, relative to the water level, while
Fig. 3E-H shows the histograms of the different modes of settling ve-
locity for each plastic sample, as manually identified. For clarity, in
Fig. 3 the two modes of settling are identified with different colours, and
Table 3 shows the mean average settling velocity (w, considering both
modes), as well as the mean average for mode 1 (w;,;;) and mean average
for mode 2 (wp2) settling velocity.

We hypothesize that a plastic-water system may be expected to reach
a stable position when the mechanical energy is at a minimum. This can
be mathematically written in terms of the mechanical energy derivative
(relative to all variables) being zero and its second derivative being
positive, as exemplified in Fig. 4. In analogy to equilibrium of a me-
chanical static system only dependent on potential energy, if a finite
perturbation can move the system into a more strongly stable situation,
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Fig. 3. Unique settling velocities and their histograms for each plastic sample. A-D) Settling velocities against the settling distance, relative to the water level for each
plastic, coloured by settling mode (mode 1 and mode 2). E-H) Histograms of the settling velocities for each plastic taken at a vertical position of —110 cm for full and
deformed cups and —25 cm for half cups and cup fragments, relative to the water level.

Table 3

Mean average settling velocity (w) of the plastics samples. Average settling velocities of the samples used in experiments based on 100 settling tests per plastic sample,
as well as mean mode 1 (wp,;1) and mean mode 2 (wy,2) settling velocities. The percentage of samples which settled in either mode 1 or mode 2, at a vertical position of
—110 cm for full and deformed cups and —25 cm for half cups and cup fragments, relative to the water level. The particle Reynolds number Re,, calculated as Re, =wd,

/v, corresponding to modes 1 (wWp;) and modes 2 (Wp1) of settling, where d. represents the equivalent plastic diameter calculated as d, =

\/4A/n where A is the

estimated projected horizontal area of the sample settling in an orientation corresponding to either mode 1 or mode 2.

Plastic w (m/s) W1 (m/s) W (m/s) % mode 1 % mode 2 Re, (mode 1) Re, (mode 2)
Full cup 0.0207 0.0171 0.0249 60 40 1445 1793
Deformed cup 0.0192 0.0172 0.0222 54 46 1466 1599

Half cup 0.0145 0.0127 0.0204 78 22 1073 1040

Cup fragment 0.0142 0.0102 0.0329 80 20 548 671

then the original state is said to be metastable (and therefore the total
energy was initially higher).

The mechanical energy of a plastic particle (E), also including the
added water mass, at a reference elevation is the result of the contri-
bution from kinetic energy (considering plastic mass and water virtual
mass) and potential energy (related to the particle elevation and
considering reduced gravity due to water immersion). For the sake of
simplicity, we ignore rotational energy in the kinetic component. For a
settling particle in a quiescent setting, if the horizonal velocity can be
considered negligible in comparison to the vertical component, then the
module of the particle velocity is approximately ~ w, and the total en-
ergy can be written as:

1
E~ ) (Vp/’p + Vinp, )W +V, (pp —P)% 3

with z, as the vertical position of the particle and the virtual mass
corresponding to a volume Vy), with water density p,,, which is assumed
to follow the settling velocity of the particle w. Approximate calculations
(Table S1, Suppl. Material) suggest that, in our quiescent settling ex-
periments, the kinetic energy associated to mode 1 is on average terms
79 % (from 34 % to 99 %) that of mode 2. This is however based on
simplistic assumptions of the virtual mass (assumed as the projected

frontal area times 1/3 of its equivalent diameter) and further research is
needed for verification.

Therefore, at a given depth (i.e., equal potential energy component,
2, = constant):

- If more than one persistent settling velocity is observed, the lower
settling velocity may commonly be expected to be more stable. This
would be the case if the particle has minimal energy (driven by lower
w?, Eq. (3)), while the other settling state is metastable (Fig. 4). The
reduction in mechanic energy of the lower w, however, could be
compensated by an increase in the virtual mass volume (Vyy in Eq.
(3)). With increasing w, a particle is observed to be more hydrody-
namically aligned with the flow, therefore resulting in smaller wakes
(i.e., reduction in Vyy). Our experimental observations (Fig. 3),
nonetheless, suggest that the increase of w? compensates the reduc-
tion of Vyy, for the samples investigated, hence keeping the faster
mode 2 altogether less stable.

