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ENGLISH SUMMARY

Plastics are one of the most versatile man-made materials. However,
their high consumption and disposal cause major environmental issues.
As the production and usage of plastic is concentrated in urban areas,
these play a significant role in spreading plastic as a pollutant into the
environment. Microplastics (MPs) are small pieces of plastic ( <5 mm)
which can be released into water bodies in cities by multiple emission
sources, and through diverse routes. To manage the environmental
problems of MPs and to identify appropriate mitigation efforts, it is
important to understand and gain insight into their occurrence and fate

in urban areas.

The PhD study investigated the abundance and fate of MPs in urban
freshwater systems. Focus was on sediments of stormwater facilities
and lakes, which both are considered shallow water systems. The goal
was to find trends within MP distribution in the systems and to see if
there is patchiness in the MP occurrence pattern or not. Furthermore,
studying the governing factors of the observed spatial patterns was part

of the aim.

A stormwater pond in Aarhus, Denmark, was studied by sampling
sediments across the pond. The spatial distribution of MP in its
sediments was uneven, and varied up to two orders of magnitude
between sampling locations. The deposition of MPs in the pond's
sediments did not follow any pattern related to their size and type.

Where MPs ended up in the pond did hence not depend on size and
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polymer type (density). Furthermore, the findings revealed that buoyant
particles on average made up 96% and 86% of the MP concentration
measured as mass and counts, respectively. Small-sized polypropylene
(PP) particles were the dominating polymers in most of the sampled
sites. The computational fluid dynamics software STAR-CCM+ was
employed to study the dominant transport mechanisms that govern the
fate of MPs from water to sediments. The result showed that mixing
was an explanatory factor for the transport of MPs to the bottom of the
pond.

The pollution by MP, including tire wear particles (TWP) across an
urban lake receiving the effluent of the aforementioned stormwater
pond, as well as other contributions, was addressed next. The sediments
of this lake (Brabrand Lake) held large amounts of MP and TWP. PP
was the most abundant polymer, like what was seen for the stormwater
pond. Then came TWP, emphasizing the importance of considering
TWP when taking mitigation decisions. Similar to the pond, the spatial
variability of MP including TWP was high in the lake. This emphasized
the importance of taking a representative number of samples to

accurately capture and reflect the MP pollution level of such system.

The observation that most of the MPs found in the sediments had
densities less than water, i.e., they were buoyant, moved the study
towards the mechanisms influencing their way from the water to the
sediments of shallow water systems. The approach was to assess the
effect of turbulence on the transport of PE particles from the flowing

water to the sediments in a slow flowing experimental flume. That study



showed that the velocity of PE particles differed several orders of
magnitude from the one predicted for still water (laminar flow
conditions). This difference was caused by the turbulence of the flow.
Moreover, turbulence mixing caused the distribution of particles
throughout the water column, and a considerable number of these

buoyant particles experienced downward vertical transport.

The findings of the PhD study contributed to the knowledge of the
occurrence and spatial variability of MPs in urban water systems. For
the first time, it gave insights into the MP pollution level of Danish
lakes. These data can be further used to help to select appropriate
mitigation measures to prevent aquatic pollution by microplastics.
Moreover, it has shed light on the mechanism driving the transport and
migration of buoyant plastic particles in shallow water systems using
modelling tools and flume experiments. This further contributes to
proof of the concept that transport of MPs in many cases is driven by
turbulent mixing, and that this phenomenon must be included in

assessment of the fate of MPs in water systems.

Vi
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DANSK RESUME

Plastmaterialer er blandt de mest alsidige menneskeskabte materialer.
Dog har deres hgje forbrug og bortskaffelse medfert alvorlige
miljeproblemer. Da koncentreret produktion og brug af plast
forekommer 1 byomrader, spiller disse regioner en betydelig rolle i
spredningen af denne forurenende faktor i miljeet. Mikroplast kan
frigives 1 vandforekomster i byer fra flere mulige kilder til udledning
gennem forskellige ruter. For at hdndtere miljeproblemerne med
mikroplastikpartikler er det vigtigt at forstd og opnd indsigt i1
forekomsten og skaebnen for mikroplast 1 byomréder, for at hjelpe med

at velge passende indsatsomrader for at mindske problemet.

Ph.d.-studiet = undersogte = forekomsten @ og  skabnen  for
mikroplastikpartikler (MP) 1 urbane ferskvandssystemer. Fokus 1a pa
sedimentet 1 regnvandsanleg og seer, som begge betragtes som
lavvandede vandsystemer. Mélet var at finde gradienterne af MP-
distribution inden for systemerne og se, om der er uensartethed i
spredningsmensteret for MP eller ej. Derudover var det en del af mélet

at studere de styrende faktorer for de observerede rumlige monstre.

Fordelingen af MP-koncentrationen over sedimentet i en regnvandsso
var ujevn og variabel med op til to sterrelsesordener. Aflejringen af MP
1 segens sediment fulgte ikke noget menster, der svarede til deres
storrelse og type. Med andre ord var MP-fordelingen i sedimentet ikke
storrelses- og polymer type (densitet) selektiv, og den var homogen

inden for provestationerne. Yderligere viste resultaterne, at



opdriftspartikler udgjorde 96% og 86% af massen og antallet af de
samlede registrerede partikler pr. kg sediment, og sma Polypropylen
(PP)-partikler var de dominerende polymerer pd de fleste af de provede
steder. STAR-CCM+ softwaren blev anvendt til at undersoge de
dominerende transportmekanismer, der styrer MP'ers skaebne fra vand
til sediment. Resultatet viste, at blanding var en forklarende faktor for

transporten af MP til bunden af sgen.

Forureningsniveauet og fordelingen af MP og dekslitagepartikler 1 en
s, der modtager aflgbet fra den fornavnte regnvandsse og en opstroms
vadomrade og til sidst udledes til det 4bne hav, blev vurderet. Brabrand-
seens sedimenter indeholder store maengder MP og dekslitagepartikler.
Af mikroplastik bestdende af dakslitagepartikler og andre var PP den
mest almindelige polymer, ligesom i regnvandsse-studiet, efterfulgt af
deekslitagepartikler, hvilket understreger vigtigheden af at overveje
deekslitagepartikler ved traeffelse af reduktionsbeslutninger. Niveauet af
rumlig variation i1 mikroplastik- og dakslitagepartikel-mangden
varierede betydeligt mellem provestederne. Denne undersogelse
understreger vigtigheden af at tage et repreesentativt antal prover for at
kunne fange og afspejle MP-forureningsniveauet i det undersogte

system pa en pracis made.

Detektering af hej koncentration af opdriftige og sma mikroplastik-
polymere i sedimentet i de undersogte vandlegemer ledte os mod at
studere mekanismen, der pavirker denne opdagelse 1 lavvandede
vandsystemer. Derfor vurderede ph.d.-studiet ogsd effekten af

turbulens péd transporten af PE-partikler fra vandoverfladen til
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sedimentet i en eksperimentel kanal. Studiet viste, at hastigheden af
indsprejtede PE-partikler adskilte sig med flere sterrelsesordener fra
deres forventede vaerdier i stillestdende vand (deres naturlige adfaerd)
pd grund af omgivende turbulent stremning. Desuden forarsagede
turbulensblanding en fordeling af partikler gennem vandsgjlen, og en

betydelig mangde partikler oplevede vertikal transport nedad.

Resultaterne af den nuvarende ph.d.-undersegelse har bidraget til
viden om forekomsten og hejopleselig rumlig variation af
mikroplastikpartikler i danske byvandssystemer. Det har givet indsigt
1 mikroplastforureningen i danske seger for forste gang. Disse data kan
yderligere bruges til at hjelpe med at valge passende
reduktionsforanstaltninger. Derudover har det kastet mere lys over
mekanismen, der driver transport og migration af opdriftige
plastikpartikler 1 lavvandede vandsystemer ved hjelp af
modelleringsvarkteojer og eksperimenter i en kanal. Dette bidrager
yderligere til at bekrafte konceptet med mikroplastpartiklers transport
drevet af blanding.



PREFACE
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CHAPTER 1. INTRODUCTION

Our modern life is highly dependent on plastic for different purposes,
from industrial to medical usage. However, extensive production and
usage of synthetic polymers, along with their properties like
durability, have caused them to become significant environmental
pollutants. Tiny particles (< Smm) manufactured intentionally or
originating from fragmentation of large plastic items due to for
example, exposure to solar ultraviolet radiation, weathering, and
mechanical stresses, are commonly defined as microplastics (MPs)
(Andrady, 2011). Being widely used and generated in contemporary
societies, MPs in cities can be emitted to water systems from different
sources. In urban areas, stormwater, wastewater, and combined sewer
overflows have been commonly recognized as substantial contributors

of MP to the environment (Schernewski et al., 2020).

Wastewater is known to receive MPs from a variety of sources like
households, shops, offices, industries and, to some extent, stormwater.
Studies like Simon et al. (2018) and Chand et al. (2021) and (2022)
have shown that municipal wastewater is highly polluted with MPs
and holds a quite high concentration of them, but advanced WWTPs,
on the other hand are quite efficient in retaining these particles. As
shown by Bollmann et al. (2019), this indicates that other wastewater-
related discharges, such as combined sewer overflows and
misconnected wastewater, play a significant role in the release of MPs

into the environment.
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Being generated from rain and storm events in urban areas, surface
water runoff can come into contact with numerous particulate and
soluble pollutants, including MPs. The runoff can cause the
mobilization and transport of contaminants from terrestrial
environments to downstream aquatic systems. All outdoor activities
that produce plastic debris have the potential to introduce MPs into

stormwater.

Stormwater is either drained into the sewage system and treated at
WWTPs (‘combined system’) or transported separately to the
recipient with or without treatment. In cities with combined sewer
systems, the fate of MPs differs with precipitation intensities and
volume. On rainy days without sewer overflow, a mix of wastewater
and stormwater runoff, both containing MPs, reach the WWTP. After
receiving treatment, the wastewater, which is now treated but still
contains a small fraction of the original MPs, is discharged to a
receiving water body. However, during heavy rainfall, when sewer
overflow happens because the sewer exceeds its hydraulic capacity,
the system discharges a portion of the water directly to the receiving

water without treatment.

MPs released into separate stormwater collection pipes end up either
in stormwater management facilities such as retention ponds or are
discharged into nearby streams, rivers, and lakes, or in coastal cities
also directly to the sea. Modern cities, which have separate facilities
for stormwater management, treat part of their stormwater in

manmade or natural ponds, in which stormwater is held from days to



weeks before discharge. In this way, depending on retention time and
characteristics of the particulate materials, a fraction will be retained
in the pond while the remaining particles will be emitted into the

environment.

The purpose of stormwater systems is to collect and treat wet weather
runoff to a level where damages to the recipient water systems are
avoided. This covers hydraulic impacts by mitigating the peak flow
and managing contaminants in the runoff. In retention ponds, the latter
occurs largely by trapping and immobilizing incoming pollutants into
their sediments. The main process here is the sedimentation of

particulates.

Originally, the main focus of stormwater management has been to treat
‘traditional’ pollutants such as heavy metals and nutrients. Over the
past decade or two, there has also been an increased awareness that
stormwater is a pathway for conveying emergent pollutants like MPs
to the aquatic environment if the systems are not efficient enough in
capturing them. MPs in stormwater ponds might have travelled
significant distances before reaching the pond, as for example, the
findings of MPs not related to traffic in a rural highway pond (Liu et
al., 2019a, 2019b).

Urban lakes are an important part of inland ecosystems because they
support the life of many species. They furthermore act as water
reservoirs, protect the surrounding area from floods, provide

recreational services, etc. (Eriksen et al., 2013, Islam et al., 2022). MPs
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in such lakes can be a potential threat to the biota and species living
there. MPs can physically damage fish, birds, zooplanktons, etc. They
can be ingested by the lake’s biota either directly or indirectly through
the food chain. The direct intake of MPs by the organisms can cause
internal injuries. MPs can furthermore leach toxic chemicals, which
can affect the organisms in the lake. MPs of different shapes and sizes
are discharged into the lakes. For example, MPs from the breakdown
of larger plastic pieces are usually on the form of fragments (Meng et
al., 2020), foams come from food packings (Meng et al., 2020), and
fibers are sourced from textiles (Meng et al., 2020) and fishing nets
(Timmers et al., 2005). Intentionally added MPs from personal care
products, water treatment systems, or sandblasting are usually pellets

(Veerasingam et al., 2016; Meng et al., 2020).

MPs can be transported to urban lakes via different pathways. Some
lakes receive surface runoff from urban and highway catchments. The
MP input to lakes by surface runoff is influenced by the season
(Horton et al., 2017; Liu et al., 2019 ( C)). Storm events can increase
MP inflow to the lakes. Moreover, in some place’s wastewater
treatment plant effluent, which still contains MPs, and combined
sewer overflow is discharged to such lakes. Given that lakes have
lower flow velocities than rivers and thus can retain water for a longer
time, these water bodies can be potential sinks of MPs. MP pollution
level of lakes has been shown to be comparable to that of marine

waters. Moreover, inland lakes, especially in densely populated urban



areas, are much smaller than the ocean (Ding et al., 2019; Yonkos et

al., 2014), which leads to a higher accumulation of MPs in sediments.

The dominant MP polymer types detected in lake systems are PET,
PVC, PP and PE (Yang et al., 2021). Worldwide, MPs in Asian lakes
are according to Yang et al. dominated by PP (25.0%), followed by
PET (22.6%), PE (19.0 %), PA (9.7%), PS (8.1%), and PVC (1.3%).
In Europe, PP is the main polymer in lakes and makes up 50.0 % of
the polymers. This is followed by PS (27.3%), PE (15.5%), PVC
(0.2%), PET (1.3%) and others (5.8%). In America, PP is again the
dominant polymer, constituting 33.8% of the particles, followed by PE
(25.1%), PS (11.9%) and PVC (10%) (Yang et al., 2021). According
to the same source, MPs in Asian lake sediments consist to 22.7% of
the buoyant polymers PP and PE whereas PET is the dominant
polymer (40.4%). In Europe, PA is the major polymer in lake
sediments, accounting for 79.9%, followed by PS with 10.0%, PP
(0.1%) and others (10%). The data for America shows that PE is the
main polymer in sediments of American lakes, constituting 67.7% of
the identified MPs. PP stands in the second position with 16%,
followed by PET (3.7%), PVC (0.6%), PS (0.7%) and others (11.3%).
Which polymers have been reported in freshwaters, and their

sediments are hence quite mixed.

According to the data, PP and PE, which have densities lower than that
of water, are among the most abundant polymers in both water and
sediments. Considering density only, particles that have a density

higher than that of water (negatively buoyant) should settle and those
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with a density lower than water (positively buoyant) should float at the
water surface. Thus, heavy polymers like PVC or PET should
predominantly be found in the sediments while light polymers such as
PE and PP should predominantly be found in the water. As this is
confuted by data from numerous monitoring efforts, there must be
other process leading to the deposition of light MPs and to heavy MPs
staying in the water.

One such process could be growth and accumulation of microbes,
algae, and invertebrates on microplastic particles, which then can
change the overall density or facilitate the adhesion of minerals and
organic matter (Lobelle and Cunliffe, 2011). These overgrown
particles might have densities different from the original MP, leading
to different sinking and rising patterns (Ye and Andrady, 1991; Long
et al., 2015). Sinking fecal pellets containing ingested MPs, can be
another mechanism by which positively buoyant particles can be
transported to the sediments (Cole et al., 2016). Buoyant MPs can also
flocculate or clump together with non-buoyant particles, forming
larger and denser agglomerates which may become heavy enough to
sink in water or light enough to float at the surface.

Another mechanism involved in changing the rising and sinking
pattern of MPs can be turbulence-induced mixing originating from
currents in the water, such as those caused by inflow into shallow
water systems, surface wind, temperature gradients, and wave
breaking in the surf zone. In marine systems, wind-caused mixing can

convey low-density MPs several meters down (Kukulka et al., 2012).



The particle’s vertical transport driven by the ambient turbulence is

affected by particle characteristics such as density, shape, and size.

