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ABSTRACT

ASSESSING MICROPLASTIC ABUNDANCE AND DISTRIBUTION IN
RIVERS: A MECHANISTIC MODELING APPROACH

Rivers are major transport pathways for microplastics to reach the oceans. Microplastics have
numerous different shapes; however, theoretical models generally assume microplastics as spherical
particles. This study aims to investigate (i) spatiotemporal distribution and the potential sources of
microplastics in an industrially polluted river, (ii) the relationship of microplastic abundance with
river’s morphological and hydrodynamic characteristics, and (iii) vertical transport of microplastics
and the effect of particle and flow characteristics on settling and resuspension. To achieve these aims,
water and sediment samples were collected from six sites of the Ergene River in May 2019 and Sep
2020. A mechanistic model was developed using the data of microplastics, and river hydrodynamics
and morphology. According to the results, the Ergene River had excessive levels of microplastics
compared to many other rivers. Microplastic concentrations in water correlated positively with depth
but negatively with channel width. Fibers were the most abundant shape of microplastics suggesting
that effluents from textile industries were the foremost contributor of microplastics in the river. The
model results revealed that the residence time of microplastics in water was directly related to the
flow characteristics, while initial concentration of particles in water dominates the other parameters
in settling and resuspension fluxes of microplastics. According to the scenario analysis, settling and
resuspension fluxes increased with increasing sphericity and size of the particles, as well as higher
bed shear stress. The model results were sensitive to changes in shape factor developed for this model,

therefore this parameter should be improved in future studies.



OZET

NEHIRLERDE MiKROPLASTiIiK BOLLUGUNUN VE DAGILIMININ
BELIRLENMESIi: MEKANISTiK MODELLEME YAKLASIMI

Nehirler, mikroplastiklerin okyanuslara erigsmesi i¢in ana ulasim yollaridir. Mikroplastiklerin
cok sayida farkli sekli vardir; ancak teorik modeller genellikle mikroplastiklerin kiiresel pargaciklar
oldugunu varsaymistir. Bu ¢alisma, (i) endiistriyel olarak kirlenmis bir nehirdeki mikroplastiklerin
mekan-zamansal dagilimin1 ve potansiyel kaynaklarini, (ii) mikroplastik bollugunun nehrin
morfolojik ve hidrodinamik 6zellikleriyle iliskisini ve (iii) mikroplastiklerin dikey tasinimi ve hem
parcacik hem de akis 6zelliklerinin ¢okelme ve yeniden siispansiyon tizerindeki etkisini arastirmayi
amaglamaktadir. Bu amagla, Mayis 2019 ve Eyliil 2020'de Ergene Nehri'nin alt1 noktasindan su ve
sediman ornekleri toplanmustir. Mikroplastik, nehir hidrodinamigi ve morfolojisi verileri kullanilarak
mekanistik bir model gelistirilmistir. Sonuglara gore Ergene Nehri'nde diger bir¢ok nehire kiyasla
yiiksek diizeyde mikroplastik bulunmustur. Sudaki mikroplastik konsantrasyonlari derinlikle pozitif,
kanal genisligiyle negatif korelasyon gostermistir. Mikroplastik sekilleri i¢inde en ¢ok lifler
bulunmustur; bu da tekstil endiistrilerinden kaynaklanan atiklarin nehirdeki mikroplastik kirliligine
sebep olan en onemli faktor oldugunu gostermektedir. Model sonuglari, mikroplastiklerin suda
tutulma siiresinin akis 6zellikleri ile dogrudan iliskili oldugunu, sudaki parcaciklarin baslangig
konsantrasyonunun ise mikroplastiklerin ¢okelme ve yeniden siispansiyon akilari tizerinde diger
parametrelere gore baskin oldugunu ortaya g¢ikarmistir. Senaryo analizine gore, pargaciklarin
kiireselligi ve boyutunun yani sira, yatak kayma geriliminin artis1 da ¢cokelme ve yeniden siispansiyon
akilarini arttirmistir. Model sonuglarinin, bu model igin gelistirilen sekil faktoriine duyarh oldugu

bulunmustur, dolayisiyla gelecekteki caligmalarda bu parametrenin iyilestirilmesi gerekmektedir.
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1. INTRODUCTION