If an infinitely small perturbation (e.g., change of orientation) leads
to a lower energy level (Eq. (3)), the original settling state can be
classified as unstable (Fig. 4).

To further examine the particle orientation in both modes 1 and 2, in



J. Lofty et al.

Flow perturba

Unstable
configuration
I

A Mode 2
E metastable
I
. | a R
A : : i Ori g
PDF ' : ' rientation
4Quiescent | Settling
settling @ during
;transporti
v
>
w

Fig. 4. Stability, metastability and instability in plastic settling. The relation
between the mechanical energy of plastic particles and its degree of stability
when settling; stable configuration (mode 1), metastable configuration (mode
2) and unstable configuration. Probability density function of the settling ve-
locity of a plastic particle in a quiescent setting, and a hypothetical example of
settling under transport conditions when plastic particles are subjected to tur-
bulent forces strong enough to modify their falling orientation.

the following, we discuss the equilibrium quiescent settling velocity
based on a simple balance of gravitational F, and drag F, forces, and
assuming a dominant vertical motion, which requires:

F,=F, (€3]

1
(Py = Pu)8Vy = 5p, Carw? )

where Cj is the drag coefficient. Given that the immersed weight does
not change across modes, we can write the following relationship be-
tween mode 1 and 2:

C(l,lAm‘] an,12 = Cd,ZAm‘ZWm,ZZ (6)

From the forces analysis, and regardless of the orientation of the
settling particle, a settling mode with faster settling velocity needs to
have a reduction of projected area (and thus wake) or drag coefficient
(see Fig. S1 for specific changes in the drag coefficient) given by C41Am1
/ Caz2Ama = Wm.22/wm.12~

We observe in our experiments that mode 1 (slower settling velocity)
is more predominant (i.e., stable), with largest exposed area Ap, 1, while
mode 2, the orientation reducing the virtual mass volume and the
exposed area Ap,», is less frequent (i.e., less stable). Interestingly, the
ensembled average settling velocity (w) is representative of a largely
unobserved settling orientation with a velocity that was not often
observed during experimental tests, which would correspond to an un-
stable or non-equilibrium settling configuration (Fig. 4), remaining in
between stable and metastable states’ settling velocities.

Due to their shape, full and deformed cups hold the smallest
geometrical anisotropy of all the tested plastic samples, which can be
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explained by the inverse of the CSF (presented in Table 2). Given their
heterogenous weight distribution, due to mass concentration in the base,
cups tended to settle base-first, adopting either an angled orientation
with a steady oblique trajectory (mode 1), or in an orientation with the
base of the cup aligned normal to the predominant line of motion, cor-
responding to a faster metastable vertical settling trajectory (mode 2).

The probability of either mode of settling occurring for the full and
deformed cups was relatively equal, provided that the initial drop angle
was not enforced in a controlled position; 60 % of full cups and 54 % of
deformed cups settled in the stable slower position mode 1 (Table 3).
When considering the individual distribution functions of the full and
deformed cups (mode 1 and mode 2), distributions tend to be symmet-
rical density functions (Fig. 3E). However, when combining the distri-
butions of the full and deformed cups’ mode 1 and mode 2 settling, a
flatter —close-to-uniform~- probability density function is observed for
the settling velocities.

The half cups tended to settle in an orientation with their longest axis
predominantly horizontal and concavity pointing upwards, in a slightly
oscillating trajectory (mode 1), or a vertical orientation similar to the
full and deformed cups (mode 2). In 78 % of the observations, half cups
settled in mode 1 and this was the most stable settling orientation
throughout the experiments (Table 3).

Conversely, the cup fragments correspond to a shape with the largest
geometrical anisotropy of all the plastic samples. Cup fragments either
settled with their broadest face (concavity upwards) normal to the
predominant line of motion, in a slow oscillating oblique trajectory
(mode 1), or in a faster vertical orientation, with their broadest face
parallel to the predominant line of motion (mode 2). This represents the
largest difference in settling modes investigated, and their falling dy-
namics corresponds to very different modes: mode 1 is governed by the
form drag in the wake of the fragment while mode 2 shows a more
streamlined drag, dominated by the developing boundary layer over the
fragment’s form (see supplementary videos). As a result, both modes
have the most divergent distributions from the plastic samples, with 80
% of the cup fragments settling in mode 1 (Table 3). Initially, fragments
could be settling in mode 2 and transition to the more stable position
(mode 1) by rotation and remain stable for the remaining settling
distance.