The buoyancy of a particle is controlled by its density, while its size
and shape influences the drag force the particle experiences, and hence
the terminal velocity it can achieve in a liquid. In the aquatic
environment, density, size, and shape are furthermore strongly related
to biofouling, i.e., biofilm growth and adhesion of material to the
surface of the particle (Shamkhani et al., 2021). For particles with low
marginal density from the ambient fluid, particle size furthermore
affects the relaxation time, which defines as the particle's response
time to changes in ambient flow.

Particles of small size and small marginal density are more likely to
get entrained with the flow and have a greater tendency to remain
suspended in the water column and consequently be carried by water
currents over longer distances before eventually settling out into
sediments. On the other hand, large MPs, or particles with high
marginal density, have higher relaxation time and tend to either settle
or float more quickly.

It's important to emphasize that microplastic behavior and its
migration in freshwater environments is complex as it is influenced by
numerous factors. However, little is known about the complex motion
of MPs, which must be better understood to develop successful
management strategies. It is this issue, which is the focus of the current
thesis: The motion, transport, and spread of MPs in turbulent

freshwater systems.
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CHAPTER 2. STUDY AIM AND
OBJECTIVES

Freshwater systems are among other important in terms of their
ecosystem value and as conveyance systems for MPs from inland
sources to the oceans. However, lack of knowledge on the abundance
and spatial pattern of MPs, and on the mechanisms and processes
governing their transport and fate, delays taking effective mitigation
measures and tackle the plastic pollution issue. It is the aim of this
PhD study, to investigate the abundance of MP in freshwater systems
and assess the governing mechanism behind the observed patterns.

Focus is on lakes and stormwater facilities.

To address this aim, the study was divided into three research

questions, with each being intended to address a specific sub-issue.

Research question 1: What is the fate of MPs in stormwater
retention ponds?

To answer this, the abundance and distribution of MPs in the
sediments of an urban stormwater pond in terms of MP mass and
number concentration, size distributions, and polymer composition
was assessed. The driving factors for the observed spatial patterns
were investigated. Furthermore, a CFD model was set up to gain
insights into the motion of buoyant MPs in shallow, highly dynamic
water systems (Molazadeh et al., 2022).



Research question 2: What is the fate of MPs in an urban lake and
what are the potential sources?
This objective was addressed by evaluating the MPs pollution level

and distribution pattern in sediments from an urban lake.

Research question 3: How is the motion and transport behavior of
buoyant MPs in a turbulent flow regime?

This aim was addressed by tracking the motion of marginally buoyant PE
particles in a rectangular flume under various turbulent flow conditions,

employing a particle tracking velocimetry technique.
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CHAPTER 3. METHODOLOGY

The PhD study was carried out focusing on three subtopics, one for
each research question:

e Investigate the fate of MPs a in stormwater retention pond
e Investigate the fate of MPs in an urban lake
e Investigate the transport of MPs in a turbulent flow regime

The first and second research focus was addressed by field campaigns
where respectively a stormwater retention pond and a lake was
sampled at many locations. MPs where then extracted from the
samples and analyzed. For the retention pond, a simple and down
scaled model of the stormwater pond was built in STAR-CCM+ to
simulate the transport of buoyant MPs from the water to the sediments.
The third research focus was addressed with a study carried out in an
experimental flume where PE particles were injected into the flume

and their trajectories tracked using particle tracking velocimetry.

3.1. THE FATE OF MPS IN
STORMWATER RETENTION PONDS

The fate of MPs in the stormwater retention ponds was investigated

by assessing the MP abundance and spatial distribution in the



sediment of an inland stormwater pond located in the city of Aarhus,
Denmark.

Thirteen sediment samples were collected from the pond (Fig 3-1),
using a van Veen grab sampler. The pond receives runoff from
residential and commercial areas, and occasionally also illicit
discharges of wastewater. It has an average stormwater residence time
of 2 weeks (Molazadeh et al., 2022). For microplastic extraction and
identification, samples underwent physical and chemical treatments
including preoxidation, Sodium Dodecyl Sulfate (SDS) treatment,
enzymatic treatment, and density separation. Samples were sieved
through a 500 um mesh. MPs below 500 um were identified and
quantified by microscopy coupled to a Fourier Transform Infrared
microscope (LFTIR with Focal Plane Array). This approach has been
proven to be a rather reliable method for MP quantification. MPs >
500 pm were visually sorted under a stereomicroscope and analyzed
for their chemical composition by employing an ATR-FTIR. The
commercial software package STAR-CCM++ was employed to model
dynamic transport of light weight particles representing MPs. The
CFD model was based on the Reynolds-averaged Navier-Stokes
(RANS) equations, with a lagrangian phase to track particles, and the

k-¢ turbulence model. Further details are in Paper-I.
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Fig 3-1. Sampling locations

3.2. THE FATE OF MPS IN URBAN
LAKES

The fate of MPs including tire wear particles in urban lakes were
assessed by studying the MP occurrence and distribution in the
sediment phase of an urban lake, named Brabrand Lake, located in
Aarhus, Denmark. The lake has a surface area of 153.8 ha and has a
310 km? catchment area. Its average depth is 1.1 m. To assess the
MP pollution level, occurrence and distribution of MP across the
lake was mapped by 13 sediment samples taken with a van Veen
grab sampler in August 2021 (Fig 3-2). MPs in the size range of 10-

5000 um were extracted and analyzed following same method as



mentioned in the previous section, i.e., by applying a series of bio-
chemical and physical extraction steps. The samples where then

analyzed by Py-GC/MS for tire wear particles and pFTIR for other

MPs. Further details are given in Paper-II.

el ! it " 4 -t

Fig 3-2. Brabrand lake sampling points

3.3. BOUYANT MICROPLASTIC
TRANSPORT IN AN EXPRIMENTAL
FLUME
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The transport behavior of marginally buoyant MPs in response to
different flow conditions was assessed by injecting 40-47 pm
spherical PE particles (f= 995 kg m>, Fig 3-3) in a 2 m long, 0.3 m
wide, and 0.3 m deep, rectangular flume and following the particles
trajectories by a particle tracking velocimetry technique (PTV).
Different sets of experiments with having different bed types (medium
gravel, fine gravel, medium sand, cohesive sediment, glass) at the
bottom of the flume and different inlet velocities were conducted. For
all the experiments the water level in the flume was kept at constant
depth (h= 27 cm). Fig 3-4 shows the experimental flume. A high-
speed camera and a laser, used to illuminate the area of interest in the
flume, were employed to measure the instantaneous velocities in each
test and track the trajectory of particles (Fig 3-5). A series of images
was captured at a rate of 14.8 Hz for durations of 30 seconds. The
rapid acquisition of images allowed for the tracking and monitoring of
individual moving MPs while they passed through the field of view.
The recorded images were further processed using a MATLAB image
processing toolbox (The MathWorks Inc., 2020a) and the particle
trajectories were tracked using algorithms developed by Standford
University (Particle Tracking, Standford). Further details can be found

in Paper-III.



Fig 3-3. PE particles used for injection

Fig 3-4. Rectangular glass flume
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Fig 3-5. High speed camera and laser

CHAPTER 4. RESEARCH OUTCOMES

The research of the PhD study resulted in 3 scientific papers, aimed to

address the three main research topics:

e Investigate the fate of MPs in a stormwater retention pond
e Investigate the fate of MPs in an urban lake

e Investigate the transport of MPs in a turbulent flow regime



4.1. OCCURANCE OF MICROPLASTICS IN SEDIMENTS
OF STORMWATER RETENTION PONDS

The results of Paper-I showed high abundance of MPs in all 13
samples taken from a stormwater treatment pond in Aarhus, Denmark.
The avarage MP concentration was found to be 44,396.86 item kg
corresponding to 11,839.98 ug kg'!. There was no systematic variation
of neither number nor mass concentration in the pond. The findings
revealed that buoyant particles made up 96% and 86% of respectively
the mass and the number of the total detected particles per kg of
sediments. Small-sized PP particles were the dominating polymers at
most of the sampled sites. Deposition of MPs in the pond's sediments
did not follow any distinguishable pattern corresponding to their size
and type. For each sampling location, the vast number of MPs were in
the finest fraction (10—-100 um), whereas the coarsest portion (500—
1000 pm) gave the least contribution to particle numbers. In contrast
to the MP number, the finest particles represented a minor contribution
to MP mass. The study further showed that mixing can be an
explanatory factor for the transport of small sized and buoyant MPs
from the water compartment the sediments of the pond. It was also
found that MP abundance was positively correlated with organic
matter content and the silt fraction of sediments, resulting in a greater
accumulation of MPs in sediments with higher organic matter and silt

contents.
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4.2. FATE OF MICROPLASTICS INCLUDING TIRE
WEAR PARTICLES IN SEDIMENTS OF URBAN LAKES

Paper-11 mapped the occurrence and spatial MP pollution variability,
including tire wear particles, in Brabrand Lake sediments. It attempted
to identify local sources of MP pollution into the lake and investigate
the relative abundance of different MPs. The Brabrand lake sediments
hosted large amounts of MPs with a global average for MPs identified
by uFTIR of 11,312 counts kg™!, corresponding to 259.54 mg kg™!. The
global average concentration of tire wear particles over the lake was 19
mg kg!. No clear trend for MP concentration distribution was observed
and the level of spatial variability in MP abundance varied widely, up
to 6 orders of magnitude for MPs identified by uFTIR, among sampling
sites. The same went for tire wear particles but to a lesser degree. PP
and tire wear particles were the most abundant polymers across the

lake.

Identifying potential MP input pathways and sources to the lake could
help to answer the question of why Brabrand Lake was that polluted.
MPs could have entered it via a river passing an upstream wetland and
then discharging to the lake, or by another small stream which enters
the lake and conveys discharge from a wastewater treatment plant.
Besides inflow from the streams, discharge of treated and untreated
stormwater represent other potential pathways to carry microplastics

from to the lake and thus contribute to its high abundance of MPs.



Additionally, windborne MPs might be a source as might

fragmentation of plastic litter in the lake itself.

4.3. TRANSPORT BEHVEIOUR OF PE PARTICLES IN
RESPONSE TO DIFFERENT FLOW VELOCITIES AND
BED CHARACTERISTICS

In Paper-III, a visualization technique (particle image velocimetry
(PIV) and particle tracking velocimetry (PTV) was applied to
investigate how ambient water regimes and conditions can bring
buoyant PE particles, which are among the most abundant polymers
identified in sediments from the natural environment, in contact with
the bed. An experimental flume was used to study how turbulence
affected their upward and downward movement compared to their
intrinsic rising velocity while they were carried within the flow.
Different sets of experiments with different flow velocities and bed
types were conducted. The results showed that the turbulent flow
regime led to the particle motion being rather chaotic, with velocities
varying several orders of magnitude from their predicted velocity in
still water (laminar flow conditions). Moreover, the results showed
that turbulence distributed particles in the water column and a
significant amount of the PE particles experienced significant
downward vertical transport, which in turn enhanced the likelihood of
them coming in contact with the bed and potentially sticking there.
Under the studied conditions, the particles could move downward with
an average velocity 255 times higher than their intrinsic rising

velocity. The findings showed that mixing can be an explanatory
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reason for detecting buoyant polymers in the sediment compartments

of water bodies.



CHAPTER 5. CONCLUSIONS

The PhD study was divided into three main research questions, and

for each question the following conclusion was drawn.

Research question 1: What is the fate of MPs in stormwater
retention ponds?

Paper-1 reported that buoyant particles made up the majority of
identified particles in the sediments of the studied stormwater pond.
Moreover, deposition of MPs in the pond's sediments did not follow
any discernible pattern corresponding to their size and type. In other
words, MP distribution in the sediments of the pond was not size and
type (density) selective but distributed randomly between the
sampling stations. The results of the computable fluid dynamics
modelling showed that mixing was an explanatory factor for transport
of MPs to the bottom of the water body, and that it spread them
throughout the pond regardless of their characteristics. In the shallow
yet highly dynamic water system studied, the dominant transport
mechanism of MP from water to sediments was advection combined
with turbulent dispersion (mixing). Hence, whether an MP reached the
bottom of the pond was not significantly affected by its intrinsic rising
or sinking velocity in quiescent water. Consequently, the intergraded
effect of local hydrodynamic conditions can affect when an MP hits
the pond bottom. Whether it gets immobilized at the sediment bed will
then depend on the physicochemical properties of the bed and the MP

in question. These findings contribute to understand why intrinsically
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buoyant MPs are found in shallow water sediments, and can help

improving solutions to avoid their spreading into natural water bodies.

Research question 2: What is the fate of MPs in an urban lake and

what are the potential sources?

The results of Paper-II demonstrated that Brabrand Lake was highly
polluted with MPs. The average MP pollution of the lake was even
above that of sewage sludge, suggesting that lake sediment can serve
as a long-term sink of plastic. The high MP concentration variability
between sampling sites showed that spatial variability and patchiness
must be considered when designing monitoring campaigns. The
results furthermore emphasized the importance of considering TWP
when taking mitigation decision as it was found to be the second most
abundant polymer in the lake sediments. The comparison of equivalent
sizes of buoyant and non-buoyant particles revealed that both buoyant
and non-buoyant particles had similar distribution patterns. This
implies that the predominant factor influencing their movement from
water to sediment is likely related to turbulent transport and their small

size, rather than to their density.

Research question 3: How is the motion and transport behavior of

buoyant MPs in a turbulent flow regime?



The transport behavior of buoyant PE particles was investigated in an
experimental flume by monitoring particles close to the bed (~6 cm
from the bed). The motion of the observed particles was rather chaotic,
and their trajectories tended to be random. The PE particles were
moving both upward and downward at several orders of magnitude
above their predicted Stocks velocity. This motion was mainly
governed by the turbulent ambient flow. Even though in some
experiments the net transport of MPs was upwards, many single
particles moved towards the bed, some of which reached the bed zone
where they might get trapped. This demonstrated that induced eddies
had the capability to overcome the upward motion tendency of
particles and transport them to the bottom part of the flume. Hence,
transport of particles by turbulent induced mixing had a significant

effect on MP transport.

5.1. MAIN CONTRIBUTIONS TO THE SCIENCE

Understanding the transport of MPs is critical in order to take effective
mitigation measures and control the spread of this contaminant.
However, scientific knowledge on physical transport mechanisms
driving the motion of MPs within fluvial environments is very limited.
The objective of this PhD was to provide insight into the fate of MPs
in urban water systems as well as studying the processes responsible

for transport of buoyant MPs from the water to the sediments.
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Buoyant microplastics have been found to make up a major portion of
MPs in sediments of various water bodies. However, there is lack of
research that provide fundamental insights into the dominant
processes and mechanisms driving the transport and migration of MPs
from the water to the sediments. Paper I was among the very first
studies combined field sampling data with computational fluid
dynamic modeling results, to help to close the knowledge gap on
migration processes of buoyant MP particles. Moreover, the high
resolution field sampling in this study underlined the importance of
taking a large number of samples to account for the patchiness of MPs

in aquatic sediments.

Paper II contributed to improve the knowledge on MPs including
TWPs in sediments of an urban lake. The lake is important for its
neighboring region due to its proximity to the city's water supply
wells, its significance as a habitat for various bird species, and its
popularity as a local recreational site. Additionally, the outflow from
the lake discharges into Aarhus Bay, making it a potential upstream
source of plastic pollution in the bay. Given these factors, it becomes
crucial to assess the load of MP, including TWP which are potentially
more toxic than most MPs but often overlooked, and to implement
effective mitigation strategies. This study provides useful information
about the spatial pollution distribution and the level of contamination
in the lake, information which can be used for future monitoring

surveys and assessing environmental impacts.



The study carried out on microplastic motion under turbulent
conditions, and tracking their trajectories in an experimental flume
employing particle tracking velocimetry (Paper III), is the most
innovative in this PhD thesis. It opens new paths to the investigation
of microplastic transport, especially showing how this emerging
contaminant interacts with the ambient flow and is affected by local
hydrodynamics. It is of high importance to increase the knowledge on
MP transport in fluvial environment and focus the effort to assess the
transport behavior of different type, shape, and size of MPs exposed

to various flow conditions.
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HIGHLIGHTS GRAPHICAL ABSTRACT

MP content in the pond sediments varied
up to two orders of magnitude.