Beginning in the 1950s, plastic production has increased dramatically over the last decades in
line with expanding population and increasing consumption. Mass production of plastics almost
reached 370 million tones globally in 2020 (PlasticsEurope, 2021), however, more than half of this
production is leaking and littering the environment (UNEP, 2021). Therefore, approximately 60-80%
of anthropogenic litter in the environment is plastic (Derraik, 2002). Microplastic pollution has
become a global concern, particularly in the last decade, due to its rapid increase and the potential
hazards it poses to the environment. The plastic materials are mostly nondegradable or have very
slow degradation rates, resulting in accumulation in various environmental compartments, in the form
of microplastics -tiny plastic particles smaller than 5 mm in size. Microplastics may originate from
primary or secondary sources. Primary sources mainly include cosmetic and medical products that
constitute plastic pellets (Guerranti et al., 2019), whilst secondary microplastics are derived from the
fragmentation of larger plastic items as a result of physical, chemical and biological processes (Cole
et al., 2011). The majority of microplastics in the environment is originated from secondary sources
(Anetal., 2020).

Since oceans are accepted as ultimate sinks for microplastics, scientific research has generally
focused on the occurrence, abundance and transport of microplastics in marine environments.
However, approximately 80% of plastics in the marine environment originated from land-based
sources where rivers act as the major transport pathways (Andrady, 2011; Bowmer & Kershaw,
2010). For example, Gonzalez-Fernandez et al. (2021) estimated that 307- 925 million macro floating
litter items are released annually from European rivers into the ocean of which 84% was plastics.
Ozgiiler et al. (2022) calculated the total microplastics load from only ten small/large volume local
rivers to Mersin Bay (the north-eastern Mediterranean) as high as 2,216 billion items per year. Major
sources of riverine microplastics can be listed as wastewater treatment plants (WWTPs) (Browne et
al., 2011; Vermaire et al., 2017), textile industry (Deng et al., 2020), cosmetics and medical products,
fishing activities and anthropogenic litter (Guerranti et al., 2019; Daniel et al., 2020; Bashir et al.,
2021), followed by agricultural plastics and tire and road wear particles (TRWP) (Nizzetto et al.,
2016Db; Unice et al., 2019a). Macro and micro-plastics may be introduced to rivers by the effluents of
WWTPs, surface runoff, wind dispersal and atmospheric deposition (Dris et al., 2016; Napper &
Thompson, 2016).



Microplastics have been reported in many global rivers, such as the Danube, Austria (Lechner et
al., 2014); Seine, France (Gasperi et al., 2014); Rhine, Germany (Klein et al., 2015; Mani et al., 2015);
Thames, UK (Horton et al., 2017a); Ottawa, Canada (Vermaire et al., 2017); Saigon, Vietnam (Lahens
et al., 2018); Nakdong, South Korea (Eo et al., 2019); Ganges, India (Napper et al., 2021; Singh et
al., 2021); and others such as, Maozhou, Manas and Fenghua in China (Wang et al., 2021a; Wu et al.,
2020; Xu et al., 2021). Most of these studies were conducted with great volumes of river samples
collected via manta trawls or plankton nets, typically with 100 pm or 330 um pore sizes, due to
relatively low concentrations of microplastics in the studied compartment. Recent studies have started
to collect bulk samples (Eo et al., 2019; Wang et al., 2017; Wang et al., 2021a), which may provide
a more straightforward investigation of smaller microplastics as tiny as 10 um (Wu et al., 2020).
However, knowledge of the occurrence of smaller spectrum of microplastics in aquatic environments
is still limited, yet, research indicates that the adverse effects of microplastics increase with the

decreased size of the plastic particles (Browne et al., 2008; Chen et al., 2017; Ma et al., 2016).