The findings here for the cup fragments are not consistent with
previous theories on microplastic and sediment settling, which suggest
that fragments (like films and foils) always settle with their broadest face
(largest projected area) normal to the predominant line of motion
(Wadell 1932; Rubey 1933; Corey et al., 1949; Goral et al. 2023). Our
observations support the coexistence of multiple (stable and metastable)
modes of settling for macroplastics, on the basis of Eqgs. (3) and (4), each
with distinct settling velocities and wake regions. The difference be-
tween these settling velocities increases with greater geometrical
anisotropy because of differences in exposed areas described by Eq. (6),
while the slower and more stable settling mode (mode 1) becomes more
frequent with decreasing Wpma/Wp ratios in our experiments. This
insight has been previously observed for many different anisotropic
shapes including disks, cards and cylinders of different densities
(Andersen et al., 2005; Ern et al., 2012; Auguste et al., 2013; Voth and
Soldati 2017), but has yet to be applied within the context of plastic
pollution transport.

3.2. Three-dimensional plastic trajectories in transport and vertical
distribution of plastics

During the transport experiments, samples were transported by the
flow and were vertically distributed by turbulence through the water
column (Fig. 5). When the plastics moved into the observation window ,
they were detected by a synchronous multi-camera system. The detected
plastics can be transported within three different layers, based on their
vertical position in the observation window:
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Fig. 5. 3D plastic trajectories and corresponding vertical concentration profile obtained from experiments. A) An example of ~150 deformed cup plastic trajectories
moving through the observation window (x = 0 to 100 cm) and beyond at u,= 0.0213 m/s (i.e., range of , f,;; and f,,, values = 1.99 — 2.23) detected by syn-
chronous multi-camera detection and 3D reconstructed. B) The analysis section at x = 50 to 60 cm within the observation window at which best available trajectories
were captured for vertical concentration profiles. C) The vertical concentration profile for the half cups corresponding to the 3D trajectories shown in Fig. 5B,

displaying three Rouse concentration profiles based on f3, #,,; and f,,,. x = 0 corresponds to the start of the observation window at 10.62 m from the insertion point

of plastics.

1. The near-surface layer (coloured in red in Fig. 5) defined as plastics in
contact with the free surface or in the near-surface region, confined
to a layer ag,s = 0.51 (4, maximum diagonal length of a particle,
Table 2 in thickness as described in Valero et al. (2022) where
transport is expected to be driven by the balance between the relative
settling/rising velocity of a particle, surface tension (when in contact
with the surface) and turbulence.

2. The bed load layer (coloured in brown in Fig. 5) defined by the
occurrence of plastics in frequent contact with the bed or in the near-
bed region at a distance a,,q = 4, based on definitions for sediment
load concentration profiles (Einstein 1950; Garcia 2008). Transport
in this layer is expected to be driven by the balance of the relative
settling/rising velocity of a particle, turbulence, lift and particle-bed
interactions (van Rijn 1984; Lofty et al., 2023b).

3. The suspended transport layer (coloured in grey in Fig. 5), which is
defined as the layer between the near-surface and bed load layers and
where transport of plastics is expected to be driven by the balance of
the relative settling/rising velocity of a particle and turbulence.

Fig. 5A shows an example of ~150 deformed cup trajectories,
moving through the observation window (and beyond), for u,= 0.0213
m/s (U = 0.318 m/s), with Fig. 5B showing the section at x = 50 to 60
cm in which plastics were detected more consistently across the whole
observation window; i.e., no visual obstruction from ArUco markers and
flume superstructure, and therefore considered for the composition of
the vertical concentration profiles of plastics. Fig. 5C depicts the vertical
concentration profile corresponding to the same deformed cup plastic

trajectories with a bin size of 0.254, divided into surface (Cp su), sus-
pended (G, sus) and bed load layers (Cp ped)-

Three theoretical suspended concentration profiles, based on the
Rouse profile (Eq. (2)) (Rouse 1939), are also plotted in Fig. 5C based on
three different Rouse numbers # (Eq. (1)), calculated based on the
physical parameters; the settling velocities of the plastic samples w,
Wmiand wy,y (Table 3) and the shear velocity of the flow u.. Specifically,
these three Rouse profiles correspond to:

1. a profile based on f calculated with W i.e. f = W/xu.,

2. a profile based on f,,; (settling mode 1) calculated with wp i.e.
P = Wm /KW,

3. and a profile based on f,,, (settling mode 2) calculated with wy,, i.e.
Pma = Wmz/KlU..