Buoyant MPs made up 95.4 % of the MP-
mass and 83.5 % of the MP-number.

No trend in the spatial distribution of MPs —
neither concentration, size, nor polymer
Mixing is an important factor for
transporting buoyant MPs to the pond
sediments.

Sediment contents of silt and organic mat-
ter correlate with the MP-distribution.

ARTICLE INFO ABSTRACT

Editor: Dimitra A Lambropoulou The accumulation of microplastics (MPs) in the sediments of a stormwater treatment pond was studied to gain knowl-
edge on how these facilities protect the natural environment against this emerging pollutant. Thirteen sediment sam-

Keywords: ples were analyzed for MPs down to 10 pm, mapping the pattern of accumulation in the pond. The average abundance

Buoyant MPs in terms of MP-number and mass was 11.8 pg kg ! and 44,383 item kg, respectively. They were rather unevenly

:;EZ::? ponds distributed, with concentrations varying up to two orders of magnitude within the pond, showing that a trustworthy

CFD quantification of MPs retained by such units must rely on many and well-distributed subsamples. Buoyant MPs
made up 95.4 % of the MP-mass and 83.5 % of the MP-number and in most of the sampled locations, polypropylene
dominated the polymer fingerprint, followed by polyethylene. No spatial pattern in the distribution of MPs in the
pond was identified. Instead, the MP content correlated to the organic matter and silt content, indicating that the pro-
cesses leading to deposition could be similar. A computational fluid dynamics model was set up and used to simulate
the transport mechanisms governing the conveyance of MPs in the pond from water to sediments. The results showed
that the combination of advection and dispersion were likely the driving mechanism for buoyant (and non-buoyant)
MPs to get in contact with the sediment bed and spread over the pond. Once in contact with the sediments, the MPs
would have some probability of being permanently incorporated and hereby preventing them from entering the down-
stream aquatic environment.

1. Introduction municipal applications. However, the ever-increasing production and use

of plastic products has also paved the way for them to become serious envi-

Plastics are an inevitable part of the modern world, and today's humans ronmental pollutants. The bulk of the plastic produced each year is used to
depend extensively on plastics for commercial, industrial, medical, and make single-use products like disposable packaging or other short-lived
items that are discarded within a year of manufacture (Hopewell et al.,

% Corresponding author. 2009). It is estimated that worldwide only 9 % of the plastic ever made is
E-mail address: marziyem@build.aau.dk (M. Molazadeh). recycled and 12 % incinerated (Geyer et al., 2017). The rest is disposed of
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at landfills or mismanaged, ending up in natural habitats. Despite the high
persistence of synthetic polymers, large plastic items eventually fragmen-
tate, mainly because of weathering caused by exposure to solar ultraviolet
radiation and gradual loss of weight due to physical damage (Andrady,
2011). This degradation produces microplastics (MPs), commonly defined
as plastic particles smaller than 5 mm in size (Arthur et al., 2009). Plastic
particles which are derived from fragmentation of larger plastic items are
commonly termed secondary MPs. Some MP particles are intentionally
manufactured, for example, for direct usage in cosmetics and abrasives,
or as raw materials to produce larger plastic items. These are commonly
defined as primary MPs (Cole et al., 2011).

MPs, whether they be primary or secondary ones, are detrimental to the
environment since they can be associated with a wide range of pollutants
and toxic substances either from their production process, due to their
adsorption characteristics, or by ingestion throughout the food web
(Besseling et al., 2019; Cole et al., 2011). Since most plastic is produced
and used inland (Boucher et al., 2019), urban areas are identified as impor-
tant contributors of MPs into the environment. MPs can be introduced into
urban freshwater and marine systems from various sources and through di-
verse routes. Stormwater, wastewater, and combined sewer overflows are
commonly considered significant potential sources, discharging MPs to
water bodies in urban areas (Schernewski et al., 2020). Freshwater MPs
can ultimately end up in oceans if effective mitigation measures are
not taken.

Stormwater runoff can be quite polluted as it ‘cleans’ the city's surfaces
of all sorts of dirt and debris. It collects soluble and particulate pollutants,
including MPs, and conveys them to downstream environments. It is
hence common to install stormwater treatment facilities to protect the
aquatic ecosystems. Their purpose is to detain and treat wet weather runoff
flows to prevent damaging recipient water systems by mitigating the peak
flow (F. Li et al., 2019; Duan et al., 2016) and trapping incoming particles
into their bottom sediments (Gu et al., 2016). Retainment of particles is
considered the most important process in stormwater runoff pollution re-
moval. However, when it comes to MPs, there is a lack of knowledge on
the degree to which they are retained, and which mechanisms are involved,
leading to an inability to quantify their efficiency towards MPs and an in-
ability to optimize their design towards this pollutant. MPs cannot per se
be expected to behave like the bulk of stormwater particles as these mainly
consist of sand, silt, and clay mixed with some organic debris. MPs, com-
prising both buoyant and non-buoyant polymers, may follow different
floating and settling patterns. They may also have different physical proper-
ties such as Zeta potential, which would affect flocculation and attachment
to surfaces.

The variability of MP type and load on stormwater facilities mainly de-
pends on the pluviometric regime and the urbanization characteristic of the
catchment. To date, MPs in the sediments of stormwater ponds have only
been documented in a few studies (Liu et al., 2019b; Olesen et al., 2019;
Ziajahromi et al., 2020; Moruzzi et al., 2020; Lutz et al., 2021). The major-
ity of these were of polymers lighter than water (Liu et al., 2019b; Olesen
et al., 2019; Lutz et al., 2021) and cannot be expected to have sunken to
the bottom. Other transport mechanisms must hence have been in play
for these floating MPs to reach the sediments. Possible candidates for
such mechanisms are the ballasting of particles by biofilm formation, aggre-
gation with other stormwater non-buoyant particles, ingestion and excre-
tion by aquatic biota, as well as turbulent transport. These mechanisms
have been reported to affect sedimentation and accumulation of buoyant
MPs in some systems under some conditions (Kooi et al., 2017; Olesen
etal., 2019).

However, research providing fundamental knowledge on prevailing
processes and mechanisms that govern the movement and transport of
MPs from water to sediments of shallow water systems is surprisingly
scarce, and the MP migration processes remain poorly understood. It is
necessary to address these and understand how shallow water bodies act
as sinks for microplastics to actively design technical solutions for MP
pollution management such as stormwater ponds, and to assess the
efficiency of existing systems. The knowledge is furthermore important
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when understanding how natural shallow water bodies act as sinks for
microplastics.

It is the objective to contribute to fill the knowledge gap on how MPs are
retained by ponds designed to treat stormwater runoff, hereby mitigating
impacts on the natural environment. The approach is to investigate the dis-
tribution of MPs in the sediments of one such pond in terms of MP-mass and
number concentration, size distributions, and polymer composition. The re-
sults are intended to inform future studies on how to consider spatial vari-
ability of MPs in stormwater pond sediments, for example when sampling
to quantify pond retention efficiencies. The driving factors for the observed
spatial patterns are evaluated, as is the relation to sediment characteristics.
For this evaluation, a 3D computable fluid dynamics (CFD) model was set
up to gain a fundamental understanding of buoyant MP particle transport
from the water to the sediments. These findings are intended to shed light
on some key aspects of (buoyant) MP motion and fate in shallow, highly
dynamic water systems.

2. Material and methods
2.1. Sample collection

Thirteen sediment samples were collected in August 2020 from a
stormwater pond in Aarhus, Denmark (Fig. 1), using a Van Veen grab sam-
pler. The pond receives runoff from residential and commercial areas, and
occasionally illicit discharges of wastewater. The pond has an average
stormwater residence time of two weeks and was constructed in 2008.
The samples were taken during one dry weather day with no rain occurring
for more than two days prior to the sampling. From each grab of sediments,
the top 5-8 cm were collected and stored in glass jars, resulting in 2-3 kg
bulk sediments for each location. All jars were transported to the laboratory
and stored at 4 °C until further analysis.

2.2. Physicochemical characteristics of sediments

The organic matter content of the sediments was measured as loss-on-
ignition by heating the dried sediments to 550 °C for 4 h in a muffle furnace
(ASTM, 2000). To determine the grain size distributions, sediments were
first treated with hydrogen peroxide (H,O,) to remove organic matter
and consequently avoid hindering the size classification process. The oxida-
tion was done as described in Section 2.3. Sediments were then dried at
105 °C for 24 h and homogenized. Collected sediment samples were charac-
terized and separated into five different size fractions: <2 um (clay),
2-63 pm (silt), 63-200 pm (fine sand), 200-630 pm (medium sand) and
630-3500 pm (coarse sand). The grain size distribution of each sample
was determined using sieves with different mesh sizes for sediments larger
than 63 pm and a hydrometer test for sediments smaller than 63 pm
(Asadi et al., 2019).

2.3. Microplastic extraction

The bulk sediment (2-3 kg) samples were homogenized and sub-
samples representing 1.5 kg wet weight were treated. The subsamples
were divided into several smaller batches and pre-oxidized in 5 L beakers
by gradually adding 50 % hydrogen peroxide (H,0O-) and Milli-Q water to
the sample. H,O, was added to a maximum of 10 % final concentration.
The samples were stirred while oxidizing. The oxidation was continued
until no foaming occurred when adding hydrogen peroxide. This procedure
was repeated in all the batches until all 1.5 kg of sediments had been oxi-
dized. The resulting oxidized sediments were combined and wet sieved
on a 2 mm stainless steel sieve (Retsch GmbH, Germany). The sieved sam-
ples (<2 mm) were transferred to covered crystallizing dishes and placed in
an oven at 50 °C for 5 days. For every sample, a dried sediment subsample
of 200 g was taken for MP extraction and underwent density separation.
The MP abundance was normalized to a concentration based on this dry
weight. The process was performed in a 2-L pear-shaped separation funnel

containing a sodium polytungstate (SPT) solution of density 1.89 g cm 3.
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Fig. 1. Map of the pond showing the location of all the sampling stations. L stands for location. The green area in the left, where samples 9 and 10 were taken, is a shallow part
of the pond with water depths about 0.2 m. The green areas in the centre (the circles) are areas with lower water depth (about 0.5 m) while the ones on the sides are some

vegetation that has grown into the pond.

The mixture of sediments and SPT was aerated by compressed air from the
bottom of the funnel for 30 min and left to settle for 24 h. Three-quarter of
the bottom part was drained off and the floating particles collected and kept
in a glass beaker. The process was repeated twice, meaning that the
discarded part, which included the sediments, was collected and trans-
ferred back to the separation funnel and the whole process repeated to min-
imize the loss of particles in this step. The collected floating particles from
both repetitions were filtered on a 10 pm steel filter. Subsequently, the filter
was ultrasonicated to detach the particles and transfer them into a 300 mL
sodium dodecyl sulfate solution (SDS, 5 % w/vol). The samples were incu-
bated for 48 h at 50 °C and continuously mixed. The filtered particles went
through enzyme purification steps with a blend of cellulase (Cellulase en-
zyme blend®, Sigma-Aldrich) and cellulolytic enzymes (Viscozyme®L,
Sigma-Aldrich), again for 48 h at 50 °C, followed by protease, also at
50 °C for 48 h (Protease from Bacillus sp.®, Sigma-Aldrich) (Chand et al.,
2022). A Fenton oxidation was performed by transferring the filtered parti-
cles into 200 mL of Milli-Q water and adding 145 mL of 50 % H,0,, 65 mL
of 0.1 M NaOH, and 62 mL of 0.1 M FeSO, while maintaining the temper-
ature at 15-30 °C. In order to separate larger particles (MP > 500 pm) from
smaller ones (10 < MP < 500 pm), a 500 pm mesh sieve and a 10 pm stain-
less steel filter were used. The large particles retained on the sieve were col-
lected and dried in an oven at 50-60 °C for later analysis. The smaller
particles were transferred to a 250 mL separation funnel containing SPT
(density of 1.89 g cm ) and the same separation procedure as previously
described was performed. The particles were then filtered and collected
into ultra-pure HPLC grade 50 % ethanol using an ultra-sonicating bath.
The ethanol solution containing the particles was transferred to 10 mL
vials and the ethanol evaporated in an evaporation bath (TurboVap® LV,
Biotage) at 50 °C. Finally, the ethanol level in the vials was adjusted to

5 mL and particles were suspended in ultra-pure HPLC quality 50 %
ethanol.

2.4. MP identification and quantification

Particles >500 pm suspected to be of plastic were manually sorted
and imaged under a stereomicroscope (ZEISS, SteREO Discovery.V8,
Oberkochen Germany). Particle dimensions were measured using ZenCore
(Zen2Core SP1 from ZEISS) software. The particles were then analyzed by
ATR-FTIR spectrometry (Cary 630, Agilent Technologies, with a single re-
flection diamond ATR). Interpretation of the particles' IR spectra was
done using OMNIC software and its library (Thermo Fisher Scientific Inc.,
8.2.0.387 version 1). However, particles above 1 mm in longest dimension
were only occasionally detected in the samples and hence deemed outliers
and not included in the study. Hence 1 mm was chosen as the upper size
limit when reporting the data. For analyzing particles between 10 and
500 pm, FPA-pFTIR imaging was applied (Agilent Cary 620 FTIR micro-
scope equipped with a 128 x 128 pixel FPA (Mercury Cadmium Telluride
detector) and coupled to an Agilent 670 IR spectroscope). Sample deposi-
tion steps and instrument settings were similar to that of Chand et al.
(2022) and Rasmussen et al. (2021). Briefly, a small sub-sample was
taken of the particle suspension (the 5 mL of 50 % ethanol) using a glass pi-
pette and deposited on a zinc selenide window (@13 x 2 mm, Crystran,
UK) held in a compression cell with a @10 mm free area (Pike Technologies,
USA). The window with its deposited particles was dried on a heating plate
at 50 °C and the process repeated until the window was homogeneously
covered by particles. Three windows from each sample were scanned.
The resulting 3 X 3.2 million spectra from the scanning of the 10 x
10 mm area were processed applying the software siMPle, a software for
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the automated detection of MP from pFTIR chemical imaging datasets
(Primpke et al., 2020). siMPle analyses each individual spectrum by com-
paring it to a reference library and uses this to build images of MP particles
(Liu et al., 2019a). The database used contained 124 reference spectra of
plastics belonging to 35 polymer groups as well as natural organic mate-
rials, namely 7 groups which can be misinterpreted as plastics. The software
provides particle dimensions, area, volume, and mass estimates of MPs
(Primpke et al., 2020).

2.5. Contamination assessment

To avoid potential contamination during sample processing, all glass-
ware and other equipment were rinsed three times with particle-free
water and stainless-steel filters were muffled at 500 °C before use. Samples
were covered with aluminium foils or glass watches during each treatment
step. All liquid reagents were filtered through 0.7 pm glass fibre filters prior
to use. Additionally, cotton lab coats were worn during all experimental
steps. To minimize contamination from the ambient air, samples
were processed inside a clean fume hood and the air in the FTIR and
microscope lab room was continuously filtered with a Dustbox®
(Hochleistungsluftreininger, Germany) holding a HEPA filter (H14,
7.5 m?). Although many precautions were taken, contamination cannot
be completely avoided. Considering this potential background contamina-
tion, three laboratory procedural blanks were analyzed in parallel with
the samples. 200 g of muffled (500 °C) sediment surrogate, consisting of
75-1000 pm sand, was used for each blank. This amount is similar to the
mass processed per sample. The blank control samples went through the
same processes as the sediment samples. In the first iteration of using siM-
Ple to identify MPs, an extraordinary amount of PP and PE particles were
detected in some samples. The spectra of these suspicious particles were
checked one by one, and many were found to be false positive identifica-
tions of some unknown natural material. To avoid these false positives,
their spectra were included in the siMPle library as natural materials and
assigned to a new group named ‘fake particles’. Subsequently, all samples
were analyzed again with the siMPle software using the new library. An
example of these spectra is given in supplementary materials Fig. S1.

2.6. Statistical analysis

Statistical analyses were performed using R (version 3.5.3) and at a sig-
nificance level of 0.05. The normality of the data was assessed by Shapiro-
Wilks test. Kruskal-Wallis test was applied to investigate if there were dif-
ferences in MP sizes and masses between different samples. Wilcoxon
rank-sum test for pairwise comparisons was performed to compare the
size and mass distribution of MP particles and identify those samples that
differed significantly.