Some of the microplastics in the riverine environment may get deposited onto the bottom
sediments. Therefore, besides being transport routes, rivers can also be hotspots due to the
accumulation of microplastics in these environments. In this context, understanding how
microplastics move vertically and horizontally in rivers is a requirement to assess the potential
hotspots and the risks associated with microplastic abundance. Although fate and transport of
microplastics has been subject of research in recent years, there is still limited investigation on
riverine transport of microplastics, especially in terms of modeling. Microplastic transport in rivers
is mainly governed by the particle properties, such as density, size and shape, and hydrodynamical
conditions of rivers. Scientific research has also indicated the effect of interaction of microplastics
with other particles and biota on vertical transport in the aquatic environments (Kooi et al., 2017;
Shen et al., 2023). To date, discharge of microplastics to rivers via surface runoff, erosion, advective
transport, as well as biofouling, aggregation, deposition and resuspension of microplastics along the
rivers have been investigated developing process-based models (Besseling et al., 2017; Bondelind et
al., 2020; Nizzetto et al., 2016a). However, these models have generally assumed microplastics as
spherical and did not consider different flow regimes of rivers. In the literature, experimental studies
have been carried out to understand the significance of particle shape on settling and rising velocities
of microplastics (Francalanci et al., 2021; Kowalski et al., 2016; Waldschldger & Schiittrumpf,
2019a), yet the effect of different flow regimes is poorly understood. Recently, a few experimental
studies have investigated transport of microplastics in turbulent environments (Shen et al., 2023;
Stride et al., 2023); however, to the best of my knowledge, there is no process-based dynamic
modeling approach applied to real systems in the literature that attempts to determine the transport of



different shaped particles under turbulent flow. This may be attributed to wide range of microplastic
characteristics and hydrodynamical conditions of rivers, which makes investigation of transport

processes complicated.

Ergene River is one of the most polluted rivers in Turkey, receiving significant amount of
industrial waste due to lack of inspection and inadequate treatment. Nevertheless, the Ergene River
Basin is still an important agricultural area, where significant portion of rice, sunflower and wheat
production of Turkey is carried out (Tokatl1 & Varol, 2021). The use of river’s water for irrigation of
agricultural lands in the basin has become a potential public health issue, which makes the study site
a hotspot for microplastic research. This study aims to (i) investigate the occurrence of microplastics
in an industrially polluted river, (ii) determine the distribution of microplastics larger than 45 um in
size in two compartments, including water surface and sediment and (iii) develop a mechanistic model
to investigate vertical transport of microplastics and understand the effect of particle and flow
characteristics on settling and resuspension mechanisms within each sampling site, using mass-
balance and hydrodynamic equations. For this purpose, the Ergene River’s upstream tributaries, Corlu
and Ergene, were chosen as the study site, mainly because of the heavy industrialization located in
this area. This research is the first study on the occurrence, identification and transport of

microplastics in the Ergene River.

The thesis consists of five sections. The theoretical background related to microplastic research
in the aquatic environments, analysis methods and modeling approaches in rivers are described in
Section 2. Section 3 includes the applied methods for (i) sample collection and on-site measurements,
(ii) the detection and analysis of microplastics in the water and sediment samples, and (iii)
mechanistic modeling approach developed in this thesis. In Section 4, results of the abundance and
characteristics of microplastics in the Ergene River, and the model developed to investigate vertical
transport of microplastics are described and discussed in detail. The major outcomes of the thesis and

recommendation for future work are presented in Section 5.



2. LITERATURE REVIEW

2.1. Microplastics in the Environment

This section was published in ‘Environmental Pollution’ journal, titled as ‘Microplastics in the
environment: A critical review of current understanding and identification of future research needs’

(Akdogan & Guven, 2019).

2.1.1. Sources

Microplastics originate from primary and secondary sources. Primary microplastics include
polyethylene (PE), polypropylene (PP), and polystyrene (PS) particles in cosmetic and medical
products (Horton et al., 2017b), while secondary microplastics originate from physical, chemical, and
biological processes resulting in fragmentation of plastic debris (Ryan et al., 2009; Thompson, 2006).
Exposure to ultraviolet (UV) radiation catalyzes the photooxidation of plastic, causing it to become
brittle and fragment into microplastics. While the heat and sunlight, and the well aerated conditions
are ideal for generating microplastics through iterative fragmentation processes, the cold and anoxic
conditions of aquatic environments and sediments can cause very slow degradation of plastic particles
for centuries (Harshvardhan & Jha, 2013; Zhang, 2017). Different sources of microplastics cause
them to occur in diverse shapes such as pellets, fibers, and fragments in environmental samples (Klein
etal., 2015).