The range of # values used in the Rouse suspended concentration

Table 4

Range of Rouse numbers f for the plastic samples considering f, f,;; and S,
which are based on the average settling velocity (W) and the different modes of
setting and their corresponding velocities (Wpmand wpz) (Table 3), as well as the
five flow conditions used in experiments.

Plastic Range of j Range of f,,; Range of S,
Full cup 0.83 - 2.37 0.68 — 1.96 0.99 - 2.85
Deformed cup 0.77 - 2.20 0.68 - 1.97 0.88 - 2.54
Half cup 0.58 - 1.10 0.51 - 0.97 0.81-1.55
Cup fragment 0.65 - 1.62 0.41-1.17 1.31-3.76
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profiles across all experiments are also shown in Table 4 for all flow
conditions, showing that the performed experiments cover bed load (7.5
> f > 2.5), suspended load (2.5 > > 0.8), and wash load (0.8 > 8 > 0),
transport dynamics (Dey 2014).

The reference concentration C, used in Eq. (2) is defined as the
average concentration of detected plastics within the bed load transport
layer (number of bed load plastic divided by the observed bed load layer
thickness). The reference height a is defined as a4, corresponding to the
demarcation line between bed load and suspended load transport as
earlier defined. The vertical concentration profiles and Rouse profiles
for all plastics and flow conditions tested are presented in Fig. S2.

The vertical concentration profiles show, as expected, that the ver-
tical distribution of plastics with slower settling velocities are more
susceptible to turbulence (i.e., cases with smaller $), which imply that
plastics were observed more frequently in the suspended and near-
surface layers of the water column. Conversely, the vertical distribu-
tion of plastics with a faster settling velocity, are less susceptible to
turbulent transport, hence transport is influenced more by gravitational
forces and plastics were observed more frequently closer to the bed (as
per larger f3). Regardless of being negatively buoyant, the plastic samples
were observed to overconcentrate in the near-surface layers, mostly due
to the surface tension effect, which is strong enough to hold the plastics
captive by the free surface against turbulence and their submerged
weight, similar to results by Valero et al. (2022) for positively buoyant
plastic.

Interactions between near-surface, suspended and bed load layers
were observed. For instance, following an impact with the channel bed,
some plastic samples migrated from the bed layer directly to the sus-
pended layers and even to the free surface. The migration of plastics
from bed to near-surface layers due to particle-bed impacts could be
associated to the spin generated in the bed impact, which induces lift
forces, promoting vertical transportation of plastics (see supplementary
videos).

Plastic particle-bed rebound kinematics are expected within the bed
load layers at # values studied in this experiment (Table 4). According
to the study by Lofty et al. (2023b), under the assumption of spherical
plastics, the average saltation height of a plastic after impact with the
bed, Hp, can be estimated by H,/Ly.x = 4.2368 %%, For the experi-
ments conducted, a full cup transported in the bed load layers would be
expected to saltate, on average terms, to a height of 0.18 — 0.42 m and,
therefore, potentially up to the free surface during these experiments.
The estimation of the saltation height considering such further theo-
retical approaches such as van Rijn (1984) and Lee et al. (2000),
developed for the saltation characteristics of mineral sediments in bed
load, require detailed knowledge on incipient motion of the plastic that
are not available in this study; however, an order of magnitude analysis
shows that this bed load-to-surface layer migration theory is consistent.
We note that the size of the plastics used in this experiment (Table 2) is
considerably large in comparison with the water depth (Table 1). In
large rivers, this may be different, in particular the frequency of bed load
to near surface migration.

Altogether, two distinct mechanisms are observed for transporting
negatively buoyant plastics to the surface layer, where surface tension
can retain plastics against their apparent weight: i) turbulence and ii)
particle-bed rebound kinematics, with the latter potentially becoming
less frequent as the water depth increases (or the particle size decreases).