2.7. CFD simulations

The STARCCM + + commercial software was used to simulate flow
fields. The particle tracking facility of the software was used to calculate
MPs trajectories. For the continuous phase, a segregated flow model was
used with the density of the fluid assumed constant. The fluid flow equa-
tions solved by the CFD model are based on the conservation of mass and
momentum (Versteeg and Malalasekera, 1995). The flow was simulated
as steady-state. All numerical simulations performed in this study solved
the Reynolds-Averaged Navier-Stokes (RANS) equations with the k-e
(production and dissipation of turbulent kinetic energy) turbulence
model. Details of the theoretical formulation can be found in the user
guide of STARCCM + +. The inlet boundary condition was defined as ve-
locity inlet corresponding to a storm condition with a relatively high inlet
flow velocity. For the sloped walls and bottom of the pond, a non-slip
wall condition was defined and the boundary condition for the outlet was
assumed as a pressure outlet. The boundary condition for the water surface
was set as a symmetry plane (Adamsson et al., 2005; Tamayol et al., 2010;
Khan et al., 2013). The mesh sensitivity analysis of the results was
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performed by comparing velocities from the simulations with different
numbers of meshes to ensure the solution was independent of mesh size
and number. Four mesh densities were assessed: 14,586,364, 3,730,862,
1,892,719 and 1,101,167 cells. The number of 3,730,862 cells was found
adequately fine and used in the subsequent analysis.

The Lagrangian Multiphase approach named ‘particle tracking’, was
chosen to model the dispersed phase (i.e., MPs). A one-way coupling
(uncoupled) approach between the flow field and MP load was chosen.

Several scenarios with varying inlet velocity, particle sizes and material
densities were simulated, leading to similar conclusion thus one example is
illustrated. In the example model the particles were modelled as spherical
solids of 100 pm diameter and 900 g cm ~2 density. To model particle dis-
persion, the effect of the fluid turbulence on the particle motion, the turbu-
lent dispersion model was activated. Drag, gravitation, and buoyancy are
the dominant forces exerted on the particles by the surroundings, including
the continuous phase. These forces were included in the model. The drag
coefficient was modelled using the Schiller-Naumann correlation. The
boundary condition for the Lagrangian phase was assigned to ‘escape’ for
all walls, meaning that once a MP hit the pond bottom or a wall, it was re-
moved from the simulation.

3. Result and discussion
3.1. MP abundance

MPs were abundant in the pond with a global average for the 13 sam-
ples of 44,383 item kg ! and 11.8 mg kg~ ! of dry sediments (Table S1).
The blank contamination was low compared to the measured concentra-
tions with the highest contamination accounting for 0.1 % of the averaged
measured value in terms of MP number concentration and 0.003 % in terms
of MP mass concentration. Due to the low contamination compared to the
MP abundance, the results were not corrected for contamination. A detailed
description of MP contamination in blanks is given in supplementary mate-
rials in the section “MPs in blanks in supplementary file”.

Comparing to other studies, our findings were lower than those of
Olesen et al. (2019), who found 401.5 mg kg~ * and 9.5 x 10° item kg~ *
in the sediments of a stormwater pond in Denmark. That pond was con-
structed in 1993 and dredged 10-15 years before sampling. It is in same re-
gion of Denmark as our pond and experiences similar climate conditions
including rainfall patterns. The same goes for the seven stormwater reten-
tion ponds investigated by Liu et al. (2019b), which were constructed be-
tween 2005 and 2009. One of those ponds was the same as in the current
study (termed C1 in their study). For that pond, they found approx. 2
times lower MP number and mass concentrations, even though they applied
a quite similar sample purification and analysis approach. However, their
sediment sample ‘only’ comprised three grab samples which were com-
bined before analysis, whereas our study collected and analyzed thirteen
separate samples from various positions in that pond. A likely explanation
is hence sampling uncertainty caused by the high spatial variation in the
pond (Table S1 in the supplementary materials, details in Section 3.2).

The MP concentrations extracted from sediments of a Gold Coast
(Australia) stormwater wetland (Ziajahromi et al., 2020) and five open
stormwater drainage systems in Australia (Lutz et al., 2021) were also
lower than the average MP concentration detected in the present work.
Ziajahromi et al. (2020) reported an average of 595 + 120 item kg~ dry
sediment at the pond inlet and 320 = 42 item kg~ ! at its outlet. The
mean concentration quantified by Lutz et al. (2021) for the five drainage
systems was 664 item kg ~ 1. Other factors than inhomogeneity in the spatial
distribution of MP can have led to the differences among the studies. One is
that loadings from the catchment might differ due to land use, climate
conditions such as rainfall patterns and amounts, and hydraulic loading
(catchment impervious area per pond surface area, m?>/m?). Age and
hereby time for accumulation of MP might also have differed. Another pos-
sibility is that sample preparation can differ, where differences in filter
mesh sizes, specific density of liquids used for density separation, and pro-
tocols for removal of organic material can lead to differences in extracted
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MP. Once extracted, the instrument used for chemical quantification of ex-
tracted samples makes a difference on which MP polymer types can be iden-
tified and to what size they can be quantified (Primpke et al., 2020a,b).
How much of a difference can be attributed to the analytical method is
unclear, but several orders of magnitude have been reported (Lv et al.,
2019), and it seems likely that this is one of the major reasons for the
observed differences between studies.

MPs were assigned to six commonly used size fractions (Fig. 2) (Peng
et al., 2017; Zheng et al., 2020; Liu et al., 2021). Most of the identified
MPs, 4130 particles or 72.3 %, were in the size range of 10-100 pm. How-
ever, they contributed only 3.4 % to the total mass. Conversely, few large-
sized particles (93 MPs of 500-1000 pm) constituted 50.4 % of the mass.
MP abundance decreased as size increased (Fig. 2A), an observation
which has also been made in other MP studies (Liu et al., 2019b).

The pFTIR analysis identified MPs belonging to 18 of the 35 addressed
polymer types. Among these, 11 types were identified only in low amounts,
accounting for 0.5 % and 2.2 % of MPs mass and number concentrations,
respectively. These were assigned to a group termed ‘Others’. Details re-
garding these polymers can be found in the supplementary materials
(Table S2). Overall, the sum of the buoyant polymers (Polyethylene (PE):
0.9 g m ™3, Polypropylene (PP): 0.9 g m~>) comprised 95.4 % and 83.5 %
of mass and number of the identified MPs in the sediments. The water
phase of same pond was studied by Liu et al. (2019a) who found that PP
and PE together constituted >95 % of both the MP mass and number in
the pond water.

PP was the dominant polymer, making up 85.6 % and 76.0 % of MP
mass and number concentrations, respectively. The second most abundant
polymer was PE, followed by Polystyrene (PS) and Polyamide (PA) in terms
of mass and number (Fig. 2B). Although the number of Polyurethane (PU)
particles was higher than that of Polyvinyl chloride (PVC), PVC contributed
more to the total mass of particles, which can be due to the lower density of
PU particles compared to PVC ones. These results are in accordance with
several recently reported studies, where PP and PE were predominant poly-
mers in the sediments (Lutz et al., 2021; Liu et al., 2019b; He et al., 2020;
Olesen et al., 2019; Fan et al., 2019; all covering freshwater systems). Find-
ing high concentrations of PP and PE in the sediments can be associated
with their widespread use, from food packaging to the automotive industry.
However, these materials are buoyant and must hence have been conveyed
to the pond sediments by other mechanisms than simple density settling. A
discussion of such mechanisms is given in Section 3.3.

3.2. Spatial MP distribution
Spatial distribution of MPs in the pond showed no systematic trends in

terms of neither number nor mass concentrations (Table S1 and Fig. 3A). L2
and L6 were respectively the least and the most polluted locations in terms
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of number even though they were not far apart. Considering mass concen-
tration, the least and most polluted locations were L2 and L11, which were
on each their side of the pond.

Ziajahromi et al. (2020) sampled sediments close to the inlet and outlet
of an Australian wetland, reporting the lowest MP concentration (number)
at the outlet. They ascribed this to faster settling of high-density polymers
and biofouling-assist settling of low-density polymers, albeit with no exper-
imental verification hereof. It should be noted that the authors restricted
their sampling to two locations (inlet and outlet), limiting the statistical
strength of their statement.

The polymer composition at sampling sites did not follow a clear trend
across the pond. Buoyant MPs, and especially those of PP, dominated at
nearly all locations, both in terms of mass and number (Fig. 4A). PE was
also common at all locations, albeit to a lesser degree. With respect to the
non-buoyant polymers, polystyrene, polyamide (PA), polyurethane (PU),
and PVC occurred at significant concentrations. The fact that both nega-
tively and positively buoyant MPs were found reflect that the transport
mechanism to the sediments was not simple sedimentation in calm water,
but that the deposition was governed by some other mechanism.

For all sampling locations, the largest number of MPs were in the finest
fraction (10-100 pm) and the lowest number in the coarsest fraction
(500-1000 pm), which agrees with many previous studies, for example
Kooi et al. (2021) who used a similar analytical technique as in the present
study to characterize >60,000 MPs from different aquatic compartments
and how they distributed in terms and size and other parameters. While
the highest particle counts were found in the finest fraction, it only repre-
sented a minor contribution to the total mass (Fig. 4B), which is in line
with what for example Huber et al. (2022) addressed for degradation of
polypropylene from packaging materials and what Rasmussen et al.
(2021) reported for raw wastewater.

The size and mass distribution of particles in each sample are illustrated
in Fig. S2A, B and Table S3. No clear trend of size distribution versus
location in the pond could be identified. This conclusion was confirmed
by comparing the size distribution at all sites applying a non-parametric
Kruskal-Wallis test (as data were not normally distributed as tested by a
Shapiro-Wilk normality test). While the size distribution at some sites dif-
fered significantly (p < 0.05) from some others, the location of these sites
showed no clear trend. Moreover, some sites, regardless of their locations,
revealed a similar distribution of individual particles size (p > 0.05)
(Table S4). Likewise, the mass of particles followed similar behavior to
size (Table S5). In other words, the chance of finding a MP of a certain
mass or size at a certain location in the pond did not show a systematic
trend. The seeming randomness of the distribution of MPs in the sediments
implies that the phenomena leading to their entrapment are complex.
Gu et al. (2016) pointed out that a wide range of factors such as wind, veg-
etation, inflow patterns, construction of the outlet, turbulence levels, and
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Fig. 2. MP percentage in each size class (A) and polymeric composition (B) of identified particles in terms of MP mass and number concentration.
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Fig. 3. Map showing the spatial distribution of MPs in terms of mass and number over the pond.

more, cannot be neglected when trying to conceptualize how particles are
retained in a stormwater pond. It seems likely that the reason for the seem-
ingly random distribution of MPs in the sediments of the studied pond is
linked to such phenomena.

Contrary to our findings, Besseling et al. (2017), and using a hydraulic
modelling approach to estimate the fate of non-buoyant micro- and
nanoplastics, found that MP accumulation sites were dependent of particle
size and argued that large-sized MP particle must be more abundant up-
stream than downstream, since they settle faster. This difference in findings
can be due to gravimetric settling not being the main driving process for
conveying MPs, especially the buoyant ones, from the water column to
the sediments.

While there was no clear trend of where the MPs ended up in the pond,
there was a clear positive correlation between organic matter and MP con-
tent in terms of both number (r = 0.77, p < 0.05) and mass (r = 0.65, p <
0.05) concentrations (Figs. S3 and S4). A similar trend was observed for silt
and MP number (r = 0.64, p < 0.05) as well as mass (r = 0.56, p < 0.05)
concentrations. No correlation was seen between clay and MP nor sand
and MP. These findings agree with several other studies, where Liu et al.
(2021), Corcoran et al. (2020), and Liu et al. (2019b) all found that MP
abundance in sediments correlated positively with organic matter content,
and Falahudin et al. (2020) and Liu et al. (2021) found that MP correlated
positively with the silt content of marine and river sediments, respectively.
One reason might be that hydrophobic organic matter agglomerates with
hydrophobic MPs (Mato et al., 2001; Hong et al., 2017). Moreover, while
correlation does not necessarily imply causality, the fact that sediment
MP contents correlated with silt and organic matter implies that the trans-
port mechanisms causing differences in these parameters may also be
related or even similar.

He et al. (2020), on the other hand, reported a positive correlation with
the clay content of river sediments. However, F. Li et al. (2019) and Y. Li

et al. (2019) showed that settling of low-density polymer particles was
not affected by adding clay particles to the suspension. These contradictory
findings across varied aquatic systems and conditions suggest that the
occurrence of MPs in sediments cannot be simply predicted by only the
composition of the sediments, but is influenced by other site-specific con-
founding factors, among them site-specific hydrodynamics.

3.3. Transport mechanisms

The finding that there was no systematic relationship between sampling
location and MP characteristics in terms of mass, size, and polymer compo-
sition shows that simple gravimetric settling cannot explain how MPs end
up in the sediments of the pond. The question hence arises what can explain
the observed MP-distribution, especially the fact that most MPs in the sed-
iments were buoyant. One mechanism can be ballasted sedimentation
where non-buoyant biofilm forms on a buoyant MP, allowing the ballasted
particle to settle. Flocculation with non-buoyant particles will have a simi-
lar effect. These processes are known to occur in the deeper waters of the
marine environment (Semcesen and Wells, 2021). Biological uptake and
excretion as part of a non-buoyant fecal pellet would lead to a similar phe-
nomenon (Cole et al., 2016).

Another mechanism is that buoyant MPs can be trapped by downwards
moving flow currents, for example induced by inflow or wind. When the
buoyancy-induced rising velocity of a MP is small compared to the down-
wards velocity of the current, the MP is conveyed to deeper waters. In the
marine environment, wind induced mixing can lead to buoyant MPs
reaching tens of meters into the water column (Kukulka et al., 2012). In
shallow waters, MP conveyed by such downwards flow currents would
have some probability of encountering the sediment bed and adhere to it.

In stormwater ponds the water flow is intrinsically unsteady and turbu-
lent because of mixing induced by factors such as wind, intermittent inflow,
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Fig. 4. Type distribution (A) and size distribution (B) of MPs identified at each sampling location based on particles number and mass.

diurnal temperature gradients, as well as their shallow depth (Hvitved-
Jacobsen et al., 2010). The studied pond had a maximum depth of 1.2 m
and wind induced mixing may lead to transport of MPs to its bottom, as
wind over such water body can significantly affects its 3D flow pattern
(Bentzen et al., 2008). Stormwater inflow can also introduce substantial
mixing (Wium-Andersen et al., 2012), which might lead to similar transport

processes. It hence seems reasonable to assume that downwards flow cur-
rents can convey MPs to the bottom of the pond where they may become
trapped by the sediment bed.

To understand how downwards convective flow can lead to buoyant
MPs reaching the sediment bed, particle trajectories were simulated with
STAR-CCM +. The pond shape was simplified (Fig. 5) and downscaled 50
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Fig. 5. Top view of velocity vectors indicating direction and magnitude of the flow velocity field for the modelled pond (A). Trajectories of the particles in the pond in 3D view
(B), and top view (C). The trajectories are color-coded to show their z-position (dept below the water surface) in the flow field with respect to the corresponding particle

position. Model particles were spheres of 100 um diameter and 0.9 g cm ™~ density.

times compared to the real one. Several scenarios were simulated, leading
to similar conclusions: mixing-induced particle transport (dispersion) can
explain why MPs — buoyant as well as non-buoyant — reach the sediment
bed where they may become immobilized. To illustrate this, Fig. 5 shows
a scenario where the inlet velocity was 0.7 m s~ ' and spherical model par-
ticles of 100 pm diameter and 0.9 g cm ™ density were used as surrogates
for buoyant MPs, corresponding to the particles having a Stokes settling ve-
locity of —5.4 107> m s~ *. Once a MP reached the sediment bed, it was
simulated as being immobilized.