Primary microplastics are most likely entering the aquatic environment through household
sewage discharge or spillage of plastic resin powders or pellets used for airblasting (Gregory, 1978,
1996). Another significant source of primary microplastics is the application of sewage sludge
containing synthetic fibers or microplastics from personal care or household products to land (Horton
et al., 2017b). Fibers are the most commonly reported form (Browne et al., 2011), most likely due to
the continual abrasion of clothes and upholstery made from synthetic textiles, and washing machine
effluent release (Napper & Thompson, 2016). Although synthetic fibers primarily made of polyester,
acrylic, and polyamide, are secondary microplastics, they are released to the environment along with
primary microplastics (Horton et al., 2017b). It has been estimated that 1900 fibers per item may
come out during washing, and be released to aquatic and terrestrial environments through wastewater
effluents and sewage sludge applications (Browne et al., 2011). In this context, textile mills could

also be a point-source release to the environment; which has not been investigated. Areas in proximity



to plastics industry are predicted to be hotspots; concentrations of approximately 100 000 plastic
particles per m® of seawater have been reported in a Swedish harbor area adjacent to a polyethylene
(PE) production plant (Noren & Naustvoll, 2010).

Secondary sources of microplastics are considered as a great contributor of microplastic
pollution given the large amount of macroplastic wastes entering the environment (Duis & Coors,
2016). Secondary microplastics, originate from anthropogenic activities, such as littering and are
released during municipal solid waste collection and disposal processes (Horton et al., 2017b). Most
of the plastic litter arrives to the oceans or disposed on the land. Geyer et al. (2017) estimated that
approximately 6300 million tons of plastic waste were generated between the years 1950 and 2015,
4977 million tons of which accumulated in landfills and the natural environment. These large plastic
items and their degraded products may be introduced to aquatic environments by wind dispersal, soil
erosion or surface runoff. Likewise, light macro- and microplastics can be transported across the land
by wind, while denser polymers are more likely to be buried deeper in soil layers (Horton et al.,
2017b). There is evidence that low temperatures, low oxygen levels and coverage with water,
sediment, or soil reduce exposure to UV radiation, hampering plastic fragmentation. Hence, photo-
oxidative fragmentation is extremely slow for macro and microplastics buried in the soil; thus, soils

have been considered as a sink of microplastics (Duis & Coors, 2016).

Surface runoff from agricultural lands and urban areas is another significant source of
microplastic load to surface waters. Recent studies suggest that agriculture is one of the main
anthropogenic activities that contribute to microplastic pollution in soil. It is estimated that between
125 and 850 tons of microplastics per million inhabitants are added annually to European agricultural
soils through the application of sewage sludge (Nizzetto et al., 2016b). The use of agricultural plastics,
such as plastic mulches to increase the crop yield is also a significant source of microplastics in soil
(Rodriguez-Seijo & Pereira, 2019). Additionally, there is evidence to suggest that tires and road
markings may also cause microplastic pollution, stormwater runoff acting as a prominent transport
pathway for carrying tire and road wear particles (TRWP) to surface waters (Horton et al., 20174,
Koleetal., 2017; Unice et al., 2019a). Moreover, recent studies have demonstrated that large amounts
of fibers have been transported via atmospheric fallout. Microplastics have been measured in
atmospheric fallout in Paris (Dris et al., 2016) and in China (Cai et al., 2017), with greater
concentrations in urban areas. Dris et al. (2016) estimated that between three to ten tons of synthetic
fibers were deposited on Paris agglomeration (area around 2500 km?) by atmospheric fallout every
year. Possible sources of airborne microplastics include, synthetic fibers from clothes and houses,

artificial turf, landfills and waste incineration (Dris et al., 2016). These particles in the atmosphere



can be transported by wind to the aquatic environment or deposited on the terrestrial environment.
Consequently, spatial distribution of microplastics between different environmental compartments
are shaped by physical processes, such as wind, tides, surface runoff and flooding that change by
climatic forces (Zhang, 2017). Sources, sinks, and pathways of microplastic transport between

terrestrial, freshwater, and marine environments are illustrated in Figure 2.1.
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Figure 2.1. Sources, sinks, and transport pathways of microplastics between terrestrial and aquatic
environments (Modified and adapted from Critchell & Lambrechts, 2016 and Horton et al., 2017b).