3.3. Vertical concentration profiles of plastics and applicability of the
Rouse profile

Vertical concentration profiles for suspended particles such as the
theoretical Rouse concentration profile (Rouse 1939), can be used as
predictive models for gauging the concentration of plastics within the
suspended transport region (Fig. 5C). Such vertical concentration pro-
files can be drawn from sampling plastics in a river at a given depth
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(Cowger et al., 2021) and allows more accurate plastic budget pre-
dictions (Valero et al., 2022); however, their adequacy and limitations
are yet to be examined.

To assess the applicability of the Rouse profile (Eq. (2)) as a vertical
concentration profile to describe plastics in the suspended layers, we
investigate the potential differences between the cumulative probability
distributions (CDFs) of the particle positions obtained in the experi-
ments from the suspended and near-surface layers and the normalised
cumulative distributions of three Rouse profiles calculated based on g,
Pm and f,,. Comparing CDFs is more appropriate than comparing
probability distribution functions (PDFs) (e.g., a concentration profile as
seen in Figs. 5C and S2) as the interpretation of PDFs can be subjective
due to the bin-size dependence (Wilks 2006). When comparing CDFs, a
measure of the similarity between distributions (i.e., the experimental
CDF, Fy(z), and the normalised CDF of the theoretical Rouse profiles,
F;(2)) can be calculated via the Kolmogorov-Smirnov (KS) distance (D):

D = Max (z)|Fo(z) — F,(2)] @

Fig. 6 shows the CDFs for all the plastic samples and Rouse profiles
(considering f, f,,; and f3,,,) for all flow conditions, while Fig. 7 shows
the KS distance values against the range of (3, f8,; and f,,) values
determined from all experiments.

Figs. 6 and 7 show that, for higher values of 3, the observed CDFs for
the plastic samples become more inconsistent with the theoretical Rouse
profiles (considering all the Rouse integrals calculated by $, $,; and
Pmo)- Visually, we observe that for higher values of g, the vertical con-
centration profiles tend to adhere to a more uniform distribution
throughout the water column. This represents, for higher values of g,
more vertically dispersion in the mass transfer than anticipated through
the Rouse theory.

The discrepancies between the observed profiles and the Rouse
profiles shown in Figs. 6 and 7 may be caused by more frequent particle-
bed interactions at higher values of 8, where the relative importance of
gravitational forces is greater. These particle-bed interactions were seen
to facilitate the migration of plastics from the bed load layer to the
suspended and near-surface layers, as presented in Section 3.2. This
process enhances mixing beyond what the Rouse profile (i.e., solely the
balance between settling and turbulence) can explain, resulting in
concentration profiles that display greater uniformity at higher j values.
This leads to an increase in error for the Rouse profiles. However, as
turbulence increases, particle-bed impact dynamics are less dominant
and plastics remain more in the suspended and near-surface layers, thus
resulting in CDFs becoming more consistent with the Rouse integrals
(Fig. 7).

As a result, it is observed that the bed load layer thickness (apeq) for
the plastic samples stretches up to 1.5 — 2 1 (based on deviations
observed in Fig. 6), which is significantly larger in absolute terms than
bed load thickness definitions for sediment transport (Einstein 1950;
Garcia 2008). This renders bed load dynamics as more influential in the
transport of plastic across a larger region of the water column when
compared to near-surface dynamics.

At lower f values, where particles remain in the suspended and near-
surface layers of the water column, it is observed that a Rouse integral
that is based on the ensembled average settling velocity, calculated in
during the settling experiments i.e. f = W/ku., reduced the error in
predicting the particle’s vertical concentration profile for all particles,
compared to Rouse integrals based on f,; and p,, (Figs. 6 and 7).
Although samples displayed distinct stable (and metastable) orienta-
tions during quiescent settling, these same settling states and behaviours
are not exhibited while the particle was in turbulent flow, which in-
creases error when predicting vertical concentration profiles with f,,;
and f,,,. This is because during quiescent settling, the wake of the par-
ticle is solely responsible for perturbations that can change the orien-
tation of the particle (roughly, perturbations up to 30 % of the modal
settling velocity, based on previous particle-wake studies (Ern et al.,
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Fig. 6. CDFs of the vertical positions of the plastics obtained in the experiments from the near-surface and suspended transport layers, as well as the normalised
cumulative distributions of three Rouse prof calculated based by f, f,,; and f,,, for the A) full cups, B) deformed cups, C) half cups and D) cup fragments, across all

the flow conditions tested.