While biological and physio-chemical processes, e.g., biofilm growth
and aggregation, may play a role in conveying buoyant MPs to the sediment
bed of stormwater ponds they are hence strictly speaking not required to ex-
plain why these MPs accumulate in the pond sediments. Furthermore, bio-
film growth is generally a slow process (Fazey and Ryan, 2016) and hence
its effect might be small considering the typical water residence times in
well-designed stormwater ponds (around 2 weeks, Hvitved-Jacobsen
et al., 2010). Moreover, Besseling et al. (2017) in a modelling study
found that the settling of MPs was rather unaffected by aggregation. It is
hence quite possible that turbulent mixing (dispersion) is the governing
processes for transporting small MPs from the water column of a
stormwater pond, or a similar shallow water body, to its sediments.

The CFD modelling showed that the hydraulics were quite far from plug
flow (Fig. 5A). The surface flow field in the pond mainly consisted of two
asymmetry eddies (circulations), with the first clockwise in the lower-left
corner and the second counterclockwise around the pond edge, forming a
large stagnant zone at its centre. The trajectories of the MPs followed the
same pattern as the flow (Fig. 5B). The color of the trajectories indicates
the depth below the water surface, with the dark blue being the deepest.
Once a particle hit the bottom, it was simulated sticking to it and hence

retained by the sediments. The MP's downwards (or upwards) velocity
caused by the eddies tended to be significantly above the numerical value
of the settling (or rising) velocity. The particles hence followed the flow
field. The simulations further showed that most particles sooner or later
hit the bottom and hence were retained.

The simulation discussed above and shown in Fig. 5 is only one example
of an indefinite number of possible configurations of pond shape, hydraulic
conditions, MP size, MP density, MP shape, and so on. Nevertheless, it is a
realistic one and as such shows that advective transport and dispersion can
be an efficient mechanism to transport buoyant MPs to the pond bottom
where they may stick to the sediments.

Other scenarios were simulated where the polymer density was modi-
fied to reflect phenomena like ballasting due to biofilm growth and non-
buoyant polymers. These showed that capturing efficiency increased for
non-buoyant particles as they had slightly different trajectories when the
flow underwent acceleration in x, y, or z directions. Le., when the flow
lines bent because they got close to a surface such as the pond bottom.
Here the inertia of the particles tended to keep them on a ‘straighter’ line
pointing towards the surface, increasing the rate of hitting that surface
compared to the buoyant ones. Examples of such simulations are shown
in supplementary material, Fig. S5 and S6. Depending on density and
size, particles travelled some distances before being immobilized by the
pond bottom. The reason was that both buoyant and non-buoyant particles
were conveyed by eddies and if the upward velocity component was larger
than the settling velocity, they tended to follow the eddies until escaping
them and their trajectory terminated (Figs. S5 and S6).

It must again be stressed that the above simulations are only a few
among legion possible scenarios and that the model pond was strongly sim-
plified compared to the real one. It furthermore ignores important aspects
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such as resuspension of sediments, plant growth, variations in inflow, wind
speed, wind direction, stratification, etcetera. The simulations hence solely
yield a proof of concept that mixing due to for example inflow of
stormwater can lead to a high fraction of buoyant particles in the inlet
reaching the sediment bed. Where they in reality will end up and where
they ultimately will accumulate cannot be predicted hereby. It can further-
more be argued that mixing may also lead to entrapment of buoyant MPs
under other highly turbulent flows regimes, such as rivers, shipping fair-
ways, and the upper layers of open waters, where dispersion (mixing)
may govern the MP transport till the MPs reach the bottom of the water
body or deeper zones where the flow is less turbulent or even laminar.

4. Conclusion

The MP-content of the 13 collected samples varied up to two orders of
magnitude, illustrating that a simple grab sample in such pond is unlikely
to be representative. The by far largest part of the MPs was buoyant with
small-sized low density PP particles dominating at most locations. There
was no trend of how MPs distributed in the pond, neither regarding masses,
numbers, sizes, or polymer types. In other words, the spatial distribution of
MPs was independent of MP properties. The findings consequently indi-
cated that simple density driven settling in quiescent water, as for example
described by Stokes Law, cannot explain how the MPs ended up in the sed-
iments. The study also showed that there was statistically significant corre-
lation between the content of MP, organic matter, and silt, but not between
MP and clay, indicating that particles of natural organic matter, silt, and MP
particles seemed to behave similar with respect to being immobilized in the
pond sediments.

Computable fluid dynamics modelling allowed identifying a likely
mechanism for transport of MPs — also the buoyant ones — from the water
column to the sediments. In the shallow and highly dynamic water of the
pond, the dominating mechanism for conveying MPs from the water col-
umn to the sediments and spread across the pond was advection combined
with turbulent dispersion (mixing).

Once an MP reaches the sediments, it has some probability of being per-
manently immobilized by them. That probability will depend on local hy-
drodynamic condition and sediment physicochemical properties.
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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci Inland lakes play an important role as habitats for local species and are often essential drinking water reservoirs.

However, there is limited information about the presence of microplastics (MPs) in these water bodies. Thirteen

Keywords: sediment samples were collected across a Danish urban lake to map MPs, including tyre wear particles (TWP).

Urbfm Lake The lower size detection limit was 10 um. MPs were quantified as counts, size, and polymer type by Fourier-

IS\:filmelrltst' transform infrared microspectroscopy (UWFTIR) and mass estimated from the 2D projections of the MPs. As
lcropiasties TWP cannot be determined by uFTIR, counts and sizes could not be quantified by this technique. Instead, TWP

Tyre wear particles . .

WFTIR mass was determined by pyrolysis gas chromatography mass spectrometry (Py-GC/MS). The average MP

Py-GC/MS abundance was 279 mg kg™! (uFTIR), of which 19 mg kg™ (Py-GC/MS) were TWP. For MPs other than tyre

wear, the average MP count concentration was 11,312 counts kg~ '. Urban runoff from combined sewer over-
flows and separate stormwater outlets combined with outflow from a wastewater treatment plant were potential
point sources. The spatial variation was substantial, with concentrations varying several orders of magnitude.
There was no pattern in concentration across the lake, and the distribution of high and low values seemed
random. This indicates that large sampling campaigns encompassing the entire lake are key to an accurate
quantification. No preferential spatial trend in polymer characteristics was identified. For MPs other than TWP,
the size of buoyant and non-buoyant polymers showed no significant difference across the lake, suggesting that
the same processes brought them to the sediment, regardless of their density. Moreover, MP abundance was not
correlated to sediment properties, further indicating a random occurrence of MPs in the lake sediments. These
findings shed light on the occurrence and distribution of MPs, including TWP, in an inland lake, improving the
basis for making mitigation decisions.

1. Introduction

Plastic is versatile, resilient, cheap, and lightweight. These properties
have led to its ever-growing use, with manufacture currently reaching
approximately 300 million tons worldwide in the last 50 years (Bharath
et al., 2021). Upon use, most plastic is landfilled or burned, while some
is simply dumped in the environment (Yang et al., 2022). Only about 9
% of plastic waste is recycled globally, leading to significant stress on the
environment and natural resources (OECD, 2023).

Once MPs are in the environment, they tend to persist. Their
breakdown into smaller MPs, chemical degradation, and biological
decomposition is slow and strongly dependent on the environment they
are in (Corcoran, 2020). Where there is no light and little oxidative
potential, they may persist for generations (Simon-Sanchez et al., 2022).
MPs are found all over the globe, from the high artic (Giindogdu et al.,
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2021) to the world’s desserts (Wang et al., 2021). The spreading is
facilitated by their small size and low density, leading to them being
easily spread and transported by wind and water over long distances
(Reimonn et al., 2019). MPs are present in habitats worldwide, from soil
to water and atmosphere (Molazadeh et al., 2022; Simon-Sanchez et al.,
2022; Vianello et al., 2019), even in habitats of sparsely populated re-
gions, such as Antarctica (Kelly et al., 2020).

Plastics are suspected to cause physical harm to organisms such as
fish, mammals, invertebrates, and birds upon intake (Cole et al., 2015;
Lusher et al., 2016; Monclis et al., 2022). Small MPs and nanoplastics
(NP) might also translocate into the tissue of organisms, causing detri-
mental impacts (Dong et al., 2023). Finally, some MPs may act as vectors
for toxic compounds, either by sorbing pollutants from the environment
or by containing toxic additives (Besseling et al., 2019; Cole et al.,
2011). An example of the latter is tyre wear particles (TWP), a MP type
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which lately has been identified as a potentially rather toxic part of the
microplastic litter (Knight et al., 2020).

MPs in freshwaters have in recent years received increasing atten-
tion, partly because freshwaters can convey MPs to the marine envi-
ronment, and partly because MPs may affect their ecosystems. Inland
lakes are, in this respect, of considerable importance as they provide
habitats for local species and often act as drinking water reservoirs
(Eriksen et al., 2013; Islam et al., 2022). Some of these are urban lakes
which receive urban and highway runoff, resulting in them receiving
more anthropogenic pollutants, e.g., MPs, than many natural lakes
(Hengstmann et al., 2021).

The level of MP pollution in lakes has been shown to be comparable
to that of marine waters (Ding et al., 2019; Yonkos et al., 2014).
Moreover, inland lakes, especially in densely populated urban areas, are
typically much smaller than the open sea, which leads to less dilution
and hence potentially higher concentration and accumulation in their
sediments. While the presence of MPs in lakes has been reported by
several studies (Mercy et al., 2023; Scopetani et al., 2019; Srinivasalu
et al., 2021; Malla-Pradhan et al., 2022), their occurrence and distri-
bution in urban lakes is less well documented, and data on TWP is
scarce. The objective of the present study is to add knowledge on MP
including TWP in such lakes by studying their occurrence in the sedi-
ments and analysing their spatial variability within a lake. The MPs are
quantified by Fourier-transform infrared microspectroscopy (uUFTIR
imaging) and by pyrolysis gas chromatography mass spectrometry (Py-
GC/MS) for TWP.
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2. Material and methods
2.1. Site description and sample collection

Brabrand Lake (Brabrand Sg¢) is in the western part of Aarhus city,
Denmark, and is surrounded by a dense littoral zone with reeds and wet
meadows (Matamoros et al., 2012). It receives water from Aarhus River
(Arhus A) after it has passed the artificial wetland Arhus Engsg
(56°144706 N, 10°096916 E) established in 1998. It discharges to the
lower part of Aarhus River at Andebroen (56°140339 N, 10°144498 E),
which ultimately discharges to the Aarhus Bay in the centre of the city.
The lake furthermore receives urban runoff from numerous separate
stormwater outlets and combined sewer overflows, as well as discharge
from a wastewater treatment plant (WWTP) (Viby Renseanlag) via Dgde
A (Dead River) (56°137945, 10°136352). The treatment plant serves
pprox.. 120,000 population equivalents and applies mechanical pre-
treatment, nitrification, denitrification, phosphorous removal, and a
final polishing of the effluent through a sand filter. The lake covers
153.8 ha and has a total catchment of 31,000 ha. The average water
depth is 0.85 m, and the maximum is 2.70 m (Fig. 1). Moreover, the
water in the lake has an average hydraulic retention time of 12 days. The
full extent of the lake was dredged in 1988-1995, where 0.5 million m>
of sediment was removed to a depth between 0 and 0.9 m. Legacy
pollution from before the establishment of the wastewater treatment
plant was hereby removed.

To assess the amount of MPs including TWP accumulated in the lake
sediments, five transects were laid out at which a total of 13 samples
were collected (Fig. 1). A Van Veen grab was used for the sampling,
which was conducted in August 2021. The sediment was sampled in a
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Fig. 1. Map of the lake showing the sampling stations (L1-L13). The inlet is in the western part of the lake, while the outlet is in its eastern part.
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dry period, defined as no rain at least 2 days prior to the activity. For
each sampling location, 2-3 kg of bulk sediment from the top 5-8 cm of
each grab was collected and stored in a glass jar. The lake has an annual
sediment accumulation rate of about 1 cm per year (Sgndergaard et al.,
2008). Thus, the samples are expected to represent recent sediment
deposition covering about 5-8 years. The samples were immediately
transferred to the laboratory and stored at 5 °C for further analysis.

2.2. Sediment characteristics

Sediments were characterised for organic matter content and grain
size distribution. The former was done by muffling dried sediment of
known weight at 550 °C for 4 h in a muffle furnace, and the weight loss
on ignition was determined (ASTM, 2000). The grain size distribution
followed the same procedure as described by Molazdeh et al. (2023). In
brief, sieves with different mesh sizes were used for size classification of
grains > 63 pm and hydrometer tests were used for grains < 63 um
(Asadi et al., 2019).

2.3. MP extraction

MPs were isolated by following the procedure described by Molaz-
deh et al. (2023). In brief, approximately 1.5 kg of homogenised sub-
sample was taken from the jar and transferred into a pre-cleaned glass
beaker. The subsample was pre-oxidised by gradually adding hydrogen
peroxide (50 % H20,) and Milli-Q water while gently stirring the sedi-
ment to achieve a maximum of 10 % H505 as the final concentration.
The process was repeated until no foaming occurred when adding H2O».
The oxidised samples were wet sieved through 2 mm and 5 mm stainless
steel sieves (Retsch GmbH, Germany) before drying in an oven at 50 °C
until a constant dry weight was achieved. Of the < 2 mm dried samples,
subsamples of 100 g went through density separation using sodium
polytungstate (SPT) solution (p = 1.8 g cm™>) in a 2 L pear-shaped
separator funnel.

The mixture of sediment and SPT in the funnel was aerated for 30
min by passing filtered compressed air from the bottom, then left to
settle for 24 h, upon which the settled fraction was drained away while
the floating fraction was filtered through a 10 pm stainless steel filter.
The collected particles were then transferred into a sodium dodecyl
sulphate (SDS, 5 % w/vol) solution with a constant stirring and incu-
bated at 50 °C for 48 h. To further degrade the remaining organic ma-
terial, the particles underwent a two-step enzymatic digestion using a
blend of cellulase (Cellulase enzyme blend®, Sigma-Aldrich) and
cellulolytic enzymes (Viscozyme®L, Sigma-Aldrich) for 48 h, followed
by protease, for another 48 h (Protease from Bacillus sp.®, Sigma-
Aldrich) (Chand et al., 2022; Molazadeh et al., 2023). Both steps were
performed at 50 °C. Subsequently, the samples underwent a Fenton
oxidation by transferring the filtered particles into 200 mL of Milli-Q
water, with the addition of 145 mL 50 % H505 and 62 mL of 0.1 M
iron sulphate (FeSO4). The pH of the mixture was adjusted to 3 by
adding 65 mL of 0.1 M sodium hydroxide (NaOH) while the temperature
was maintained at 15-30 °C. The collected particles were split into two
size fractions by filtering over a 10 pm and a 500 pm stainless steel mesh.
The large particles retained on the larger mesh were collected and dried
at 55 °C, after which they were added to the fraction of 2-5 mm and
analysed one by one. Particles < 500 ym were transferred to a 250 mL
separation funnel with SPT solution (p = 1.8 g cm™2), and went through
a second density separation following the same procedure as described
previously. The floating particles were filtered through a 10 pm stainless
filter and transferred into 50 % ethanol (HPLC grade), upon which they
were transferred to a 10 mL glass vial and dried in an automated solvent
evaporator (TurboVap® LV, Biotage) at 50 °C. Finally, 5 mL 50 %
ethanol was added to the vial to mobilise the particles.
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2.4. MP and TWP analysis

2.4.1. Particles > 500 ym

Potential MPs > 500 pm were visually sorted and photographed
under a stereomicroscope (ZEISS, SteREO Discovery.V8, Oberkochen
Germany). The software ZenCore (Zen2Core SP1 from ZEISS) was used
to measure their morphology. All suspicious particles were then ana-
lysed by Attenuated total reflectance (ATR) FTIR spectrometry (Cary
630 Agilent Technologies, with a single reflection diamond ATR) for
chemical composition. The obtained IR spectra were compared with a
commercial library in the software OMNIC (Thermo Fisher Scientific
Inc., 8.2.0.387 version 1). If particles suspected to contain TWP had
been seen, these would have been analysed by Py-GC/MS. The particle
mass was estimated from the area of the particle images applying the
same approach as for the MP < 500 pm.