2.1.2. Fate and Transport in the Aquatic Environments

2.1.2.1. Marine environment. Fate and transport of microplastics in the marine environment have

generally been investigated using mathematical models that are based on principles of fluid
mechanics and hydrodynamics (Chubarenko & Stepanova, 2017; Critchell & Lambrechts, 2016;
Iwasaki et al., 2017). Water currents, wind and tides are the main components of microplastic
transport in the marine environment, which lead to prolonged sinking process of micro particles and
migrations in sea coastal zone (Bagaev et al., 2017). Buoyant polymer particles, such as PE and PP
tend to be transported on sea surface, whereas denser polymers, such as Polyvinyl chloride (PVC)
may still be transported by underlying currents (Engler, 2012; Wang et al., 2016). Bagaev et al. (2017)
indicate that after reaching bottom, microfibers are captured for a certain time period by higher
turbulence in the benthic boundary layer and/or resuspended by bottom currents. Numerical models



have been developed to investigate the transport of macro and/or microplastics by surface currents
and wind waves in the North Atlantic subtropical gyre (Law et al., 2010), world’s oceans (Lebreton
et al., 2012), eastern North and South Pacific Oceans (Law et al., 2014), Baltic Sea (Bagaev et al.,
2017; Chubarenko & Stepanova, 2017) and Sea of Japan (Iwasaki et al., 2017). The model developed
by Law et al. (2010) reveals that plastic pollution can quickly migrate from the US eastern seaboard
to North Atlantic subtropical gyre in less than 60 days. One other advection-diffusion model
developed by Critchell and Lambrechts (2016) demonstrates the relative importance of physical
processes, such as beaching, settling, re-floating, degradation and wind drift governing macro- and
microplastic accumulation and reveals that the topography of the source location has by far the largest
influence on the fate of the microplastics.

Particle density and size distribution are dynamically changing parameters, which needs to be
described explicitly to develop a comprehensive fate and transport modeling framework (Enders et
al., 2015; Zhang, 2017). Several studies in the literature investigated microplastic distribution in water
column, have shown high dispersal of small microplastics over surface mixed layer, and dependence
on the size, density and shape of microplastic (Enders et al., 2015; Kooi et al., 2016; Kowalski et al.,
2016). Indeed, most of the synthetic polymers, such as PE and PP are buoyant (Wang et al., 2016);
however, aggregation with organic and inorganic particles or fouling with microbial organisms can
increase the size and density of microplastics, which accelerate settling of microplastic particles onto
deep sediments. Although PE and PP have densities less than that of freshwater, they have been
regularly identified in deep sediments (Claessens et al., 2011; Corcoran et al., 2015; Vianello et al.,
2013). Given the high concentrations of suspended sediments, particulate organic matter, and detrital
particles in the aquatic environment, aggregation, biofouling and subsequent sedimentation might
dominate the fate and transport of microplastics in aquatic environments (Besseling et al., 2017; Kooi
et al., 2017; Long et al., 2017). Kooi et al. (2017) developed a theoretical model based on settling,
biofilm growth, and ocean depth profiles for light, water density, temperature, salinity, and viscosity
to simulate the effect of biofouling on the fate of microplastics, and predicted size-dependent vertical
transport of microplastics in the ocean. According to their outcomes, after initial settling, buoyant
microplastics never settle a fixed water level, but keep moving up and down in the water column. The
density of seawater generally increases with depth, so that oscillations of micro particles in water
column can be explained by dynamics based on the density differences between seawater and the
plastic particle. Microplastic sinking and bioavailability may also differ among species (Katija et al.,
2017; Long et al., 2015; Long et al., 2017). For example, Long et al. (2015) found that diatom
aggregates sunk faster than cryptophyte aggregates, which is explained by the frustule made of
biogenic silica that is denser than the organic matter. Fractal and porous particles impact the sinking