2012)). However, in river-like turbulent flows, inner-wall turbulence
can commonly produce perturbations in the order of magnitude of u,
(Pope 2000), or even two to three times larger in very intense eddies.
This may trigger new stable (or metastable) plastic-orientations, with a
frequency for each orientation during turbulent settling that is different
from quiescent settling (Voth and Soldati 2017; Baker and Coletti 2022)
(Fig. 4). As a result, vertical concentration profiles can still be deter-
mined, within experimental uncertainty, by mean settling velocity w of a
plastic particle.

10

4. Conclusion

Two mechanisms that affect the transport of plastics are studied in
this investigation. The first relates to the development of complex,
multimodal settling configurations. While one mode tends to be more
stable than other modes, these other modes can be metastable and
present very different velocities, roughly satisfying Cg1Am1Wm12
Ca2AmaWm22. During quiescent settling, the wake of the particle is
solely responsible for the perturbations that can change the orientation
of the particle. However, during the transport in a boundary layer flow
as in river flows (Franca et al., 2022), inner-wall turbulence may pro-
duce perturbations that are large enough to trigger new
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Fig. 7. KS distance (D) values calculated through Eq. (7) against the range of g
values determined from experiments (considering f, f,,; and f,)-

plastic-orientations, with a frequency for each orientation during tur-
bulent settling that is different from quiescent settling (Fig. 4).

From a stochastic perspective of transport, the settling velocity has a
probability density distribution (p(w)), leading to a weighted average for
the concentration distribution at a given depth z:

/ (c" () G Q)D "

From a more pragmatic perspective, within the uncertainty of our
results, deterministic calculations can still be performed on the basis of
the ensemble average settling velocity (but not the median, given
settling bimodality), as suggested in Figs. 6 and 7. Therefore, a set of
settling experiments needs to be conducted to estimate w through an
ensemble average, but bimodality (or in general multimodality) in-
creases the variance and therefore requires a larger number of experi-
ments (N) to reach an acceptable level of uncertainty. Taking, as
reference, the 100 settling experiments conducted herein for each plastic
sample, we observe that in order to keep uncertainty for w below 10 %, a
minimum N = 15 is required (see Fig. S3).

The second mechanism observed in this investigation is the inter-
action of plastics with the channel bed and the extent at which it affects
vertical concentration profiles across the water column. Particle-bed
impacts induces differences in vertical concentration distributions
across a large region (1.5 -2 4, Fig. 6), not only in the near-bed region, as
opposed to the near-surface dynamics (0.54), which have a more local-
ized effect (Valero et al., 2022). For the higher $ values examined, this
mechanism has a deeper impact on the vertical transport of plastics than
multimodality in settling.

Cz) = ®)

5. Associated content
5.1. Supporting information

Fig. S1. Drag coefficient Cgand Particle Reynolds number Rep rela-
tionship for particles settling in modes 1 and modes 2.

Fig. S2. The vertical concentration profiles, with bin size = 0.254,
and Rouse profiles calculated by S, f,,; and f,.

Fig. S3. Error in sampling settling velocities.

Table S1. Approximate kinetic energy levels (KE, based on the me-
chanical energy of Eq. (3) with z, = 0 m) for the two settling modes of
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each particle identified in the settling tanks. The virtual mass is
approximated as the projected frontal area of each particle times 1/3 of
its equivalent diameter.

Movie S1. Mode 1 of settling in a quiescent experiment for a half cup.

Movie S2. Mode 2 of settling in a quiescent experiment for a half cup.

Movie S3. Mode 1 of settling in a quiescent experiment for a cup
fragment.

Movie S4. Mode 2 of settling in a quiescent experiment for a cup
fragment.

Movie S5. Mode 1 of settling in a quiescent experiment for a full cup.

Movie S6. Mode 2 of settling in a quiescent experiment for a full cup.

Movie S7. Exemplary transfer of bed load particle to upper layer of
the flow after a bed-particle interaction.

Movie S8. Automated particle detection example.
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