2.4.2. Particles < 500 ym

2.4.2.1. MP analysis. After homogenising the 5 mL solution well, an
aliquot was deposited on a ¥13 x 2 mm circular zinc selenide window
using a glass capillary micropipette. The window was restricted by a
compression cell with a @10 mm effective area (Pike Technologies). The
window with its deposited aliquot was dried on a heating plate at 55 °C.
This procedure was repeated until enough particles were deposited on
the window. For each sample, the deposition was done for at least three
windows to ensure that the deposited volume was representative of the
whole sample. After drying, the window was scanned employing focal
plane array (FPA) pFTIR imaging (Agilent Cary 620 FTIR microscope
equipped with a 128 x 128 pixel FPA Mercury Cadmium Telluride de-
tector, coupled with an Agilent 670 IR spectroscope), resulting in a pixel
resolution of 5.5 um. The acquired IR map was analysed by siMPle, a
freeware for automated MP detection (Primpke et al., 2020b). The
software allows detection of MP polymer type, size, and shape of par-
ticles, and estimates their mass based here on. The library used for this
study was based on the library used by Rist et al. (2020), but extended to
380 reference spectra, covering both synthetic and natural materials
(Molazade et al., 2023).

2.4.2.2. TWP analysis. Py-GC/MS was used to measure the concentra-
tion of TWP in the sediment extracts. An aliquot of 50-750 pL from the 5
mL concentrates was added to a sample cup using a glass capillary
micropipette and dried on a heating plate at 30 °C. The Py-GC/MS
consisted of a microfurnace pyrolyzer EGA/Py-3030D (FrontierLab,
Japan) and an auto-shot sampler AS-1020E (FrontierLab, Japan) unit
connected to a Thermo Scientific TRACE 1310 GC and an ISQ™ single
quadrupole GC/MS part, using helium as the carrier gas. The gas from
the pyrolyzer was injected in split mode (ratio 30:1). Deuterated poly-
styrene (PS-d8, 0.2 g/L) dissolved in dichloromethane was used as in-
ternal standard. The procedure consisted of a pyrolysis step at 600 °C
with an interface at 280 °C. The temperature in the GC-oven was first set
to 40 °C and the column heated for 2.5 min, then the temperature was
increased gradually (10.5 °C min™!) to reach a final temperature of
300 °C for 5 min. The mass spectrometer was run in EI positive mode
(70 eV; m/z range: 35-500, scan time: 0.204 s), and the transfer line and
ion source were maintained at 250 °C and 200 °C, respectively. Blank
control was conducted between every sample. Quantification was done
using an external calibration curve generated for the selected indicator
compound, 4-vinylcyclohexene. Which indicators to use for quantifica-
tion of tyre tread material is debated (Rgdland et al., 2023). Initial
studies in our lab had shown that 4-vinylcyclohexene was an appro-
priate marker for the mix of cryo-milled car and truck tyre tread used to
establish an external calibration curve. This marker has also been used
by several other studies to quantify car tyre material (More et al., 2023;
Mun et al., 2022). The tread material was sourced from Denmark and
Sweden (Genan, Denmark), i.e., following the suggestion of Miller et al.
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(2022) that regionally representative tyre tread mixes should be used to
interpret the pyrograms.

2.5. Equivalent diameter (Deg)

The equivalent diameter (Deq) of each particle was calculated ac-
cording to Wadell (1932), using each particle’s three side lengths A, B,
and C (Eq. (1)). The particle’s major and minor dimensions were ob-
tained from the siMPle software while the third dimension was esti-
mated as 60 % of the minor dimension as described by Simon et al.
(2018) and later modified by Liu et al., (2019a). The Deq was then
calculated by assuming a sphere of the same volume as the ellipsoid (Eq.

).

D,, = VABC
2.6. QA/QC

Several measures were taken to reduce the procedural contamina-
tion. All labware were flushed thrice with particle-free water while all
filters were muffled at 500 °C prior to use. Cotton lab coats were always
worn in the lab. Samples were always handled inside a fume hood and
covered with aluminium foils or glass watches. All solutions were pre-
filtered on 0.7 pm glass fibre filters. In addition, an air filtering device
with HEPA filter (H14, 7.5 m?) was continuously filtering the air in the
lab. However, due to the pervasive presence of MPs, some contamina-
tion is inevitable. Hence, triplicate laboratory procedural blanks were
prepared using washed sand (75-1000 pm, Baskarp Sand No. 15)
muffled at 500 °C alongside the lake samples (Molazadeh et al., 2023).
The blank control samples went through the same processes as the
sediment samples. The lower size detection limit for MPs was considered
as 11 um, given that particles comprising just 1 pixel (5.5 pm) were
excluded from the data analysis using siMPle, and the filter mesh size
used in sample preparation was 10 pm.

The sample preparation may cause some loss of MP due to incom-
plete separation during, for instance, density separation. The extraction
efficiency of the applied extraction protocol was assessed in a separate
method study for the Danish EPA (Liu et al., 2023), which ran parallel to
the current study. Here a recovery test was conducted by adding a
known number of easily distinguishable plastic beads to muddy marine
sediments, which then underwent the previously described sample
preparation process. Four types of beads (polypropylene (PP) 45-63 and
75-90 pm; polystyrene (PS) 45-63 and 90-106 pm, Cospheric) were
spiked to 24 subsamples, 6 from each of the 4 natural sediments. The
MPs used for the spiking represent the most abundant environmental
MPs in terms of polymer density and size, as detected by the applied
protocol (Molazadeh et al., 2023). The microbeads were manually
counted under a stereomicroscope (ZEISS, SteREO Discovery.V8) before
being spiked to the sediment (Fig. S1). After extraction, the recovery rate
was determined by counting the microbeads in the extracted aliquots,
yielding average recovery rates between 50 and 90 %, mainly depending
on the sediment type.

Some natural materials have spectra quite close to those of PP and
polyethylene (PE). To prevent false positive identifications, these
spectra were incorporated into the siMPle library as natural materials,
categorised under a group named ’fake particles’ (Molazade et al.,
2023).

2.6 .. Statistical analysis

The Shapiro-Wilk normality test was applied to assess the normality
of datasets. To investigate if there were significant differences in MP
sizes and mass between samples, a non-parametric Kruskal-Wallis test
was performed. If differences existed, a Wilcoxon rank sum test was used
for pairwise comparison. Moreover, the test was also performed on
particle size comparing buoyant and non-buoyant polymers.
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3. Result and discussion
3.1. Overall MP and TWP abundance

3.1.1. MP concentrations excluding TWP

Regarding MPs that could be identified by pFTIR imaging, i.e.,
excluding TWP, which is discussed in section 3.1.2, Brabrand Lake
sediments held quite many MPs, with a global average of 11,312 count
kg~ !, corresponding to an estimated mass of 260 mg kg™! (dry weight,
Table S1). The blank contamination was low compared to the measured
concentrations, namely 167 item kg ™! and 11.99 pg kg ™!, corresponding
to 1.48 % and 0.00546 % of the average MP number and mass con-
centration, respectively (for details see supplementary materials, the
section on MPs in blanks). The results were not corrected for recovery as
MP is a diverse group of materials, and it is debatable if measured MP
concentrations should be corrected based on recovery deducted from
‘ideal’ particles such as microbeads.

Fig. 2 compares the MP level in Brabrand Lake sediment with other
solid matrices. These data all originate from the same lab as the present
study and were prepared by quite similar procedures and analysed by
the same pFTIR instrument. The main reason for choosing these datasets
was that comparing data analysed the same way should be less prone to
quantification bias than comparing datasets across laboratories. TWP
could not be included in the comparison as those studies did not report
this parameter.

The lake sediment held on average 22 times more MP mass than
those of sediment from a stormwater pond discharging directly to it
(Molazadeh et al., 2022). However, the MP mass concentration in the
lake was lower than that of a stormwater pond in another Danish city,
studied by Olsen et al. (2019) (402 mg kg’l). The lake sediment was on
the other hand much more polluted than sediment from a Danish fjord. It
held 55 times more MP than what was found in marine sediment from
Odense Fjord, Denmark (Liu et al., 2021a). Comparing to a completely
different matrix, namely sewage sludge, the lake sediment was slightly
more polluted than sludge from a Swedish WWTP (230 mg kg 1) but less
polluted than digested sludge from the same plant (370 mg kg 1) (Chand
et al., 2021). Comparing to another type of matrix, namely the dust that
accumulates on roads, the lake sediment was on average 2 times more
polluted than that of road dust collected in an industrial area (Ras-
mussen et al., 2023). All data were compared on a dry matter basis
(Fig. 2A). Comparing the number of detected MPs in the Brabrand Lake,
i.e., the MP counts instead of the mass, to those other matrices, the
pollution level was significantly lower than other urban matrices but in
the range of the marine sediment (Odense Fjord) (Fig. 2B).

Most MPs have in literature been reported as particle counts and not
mass. Compared to other lakes in different continents, our findings
showed a significantly higher MP count concentration in sediment
(Bharath et al., 2020; Yin et al., 2020; Gopinath et al., 2020a; Li et al.,
2019; Qin et al., 2019; Dean et al., 2018; Merga et al., 2020). For
instance, 396 count kg~ was reported in sediment of Lake Vesijarvi in
Finland (Scopetani et al., 2019). That in sediment of Lake Michigan in
North America ranged from 33 to 6229 count kg*1 (Lenaker et al.,
2019). Some of the most polluted lake sediment reported was from Lake
Bizerte in Tunisia with 7960 count kg~?, high but still 1.4 times below
the present study (Abidli et al., 2017). However, Tangxun Lake in China
(Shi et al., 2022) held on average 1.6 times more MP than Brabrand
Lake, with 1.81 + 1.75 x 10* count kg%

Several factors are likely to have contributed to the differences be-
tween studies: for example, true differences in concentrations at the
locations, differences in sampling strategy, and differences in analytical
approach. The latter is known to affect the results quite significantly, for
example when analytical methods have different lower-size quantifica-
tion limits and differences in analytical accuracy, making comparison
across studies quite challenging (Primpke et al., 2020a,b). Moreover, the
size range investigated in different studies can affect the comparison. In
the current study, MPs in the range of 10-5000 pm were investigated
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Fig. 2. MP contents reported by authors from the same lab measured in
different solid matrices in terms of estimated mass (A) and count (B) per kg of
dry matter. The figure only shows those MPs that could be identified by uFTIR
imaging and TWP is hence not included in the datasets.

(Fig. 3). Small-sized particles tended to be more abundant, and most
MPs (63 %) were smaller than 100 pm. In contrast, MPs > 400 pym
accounted for only a small portion of the MPs, namely 3.5 % of all
counts. Compared to for example the findings of Bharath et al., 2020
who investigated MPs > 300 um and reported that the majority (47 %)
were in the size range 300-1000 pm, in the current work only 6.6 %
were in this size range and 93 % were smaller than the 300 pm which
was Bharath et al.’s lower limit. In the study conducted by Lenaker et al.
(2019) in Lake Michigan, MPs of their smallest size fraction (125-355
um) made up 62 % of the MPs, while such MPs in the current study only
made up around 20 %. We would have found roughly 70 % less MPs had
we only studied particles > 125 pm. Lenaker et al. reported that
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Fig. 3. Percentage of MP by counts after sorting MPs into bins according to
their major dimension.

355-999 um MPs made up 24 % of all MPs, while this size range in our
study contributed only about 5 %. Shi et al. (2022) found that particles
< 1000 um were dominant in the sediments of Tangxun Lake in China
when studying MPs to sizes below 50 um (no lower size limit was stated).
The same was concluded in the current study where 99.5 % of MPs were
< 1000 pm.

There are several potential input pathways and sources to the lake.
MPs could come via Aarhus River; however, the river passes an artificial
wetland established in 1998, 3 years after the lake was dredged, and it
seems reasonable to assume that much pollution would be retained here
(Ziajahromi et al., 2020). Urban runoff from combined sewer overflows
and separate stormwater outlets combined with outflow from the WWTP
seems more likely to be significant sources (Ballent et al., 2016).
Furthermore, separate stormwater can hold misconnected wastewater
which then is discharged to the lake (Panasiuk et al., 2015). Diffuse
sources may also play a role, as wind can carry MPs from the city and
into the lake, and natural surface runoff via small streams and channels
can convey MPs to the lake (Wang et al., 2022). Last but not least, MPs
generated from the fragmentation of larger plastic litter cannot be
excluded as a source (Lechner and Ramler, 2015).

3.1.2. Occurrence of TWP in the lake

The global average concentration of TWP over the lake was 19 mg
kg~! (Table S1). The TWP concentration of the present study can be
compared to those from other laboratories, mainly because Py-GC/MS is
not affected by the lower size limitation, for which data are reported in
section 3.1.2. However, few such data exist for urban lakes. Hence
compared to other environments, the lake was on average 264 times
more polluted than the most polluted sediment sampled from the
southern German Bight, and river Weser, Northwest Germany (0.072
mg kg’l) (GoBmann et al., 2021). The authors measured TWP in 10
sediment samples (3 from the southern German Bight, 7 from river
Weser) and reported that only 6 showed tyre wear indicator signals. It is
worth noticing that the river sediments containing TWP were taken in
close vicinity to a highway or city. The sediments obtained from the
German Bight were collected at locations that were further away from
the coastline (GoBmann et al., 2021). The TWP concentration in Brab-
rand Lake was lower than that of dust from a parking lot located in a
commercial area and a road in an industrial area, holding respectively
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69 and 2868 mg kg~! TWP (Rasmussen et al., 2023). The average con-
centration of tyre and road wear particles (TRWP) in sediment samples
from the river Seine (France), Chesapeake Bay (U.S.), and Yodo-Lake
Biwa (Japan) watersheds were respectively 4500, 910 and 770 mg
kg~! (Unice et al., 2013). This is higher than in the present study, but to
exactly what degree is not clear since Unice et al. analysed styrene
butadiene rubber plus natural rubber based on styrene as marker com-
pound and from this estimated the amount of TRWP, while the present
study applied 4-vinylcyclohexene as a quantification compound for TWP
by means of an external calibration curve made by a mixture of
regionally sourced tyre particles. Firstly, TRWP differs from TWP by also
including material from the road and its dust. Secondly, 4-vinylcyclo-
hexene is a more specific marker for styrene butadiene rubber and
butadiene rubber than styrene (GoSmann et al., 2021) but does not mark
natural rubber. Direct comparison between these numbers is hence
somewhat problematic.

In a modelling study conducted by Unice et al. (2019) the authors
projected that 49 % of total TWP emissions go to runoff, thus runoff is a
significant source of TWP to downstream systems if it doesn’t receive
proper treatment. Runoff from various point discharges to Brabrand
Lake could hence be an important source of this pollutant in the lake.

3.2. Spatial distribution of MP

3.2.1. Mps excluding TWP

While MPs were found at all 13 locations across the lake, the spatial
variation was substantial (Fig. 4). No clear trend was seen as high and
low MP-concentrations seemed randomly spread across the lake. The
highest abundance by counts was at L12 (38,460 counts kg™'), the
easternmost sampling location close to the lake outlet, while the lowest
was at L1 (747 counts kg™1), the westernmost sampling location where

1128000 1123000

1130000
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Aarhus River discharges to the lake (Table S1 and Fig. 4A). However,
just south of L1 there was L2, which held 15 times more MP counts.
When measured by estimated particle mass, the variation was even
larger. L1 was again the least polluted location with a rather low con-
centration of 0.042 mg kg~!. For MP mass, the highest concentration
was, however found in the lake’s middle region L8 (2,701 mg kg™ 1),
which was 6 orders of magnitude above L1. The variability in estimated
mass was much higher than the variability in counts, which was caused
by a few large MPs. For identical particle shapes, the mass comes in the
third power of its dimension, and finding some large MPs hence results
in a much larger estimated mass. In a study of one the stormwater ponds
discharging to Brabrand Lake, Molazade et al. (2022) found a quite
similar variability in the pond. Similarly, Liu et al. (2022) and Gopinath
et al., (2020b) found great spatial variability for Chaohu Lake and Red
Hills Lake.

When the purpose of a sampling campaign is monitoring a MP
contamination level in aquatic sediments, spatial variability must hence
be considered. Basing a conclusion on one or just a few grab samples is
likely to yield unreliable results, either over- or underestimating the
contamination level. To account for the patchiness, a quite large sam-
pling campaign must be designed. Even the rather decent campaign of
the current study was on the low side of what is recommendable if the
goal is to estimate the total amount of MPs in Brabrand Lake.