rate of aggregates (Li & Yuan, 2002; Xiao et al., 2012), in which water can flow through easily,
increasing the settling velocity (Li & Yuan, 2002; Long et al., 2015). Kowalski et al. (2016) also
revealed that weathering and biofouling may alter the sinking behavior of microplastics considerably,
yet the particle shape strongly affects the sinking velocity, as well. Since deep sediments are
considered as an ultimate sink for marine microplastics (Woodall et al., 2014), similar studies
addressing vertical transport of microplastics are encountered in the literature (Bagaev et al., 2017
Enders et al., 2015; Katija et al., 2017; Nékki et al., 2017). Nakki et al. (2017) found that bioturbation,
which covers all the actions of benthic fauna changing the sediment structure, transports microplastic
particles deeper within marine sediments. Katija et al. (2017) also revealed that giant larvaceans
Bathochordaeus stygius can contribute to the vertical transport of microplastics by packaging

microplastic particles into their fecal pellets.

2.1.2.2. Estuaries. Marine microplastics predominantly originate from coastal regions. They may

remain nearshore for a long time or reach the oceans depending on the intensity and direction of
surface currents and wind waves. Yonkos et al. (2014) investigated the impact of urban development
and storm events on microplastic quantities in four estuarine tributaries within the Chesapeake Bay,
USA, and found that the greatest microplastic concentrations occurred shortly after major rainfall
events. Liubartseva et al. (2016) developed the Markov chain model to simulate the macroplastic
abundance at the sea surface and fluxes onto the coastline, and to identify source - receptor
relationships among the subregions of the Adriatic Basin, between the years 2009-2015. According
to the model outcomes, the coastline was the main sink of floating plastic debris. One other study
implemented by Kaiser et al. (2017) examined how biofouling changes the sinking behavior of
microplastics in estuarine and marine waters. After six weeks of incubation, the results revealed that
despite the higher density of marine water, sinking velocity of PS particles incubated in ocean water
increased more rapidly for particles sinking in the estuarine water. This was attributed to biofouling

to be the major control over the sinking of microplastics.

2.1.2.3. Rivers. Microplastic research in freshwaters has gained increased attention over the last years,

yet there is still limited knowledge on the fate and transport mechanisms of microplastics in rivers.
Similar to marine environment, density and particle size affect retention of microplastics in river
sediments, but they are not solely the dominant factors determining the distribution of these micro
particles in rivers (Besseling et al., 2017; Nizzetto et al., 2016a). Particle properties and flow
characteristics are the main factors influencing the fate and transport of microplastics in rivers.
Nizzetto et al. (2016a) upgraded a mathematical model of catchment hydrology, soil erosion and

sediment budgets for theoretical assessment of microplastic transport in river catchments. The authors



revealed that microplastics that have densities higher than water could be retained in the sediment;
however, high flow periods could remobilize this pool, meaning sediments in low flow river segments
are likely hotspots for deposition of microplastics. Besseling et al. (2017) implemented scenario
studies on the fate and transport of nano- and microplastics in rivers by constructing a model that
accounts for advective transport, homo- and heteroaggregation, sedimentation-resuspension, polymer
degradation, presence of biofilm and burial. According to the model outcomes, particle size affects
retention and positioning of the accumulation hotspots in the sediment along the river, yet aggregation
and further sedimentation act as major processes controlling the fate and retention of microplastics
along the river, due to excess mass of suspended solids that form heteroaggregates with microplastics,
which overwhelm the modeled effects of polymer density and biofilm formation. Physical, chemical,
and biological factors likely to affect the fate and transport of microplastics in the aquatic environment

are given in Table 2.1.