The reasons for the patchiness can only be speculated on. There are
probably many factors that interact and contribute to the observed
variability, among which the closeness to a source can be one. It could
for example be argued for L1 that it is dominated by the water from
Aarhus River, which was ’pretreated’ in the artificial wetland, and hence
maybe low on MP. Or maybe the "water jet’ from the river flushes light
particles like MPs further into the lake. Local hydraulic conditions may
also explain other high or low concentrations. Maybe L2 is in a
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deposition zone, leading to light particles settling out. Maybe it is pro-
tected from the predominant westerly wind. Leads et al. (2023) reported
for example, that wind direction on the day of sampling was the greatest
contributing factor to the MP abundance they found. However, without
very detailed studies — and maybe even then - it seems unachievable to
establish causality between observations and influencing factors in a
system which is as dynamic as a shallow urban lake. From a pragmatic
viewpoint, the patchiness might instead be treated as random.

3.2.2. Tyre wear particles

Like other MPs, the spatial distribution of settled tyre particles
seemed random, and no preferential pattern could be identified
(Fig. 4C). The concentration of TWP at the outlet of the lake (L12) was
one order of magnitude above the highest concentration in the rest of it.
L12 also held the highest MP count of other plastic types, while it in
terms of mass of those MPs ranked as the third most polluted location.
TWP was present in lowest concentrations at L1, which also was the least
polluted in terms of other plastic types. In general, there was, however
no correlation between the mass of TWP and the mass of other MP types
at a location. With the caveat that it may be problematic to compare
mass estimated by pFTIR and mass determined by Py-GC/MS, TWP was
a minor contributor to the total MP mass at 2 of the locations (Table S1).
In other cases, it was present in concentrations roughly corresponding to
(3 sampling locations), or above (8 sampling locations), the sum of other
plastic types (Table S1), illustrating that when assessing the MP
contamination of this lake, contamination caused by tyre particles
should not be overlooked.

3.3. Polymer composition, size, and mass

3.3.1. Polymer composition

In addition to tyre wear material identified by Py-GC/MS, a total of
15 polymer types were identified by pFTIR. Of those, 5 were present in
rather low concentrations and were lumped into a group called *Others’
(see supplementary information for the polymer types, Table S2). They
accounted for 0.15 % of the particle mass estimated by pFTIR, and 4.2 %
of the particle counts. The dominant polymers as particle mass and as
found by uFTIR were PP (78.7 %), PVC (10.7 %) and polyester (5 %),
together constituting 94.5 % of all MPs (Fig. 5). The high composition of
PP held true also when measured as particle number (34 %), now fol-
lowed by polyester (23 %) and PE (15 %). The prevalence of PP in
sediments of freshwater systems have been reported by other authors,
for example Olesen et al. (2019), Liu et al. (2019b), Bharath et al.
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Fig. 5. Polymer composition of the MPs detected in the lake by pFTIR. The
concentration is given as particle counts and estimated mass. The tyre wear
particles were excluded in this graph since their number cannot be identified by
Py-GC/MS.
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(2020), and Molazadeh et al. (2022). The high level of PP is probably
linked to its high consumption in daily life (plastic Europe 2020).
Including TWP in the analysis, the ranking changed as tyre wear parti-
cles stood as the second most abundant polymer across the lake,
constituting 6.9 % of the total MPs identified. Such comparison must
though be taken with a grain of salt, as comparing concentration data
using different analytical approaches is not always reliable. So did
Primpke et al. (2020c) find that when estimating mass from uFTIR data,
the polymer masses were overestimated in samples containing larger
and many particles. Doing a quite similar comparison, Kirstein et al.
(2021) on the other hand found that masses correlated well when con-
centrations were high, but poorly when they were low.

No preferential spatial distribution of polymer composition was seen
in the lake, indicating a rather random distribution. This held true for
particle counts and mass (Fig. 6). Of MPs detected by pFTIR, buoyant
polymers (PP + PE) were abundant at most sampling locations.
Considering that PP and PE are lighter than water, there must be some
process or processes causing MPs that intrinsically float to reach the
sediments of the lake. This could, for instance, be mixing induced by
turbulence, aggregation with microorganisms and naturally occurring
particles, biofouling, and mineral formation (Lobelle and Cunliffe, 2011,
Semcesen and Wells, 2021, Molazadeh et al., 2022). What is the domi-
nant process remains speculation but considering that the average hy-
draulic residence time in the lake is only 12 days, and that the lake is
only around a meter deep and not stratified, physical turbulence-driven
transport seems a likely candidate for being the dominant mechanism
(Molazadeh et al., 2022). Considering TWP, it dominated the polymer
type of most sampling locations (Table S1 and S2), however, due to the
limitation of Py-GC/MS to detect the number of particles, this polymer is
not included in Fig. 6.

3.3.2. MP size and mass

Accounting for the size of MPs at each location, most were smaller
than 100 pm (Table S2). In order to compare the size and mass distri-
bution of MPs of different sampling locations, a non-parametric Kruskal-
Wallis test (as data were not normally distributed as tested by a Shapiro-
Wilk normality test) was performed (Table S4 and S5 and Fig. S2). No
spatial pattern was seen for the particle size and particle mass distri-
butions of MPs, and mass and size distribution of MPs in many, but not
all, locations were similar (p > 0.05). This led to the conclusion that
preferential accumulation of heavy and large particles had not occurred.

Despite the absence of any trends, there were some locations that
showed different size and mass distribution (p < 0.05), which probably
was due to random deposition patterns. In other words, closeness to
potential sources such as the upstream wetland, the combined sewer
overflows and stormwater outfalls on the northern shore, and the WWTP
discharge at the southeast part of the lake did not affect the MP size and
mass at the sampling locations.

3.3. The effect of MP size on MP abundance and distribution pattern

The occurrence of buoyant and non-buoyant MPs in the bed sedi-
ments at high concentration but with no obvious pattern of distribution,
brough up the question how they spread across the lake. One reason for
not seeing a pattern might be turbulence induced by wind and inflows,
that causes eddies, which then mix the water (Bentzen et al., 2009).
Small particles will follow the eddies as their intrinsic sinking or rising
velocities are much smaller than the local water velocity inside the eddy
(Shamskhany and Karimpour, 2022). Even dense sub-millimetre parti-
cles do not sink along a straight path but move chaotically depending on
time and space-dependent flow-patterns (Molazadeh et al., 2023).
Another reason could be that MPs in sediments reflect long-term accu-
mulation. The lake is quite shallow, and strong winds can cause sedi-
ments to resuspend and redeposit. How and where will depend on
parameters such as wind direction and strength. Such reshuffling of the
sediments could easily mask an intrinsic pattern caused by closeness to
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Fig. 6. Polymer composition of the MPs identified by pFTIR at each sampling locations, measured by particle counts (A) and mass (B).

sources. Moreover, from sediment transport theory it is well-known that
size can play an important role in transport and sinking of particles
(Shamskhani and Karimpour, 2022). For instance, regardless of their
high density, small particles like silt (0.004-0.062 mm) and sand
(0.06-2 mm) can be transported over long distances before reaching a
low-velocity zone and settle (Shamskhani et al., 2021).

The equivalent spherical diameter (Deq), which to some degree also
covers the effect of shape, was applied to see if particle size had
impacted the occurrence of polymers, both buoyant and non-buoyant
ones (excluding tyre wear particles) (Fig. 7A and Table S6). The first
question was whether particles which intrinsically should float behaved
differently than particles which should intrinsically sink, i.e., buoyant
versus non-buoyant MPs. A Wilcox test showed no significant difference
(p > 0.05) between the size of buoyant and non-buoyant polymers after
lumping all the MPs identified from the lake (Fig. 7A). When the test was
done per sampling location, again, no significant difference was found, i.
e., the size of buoyant and non-buoyant polymers was similar (p > 0.05).
The only exception was L10 (p < 0.05).

This implies that it probably was similar processes that brought MPs
to the sediment, regardless of their density. It is worth noting that 90 %
of the detected particles had a Deq below 250 um. Such small particles

can get entrained by flow regardless of their density, and thus behave in
a similar manner (Shamskhani and Karimpour, 2022). For such small
sizes, MPs’ vertical motion is mainly dominated by turbulent dispersion,
and the density has a minimal effect on their dispersal. This was also
concluded by the modelling study of Shamskhani and Karimpour
(2022), who observed that the motion of fine MPs is mainly governed by
the ambient turbulent flow, while large particles’ vertical motion may
be dominated by gravitational settling or rising. Depending on the en-
ergy of flow, particles of different sizes and densities can become
entrained and thus deviate from their natural sinking or floating
behaviour and consequently be carried by the flow. Shamskhani and
Karimpour (2022) for instance, showed that in a stream with a turbulent
kinetic energy of 0.06 m?/s 2, 2 mm PE particles (pp = 940 kg m~%)
could get entrained by the flow, hence hampering their rising to the
surface.

This means that the vertical motion of MPs can be strongly influ-
enced by mixing and their behaviour in turbulent flow similarly
affected. How significant the effect is will depend on the turbulence, the
density, and the size of the MP. A thought experiment can illustrate this.
If density was the sole plastic property governing the transport and
distribution of MPs, all land-based debris composed of sinking polymers

100% i B 5 . .
B
Non-bouyant polymers
75% * Bouyant polymers
40%
—
5 =
] =
= 50% O
G 2
A~ (]
=%
20%
25%
A
0% 0% -. [—————§———|
0 250 500 750 1000 0-100 100-200  200-300  300-400 400-500 500-1400

Equivalent spherical diameter (um)

Absoloute density difference (AF)

Fig. 7. Equivalent spherical diameter (D.q), for buoyant and non-buoyant MPs identified by uFTIR (A) and their marginal density (B).
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like PVC and PET would settle in the close vicinity of an emission source,
depending on their intrinsic settling velocity in quiescent water. More-
over, low-density particles such as PE and PP would not be present in
sediment and high-density polymers, such as PVC and PET (p > 1.1 g
cm_3), would not be found at the water surface (Liu et al., 2019a). This is
obviously not the case as small particles with low marginal density (|fp-
fw|) can be expected to behave like passive scalers and follow flow paths.
Eddies caused by turbulence will hence occasionally cause them to
encounter the sediment bed where they might get trapped. The marginal
density of all MPs identified by uFTIR is shown in Fig. 7B. Most particles
(57 %) had a low marginal density, i.e., within + 10 % of that of the lake
water, and 63 % of particles were < 100 um (Fig. 7A). For fine particles,
the smaller the marginal density, the more likely the particle follows the
path of the flow, i.e., the streamlines. It must, though be noted that
turbulent particle transport is not the only explanatory process which
can contribute to explaining the observations. Small MPs have a large
exterior surface area to volume ratio and their overall density would
hence be more affected by biofouling and agglomeration.

3.5. Water depth and pedologic characteristics

Neither MP content identified by pFTIR nor TWP correlated to the
water depth at the sampling locations. It must though be kept in mind
that the water depth varied little, namely only from 0.5 to 1.5 m
(Table S7). Gholizadeh and Cera (2022) also studied MPs in sediments at
low water depth without finding a correlation to water depth. For a
deeper lake, Cera et al. (2022) on the other hand found that deeper
stations were more contaminated.

A rather weak positive correlation was found between the abundance
of MPs measured as counts and the organic matter content of the sedi-
ments (Table $7) (r? = 0.59) and silt content (r*> = 0.47), and there was
only a rather weak or no correlation between MP concentration
measured as mass and sediment properties (Fig. S3). This held true both
for MPs identified by pFTIR and for TWP. Similarly, Hengstmann et al.
(2018), Renzi et al. (2018) and Vermaire et al. (2017) did not observe a
correlation between MP abundance and organic matter of the sediments
they studied. In disagreement herewith, several other studies found that
there was a positive correlation between sediment organic matter con-
tent and MP concentration (Molazadeh et al., 2022; Liu et al., 2021b;
Corcoran et al., 2020). In terms of the effect of sediment grain size on MP
occurrence, Alamor et al. (2016) and Laju et al. (2022) did not observe a
clear trend between sediment grain size and MP deposition in coastal
shallow sediments whereas Falahudin et al. (2020) and Liu et al.,
(2021a), Liu et al., (2021b) found that MP correlated positively with the
silt content of marine and river sediments, respectively.

Conclusions on whether MP abundance varies with sediment char-
acteristics are hence vastly diverging, indicating that other factors and
environmental conditions might play a significant role on how MPs
distribute in the sediments of a water body. According to our findings,
the distribution of MPs in the lake sediments could be treated as random,
as no parameter could predict its accumulation. The reason can be site-
specific hydrodynamics of this shallow lake, in which sediment and MPs
contained herein occasionally are resuspended due to waves and inflow,
redistributed, and redeposited, leading to a chaotic and random distri-
bution pattern.

4. Conclusion

High concentrations of MPs, identified by uFTIR and Py-GC/MS,
were detected in the sediments of a Danish urban lake. The average
level of MPs other than TWP exceeded that of sewage sludge, suggesting
that the lake sediments had served as a long-term sink of plastic. The
spatial variability in MP mass estimated by uFTIR imaging was up to 6
orders of magnitude, while TWP measured by Py-GC/MS varied up to 5
orders of magnitude. There was no spatial pattern in the MP distribution,
indicating that a fine sampling grid is needed to accurately reflect MP
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abundance and distribution in such lake. PP was the most abundant
polymer found in the sediments, followed by TWP, emphasising the
importance of considering TWP when assessing MP contamination. The
study also showed that buoyant and non-buoyant MPs shared similar
distribution and were of similar size, suggesting that the same process
governed their transport to the sediments.
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Abstract

Intrinsically floating microplastics (MP; s.~h as polyethene (PE) or polypropylene (PP) are among the
most common MPs found in aquatic selirients. There must hence be mechanisms that cause lighter-
than-water MPs to deposit despite *hen. being buoyant. How these MPs end up in the sediment bed is
only partly understood. This st''dy .xplores how turbulence in the water can affect the vertical
movement of buoyant MP z1d L ing them in 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™) 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 was 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 validation for the concept of mixing induced

transfer of MPs from the water surface to the sediments of shallow waters.

Keywords: Buoyant MPs, Vertical transport, Turbulent flow, PTV
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. Pla.*"c pollution is linked to its
widespread use and inadequate practices in waste management, s w.ll as the physical properties of
plastics such as durability and floating ability. These propertir.s i sult in their easy transport in water
bodies (Moore, 2008).

With growing concern about the adverse environmental u,.acts of plastics, this topic has seen
increasing interest from the public, from legislators a'.d 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 particios 7.itentionally produced to sizes below 5 mm) (Cole et al.,
2011) or from the fragmentation of large: nlastic items under impact of light, heat, mechanical forces,
and other factors (secondary MPs) (An«r7u , 2011).

Studies of MPs in various water beu, s have shown that they cover a wide spectrum of properties in
terms of polymer, size, shape, de.>sn,, etc. which all affect their mobility and eventual fate
(Khatmullina and Chubarenkz «C29). MPs in a flowing water body, for example a river (Lu et al.,
2023) or the currents of a !2ke {Yan et al., 2022) or ocean (Liu et al., 2023), can be transported
longitudinal over long distc-.ces . 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 cm™ (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; Bharath et al., 2020).

MP density, and consequently their sinking behavior, have been widely reported to change in the
environment due to various mechanisms, 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 instabilities, despite an increase in density. These «d other findings (Besseling et al.,
2017; Li et al., 2019) indicate that processes other than simple si.*kinj or rising can affect the vertical
transport of MPs, and that they should be given more attentio.».

Another process which can affect the vertical transport o s is turbulence-induced mixing driven by
factors such as surface wind, temperature gradients, rive. flu v, and waves, as they cause motion in
addition to gravity and buoyancy, which then affec.s h¢ fate of particles (Shamskhani and Karimpoor,
2022). However, so far, physical drivers of M ‘rai.>nort within turbulent aquatic environments have
only sporadically been investigated. The grav..:tional velocity of MPs in quiescent water has been
examined by several researchers (Ballent e. 2l., 2013; Reisser et al., 2015; Kowalski et al., 2016;
Khatmullina and Isachenko, 2017; Kaise e al., 2019; Waldschl&ger and Schiuttrumpf, 2019). However,
water bodies like rivers and the upne- layers of lakes, fjords, and seas are not quiescent (laminar flow
conditions) but turbulent, and ex,enmental studies of the vertical velocity of MPs under such
conditions are scarce. Studiec 2aduvzssing turbulent conditions have been limited to modelling exercises
(Dily and Hoffman, 202., Si.>skhany and Karimpour, 2022). For example, in the study by
Shamskhany and Karimpor ' (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 measurements (Kukulka

et al., 2012; Kooi et al., 2016) as well as regional large-eddy simulations of oceans (Liang

etal.,, 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 (Chamecki 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 investigated. 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 Ilwasaki, 2022)
suggests the possibility of buoyant polymers existing in the water column and entering the sediments
rather than staying at the water surface. Furthermore, understandir.™ the role of turbulence in MP
transport is a prerequisite to predict the pathways and final endpr.ini. or MPs in water bodies, which in

turn will allow better estimates on local concentrations and cc.ise tuently environmental impacts.

The objective of this study was to better understand the ti*~hu.~nt transport of buoyant MPs. It was done
by tracking the movement of marginally buoyant MPs (P =articles) under turbulent flow conditions to
see how the ambient flow regime and conditions af’ec. their movement. The probability that a particle
can encounter the bed at different flow turbulent ! ‘ineuc energies and bed types was also assessed. For
this, Particle Tracking Velocimetry (PTV) &a~d Marticle Image Velocimetry (PI1V) were applied to
separately monitor the trajectory and veic-ities of individual PE particles and measure turbulence
characteristics. Different sets of experir e~ with different flow conditions and bed types were

conducted.

2. Material and methods

2.1 Experimental sew'n 2nd 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
Environment (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 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 subscripted with
respectively 1 and 2 in Table 1. In addition, to create a less turbulein flow condition at the lowest flow
rate, the inflow pipes (Fig. 1B) were turned in the opposite direc.'on 1f the flow, that is, the holes
pointed towards the upstream flume wall. By hitting the wall 'nd 1,eing reflected back into the flume,
some of the energy of the flow was dissipated, creating le< w.-bulence. This flow condition is
subscripted with 3 in Table 1.

(\ ) Wader imled ( B)

h=027m

1.2m

Fig. 1. Schematic of the €."ne. . iental set-up (A) front view of the customized water inlet pipe (B)

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 4M (CCD) digital camera) with a resolution of 2048x2048 pixels and an Nd:

Y AG double-pulse laser (Litron Lasers Nano -S200 15 PIV, wavelength: 532 nm), fitted with a powell
lens line optics to generate a planar light sheet, was used for the PI\VV 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 1,030 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 7.4 Hz within the FOV of approximately x6 cm. The FOV varied between
5.6 and 6.4 cm for different experiments, and was calculated froi  ca ibration images that captured the
water from ~1 cm above the bed. The time interval between e xch rame, i.e., between laser pulses, was
22 ms. The image pairs were processed using the open-se''vce software PIVIab (Thielicke and
Stambhuis, 2014). An FFT deformation algorithm (direct r>':iier transform correlation with multiple
passes and deforming windows) was used within thz r iVlab software to derive the velocity field. The
data were analyzed by this algorithm in 3 passes . ‘ith 128, 64, and 32-pixel interrogation areas
(Thielicke and Stamhuis, 2014).

To track the path of MPs and measure then *«elocity, 40 — 47 um spherical and fluorescent PE particles
(UVPMS-BR, Cospheric) with a density >f Y95 kg m™ were injected into the flume, and their
trajectories tracked. The laser sheet . ~r ihuminating the fluorescent particles was approximately 2 cm
deep. The particles emitted light i1 a ved color when excited by the laser, clearly distinguishing them
from other particles in the fle* ,* Jong-pass optical filter was mounted on the camera lens to capture
only the emitted (fluorewcny, »2d 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 followed over the time of measurement while passing the FOV. Each
measurement was repeated 6 times, for a total of 3 minutes 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 (The MathWorks Inc., 2020a) 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 instantaneous horizontal and vertical velocity components were decomposed
into a mean value and a fluctuation term (Eq. 1; Reynolds, 1895). Data from the PV measurements

provided the streamwise, u, and wall-normal, v, instantaneous flow .~locity fields.

u'=u—uandv' =v—-v (1)

where u and v are the instantaneous velocity components, & >nd ¥ the time-averaged components, and
the primes indicate their fluctuation terms. The turbulen. int.tic energy (TKE, Eq. 2) was used to
quantify the intensity of the turbulent flow. The laterz' velocity component is not measured by 2D PIV,
and 2D PIV hence provides velocity information .n « z.ane only, meaning in the streamwise-vertical
plane, neglecting the lateral velocity compor.ent The estimated TKE could hence not fully account for

the energy associated with the lateral turhulence.
1.7 . —>
TKE = - (u"* + v'?) (2
To investigate entrainment of hyp«thed..cal particle sizes and densities not physically tested in the flume

experiments, the dimensionless Ro.:se parameter was introduced (Eqg. 3).

Ws

P= BKu*

3

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

u* = Vu'v' (4)

To calculate the Rouse parameter, the particle terminal velocity (Ws) must be derived. For small
spherical particles, like the 40 — 47 um PE particles of the present study, W; can be determined by

Stokes law (Eq. 5) as it is valid for spherical particles < 100 pm.



gd?(Fp—Fw)
W, = B0t ®)

where g is the gravitational acceleration [m 5], d the particle diameter [m], fp the particle density [kg
m™], £, the density of the ambient water [kg m™], and p is the kinematic viscosity [m? s™'] 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 Eg. 6 (Isachenko, 2020).

3 (j) _fw)
Ws = jw*a)—)zgu (6)
where
W, = 10R

R = —3.76715 + 1.92944 log;, D, — 0.09815(log,_ D.)- — 0.00575(log, D.)? + 0.00056 (logyo D.)*

b - |Pp — Pw| gd®Py

Results and discussion

3.1.Measured flow characteristics

The measured flow characte. ‘stics, including turbulent kinetic energy (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. However, 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 experiments 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.



Table 1. 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 3.8x10%* 05 8.3284
Medium gravel 3 2.6 x10* 0.48 8.3284
Fine gravel 1 6.6 x 10 1.05 3.2288 i —d
Fine gravel 2 8.0 x 10 0.95 3.272% |
Fine gravel 3 2.6 x10* 0.47 | 3.2288 |
|
Medium sand 1 5.0x10* 0.8 0.2641
Medium sand 2 3.0x10* | 265 0.2641
|

Medium sand 3 6.3x10% | u.49 0.2641
Cohesive sediment | N.A. N.A. 0.0336
1
Cohesive sediment | I\ 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 -

8.7 x10* 0.86 -
Glass 3




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 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 Reynol. ' numbers (Stokes, 1851).

Fig. 2 shows the measured time-averaged velocities of the PE pa ticl¢ s for the fine gravel bed at

different flow conditions (the full set of experiments is showr in s ipplementary information, Fig. S2).

<

and u denote respectively the average vertical and horizenta, *elocity of each tracked PE particle (blue
stars in Fig. 2A). The measured vertical velocity of partic.~< deviated substantially from the Stokes
velocity. The Stokes terminal velocity for the testec’ iv.Ps (40 — 47 um) was between -0.000434 and -
0.000599 cm s™*, meaning the particles had posit; ‘e buoyancy in quiescent water and would have risen
towards the water surface at 0.000434 — 0.0.05%9 cm s™. However, in the experiments the tracked PE
particles showed both positive and negat. ‘e vertical velocity (Fig. 2 A, B, and Fig. S2.), meaning some
particles moved towards the bed and sc n-. “~wards the water surface. Moreover, the numerical particle

velocity was magnitudes above wha’ wc'iid be expected for quiescent water as predicted by Stokes law.
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Fig. 2. The mean (tracked average) velcci .’ cotained during 30 s of measurements for PE particles (A).
The red line depicts the Stokes rising, volocity of a 47 um PE particle, which was the upper size of the
particles tested in this study. l.e., (e veiocity which would be expected had the flow been completely
quiescent. B: Histogram of the mea.: (tracked average) vertical particle velocity with the estimated

density distribution (blue cLrve) The green line shows the Stokes velocity of a 47 um PE patrticle.

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 um 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
toward 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. |.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 a velocity 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 toward 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
>>1or Z<<1(Table S1 and Fig S3). In other words, even in flow 1 >aimes where the net transport was
upwards, many single particles were conveyed towards the bed. Juch phenomenon was also reported by
Kukulka et al. (2012) who observed that wind-driven turbuler t mi<ing within the surface boundary
layer in the ocean transferred and redistributed buoyant MPs ,~wer in the water column and hence
reduced the surface concentration. Rapid conveyance of vorticles towards the bed (downward
movement) and towards the surface (upward mover.ie it was hence driven by flow eddies. Such
movement can sweep particles along and give thc m an increased momentum. When a flow eddy
interacts with the bed, the inertia of a partic.~ it carries can cause it to leave the diverted flow eddy and
get into physical contact with the bed, wi.~re it may become immobilized. On the other hand, such flow
eddies might also cause ejection of part.c':. 2s they get swept off the bed. Whether a particle sticks to
the bed would depend on both particie «~a bed characteristics. In a coarse bed, for example, a particle
might get carried into the bed ana cat nnmobilized in its pores (Phillips et al., 2019). In a finer bed, the

particle might adhere to the be.' due to cohesive forces (Arnon et al., 2010).

The effect of different t.. >tne~2e conditions on the vertical velocity distribution of PE particles is
shown in Fig. S4. For each ~. the three conditions, the variability of particle velocities around the
median velocity 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 particles, 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 predominantly 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 g vope ‘ties of the flow include the
turbulent shear velocity. The Rouse parameter (P) was used t. que ntify where in the flow a particle will
be most likely to occur. P is a dimensionless parameter ucaa *n describe the relative significance of
inertial vertical movements of particles due to gravity anu Yt.oyancy compared to turbulent-induced
particle entrainment (Rouse, 1937). It represents thr. iio between the rising/settling ability of a particle
versus its vertical motion due to turbulent mixing ana integrates the effects of particle size and density
with the intensity of a turbulent shear flow (-q. 3). The application of the Rouse parameter for buoyant
and non-buoyant plastic particles has bec confirmed by Cowger et al. (2021) and Born et al. (2023).
When the shear velocity is low, the partic'c distribution in the water column is expected to be mainly
governed by the rising or settling ab’ii, a1 the particles, whereas turbulent mixing plays a minor role.
When the shear velocity is high, ti:» discribution is expected to be mainly governed by turbulent mixing,

i.e., the particles tend to be evcnly wistributed in the flow irrespective of their size and density.

Cowger et al. (2021) ste’..d 2t 2 <—2.5 characterizes surface load particles (travelling only at the
surface); —2.5 <P < —0.8 ch-.racterizes 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 um. Applying the Rouse parameter,
these results were extrapolated to cover particles of 10 — 1000 um and densities of 880 — 1550 kg m™ at

the highest and lowest shear velocity measured.



The effect of increasing turbulence intensity on the particle’s transport is shown in Fig. 3. For
illustration purposes, the upper size range of the PE particles of the current study (47 um) 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 um PE particle (995 kg m™) and 250 um PS particle 1040 kg m™ would behave
quite similarly at all tested turbulence levels. Regardless of their densities, these would all occur as
wash load for the tested shear velocities, meaning that all such par.i“.les would be distributed over the
full water depth. Non-spherical particles would be even less affer.ceu hy their density as the settling
velocity of a non-spherical particle is lower than that of a sph~ric2l particle of the same mass (Wang et
al., 2021).
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Fig. 3 Rouse domains for lov est (A) and highest measured shear velocity (B). The star shows the
location of a 47 um PE particle in the Rouse domain (the upper size of PE particles used). The vertical

turquoise line shows particles with different densities and 47 um diameter.

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 suspended 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 um PE particles (940 kg m™)



would at the highest turbulence 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 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 frec >irface boundary layer at the same
turbulence condition. Similarly, the findings of Kooi et al. (201¢) shwed that not all types of MP
behaved the same while in the ocean. Less buoyant MPs tend d fc r example to be mixed deeper than
more buoyant ones. They also suggested that vertical dist*hu.*on of buoyant MPs not only depends on

environmental conditions, but also on their size and shape.
3.4. PE particles trajectories

The spatial movement of the PE particles w ‘re *;acked to gain insights 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 tte ..~icctories which reached the lowest ~6 cm of the flume for
the gravel bed at different flow cond.ucns. The particle trajectory patterns were similar for repetitions
of the experiment under identical :'ow and bed type conditions. For reasons of clarity, only 1 repetition
(30 s of measurement) is hencc shown (further instances of repetitions and other bed types are shown in
Fig. S5).



Medium gravel 1 Medium gravel 2

S o

=~ ,\i RS ,'*.'_A' "( et

| N R ‘
AR (5 SN o 5

) | /\\ B S

? ”":‘\l "._

-

A%V
| e, . e

"
gy S

< s = / : <
¢ o

+X (em)

Fig. 4. Selected particle trajectories from one of the six repetitions (20 o) for the medium gravel bed.
The first, second, and third illustration show trajectories for fle:r cordition 1, 2, and 3, respectively.
Particle trajectories in black move towards the bed and traje ctu.*<s in turquois move towards the

surface. The flow direction is from right to left. The red 'tne. snow the bed topographies.

For each flow condition, the pattern of particle traject~ries was similar regardless of the bed type. At
flow condition 1, i.e., where the pump was at its ' igi.22c flow rate, particle motion was quite chaotic,
and particles followed seemingly random tr7(ectories. Most particles could not be followed all the 6 cm
which the laser sheet covered in the y-x directio. s, as they moved out of the plane (i.e., in the z-
direction). At flow condition 2, the part’..~ tijectories were still erratic. At flow condition 3, particles
followed smooth semi-parallel trajec:.-ie.. Moreover, particles could be tracked over longer distance
before disappearing and their traje:tor.~s ended, indicating that particles were moving longer in the x-y

plane (laser sheet) in the observatic period.
3.5. Interaction beteen rarticles and bed

While the turbulence causeu 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 minutes was 4.2%, with highest and lowest values of 0.8% and 8.8% for the
glass bed 3 and medium gravel 2, respectively. l.e., even though the Rouse parameter indicated that the
MPs were conveyed as wash-load, they still had a quite significant 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.
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Fig. 5 Examples of PE parti-.ies wnich within a 30 s measuring window had been within 2 mm of the
bed. Particles with trajecto: =s 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.

Assuming an infinitely long flume, and that particles are not resupplied, 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 microplastics 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 turbulence 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 towards the deeper quiescent water layers where
flow is laminar (Brunner et al., 2015). Once there, the lighter-than *r;ater MPs would have to shift to a
different transport mode to reach the bottom, for example ballast :d s~ttiing due to biofilm growth
and/or particle coagulation (Galgani et al., 2022). While turbu«er.~e alone hence cannot explain why
MPs reach the deep ocean floor, it is crucial in understandi.> the processes in the upper water layers.
Without this understanding and including it in MP trans; ort 1 nodels, these would struggle to predict MP
transport accurately (Onink et al., 2022). This would lew.d to poorer predictions of MP pathways and
their final destination, which then would lead to rac. er assessment of the impacts these MPs can have

on the environment.
4. Conclusion

The vertical transport velocities of 40 — 47 am PE particles (£ = 995 kg m™) in a flume (1.85 — 4.17 cm
s™) were orders of magnitude abov2 .= rising velocity as calculated by Stokes law (0.43 — 0.6 pm s™).
Within the investigated 6 cm of 1.~ bed, both the upwards and downwards velocity of individual MPs
reached as much as 2.4 cm <™. Triere was no clear preference for these lighter-than-water particles to
either rise or sink. Zoonng 1 un 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
distributions only. Even though a MP on average is predicted to stay suspended 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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Experimental validation on mixing induced transfer of MPs from water surface to sediments
Substantial quantity of PE particles was subject to downward vertical transport

Vertical velocity of PE in turbulent flows varied over 4 orders of magnitude from predicted rising
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