Table 2.1. Factors driving microplastic fate and transport (Modified and adapted from Harrison et

al. (2018)).
Governing Issues Effective Factors
Surface chemistry and structure Polymer type

Adsorbed and leaching chemicals
Age/weathering

Particle size

Biological interactions Pioneer colonizers
Successional stage
Competition

Ingestion

Local environmental conditions Temperature

Oxygen

Nutrients

Light

Salinity

Pressure

Presence of other pollutants
Movement and transport between habitats Buoyancy

Flocculation

Particle spiraling

Flooding

Currents

Biogeography Geographic location

2.1.3. Uptake and Effects

Microplastic uptake by organisms represents a growing concern due to toxicological risks

associated with these micro particles. Small dimensions of microplastics increase their
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bioavailabilities to aquatic organisms. To date, ingestion has been considered as the fundamental
pathway for marine and freshwater species to uptake microplastics (e.g. Nelms et al., 2018; Reichert
et al., 2018; Tosetto et al., 2016). Many of the studies have proved the ingestion of microplastics by
detecting different type of polymer particles in the intestines and stomachs of various organisms, such
as zooplanktons (Desforges et al., 2015; Jeong et al., 2017; Sun et al., 2017), shellfish (Gandara E
Silvaetal., 2016; Li et al., 2016; Tosetto et al., 2016), corals (Hall et al., 2015; Reichert et al., 2018),
fish (Hermsen et al., 2017; Jabeen et al., 2017; McNeish et al., 2018), marine mammals (Fossi et al.,
2016; Nelms et al., 2018), and earthworms (Hodson et al., 2017; Huerta Lwanga et al., 2017). For
example, Hurley et al. (2017) investigated the ingestion of microplastics by Tubifex worms from
bottom sediments in a major urban waterbody fed by the Irwell River, Manchester, UK and estimated
the mean concentration of ingested microplastics as 129 + 65.4 particles per gram tissue. Most of
these studies have shown that the majority of ingested particles consist of fibers, which are generally
in the range of 66-71% of the total count and followed by fragments and pellets (Bellas et al., 2016;
Giiven et al., 2017; Silva-Cavalcanti et al., 2017).

Ingestion may occur directly due to misidentification or indiscriminate consumption of
microplastics for feeding (Ory et al., 2017), or indirectly as a result of trophic transfer along the food
web (Nelms et al., 2018). Microplastics have also been found in different organs besides the digestive
tract, which are not involved in the process of ingestion. In addition to stomach and hepatopancreas,
Brennecke et al. (2015) observed microplastics also in the gills of the fiddler crab. A study by Watts
et al. (2014) also indicated that the shore crab (Carcinus maenas) can uptake microplastics through
the inspiration across the gills. Moreover, Kolandhasamy et al. (2018) investigated the adherence of
microplastics to soft tissues of mussels as a novel way for organisms to uptake microplastics beyond
ingestion. The authors found that adherence of microplastics to specific organs; such as adductor,

foot and visceral tissue contributed about 50% of the microplastic uptake in mussels.

Adverse effects of microplastics on aquatic organisms have also been investigated performing
both lab-based and field-based experiments. According to a study carried out on the blue mussel
Mytilus edulis, after exposure to microplastics under laboratory conditions, it was observed that
smaller microplastics tend to accumulate in the tissues more than larger particles, and can translocate
from the gut to the circulatory system within three days and persisted for over 48 days (Browne et al.,
2008). Additionally, impact of microplastics alone or in combination with toxic chemicals including
heavy metals, polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHSs) and
polybrominated diphenyl ethers (PBDES) have been examined performing exposure experiments for
microalgae (Tetraselmis chuff), Norway lobsters (Nephrops norvegicus), common gobies
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(Pomatoschistos microps), and amphipods (Allorchestes compressa); respectively (Chua et al., 2014;
Davarpanah & Guilhermino, 2015; Devriese et al., 2017; Oliveira et al., 2013). According to de Sa,
Luis, and Guilhermino (2015), microplastic particles and their adsorptive capacity may lead to growth
delay, decrease in reproductivity, and mortality increase of organisms. The authors investigated the
predatory performance of goby fish (Pomatoschistus microps) in the presence of microplastics
combined with prey (Artemia nauplii) in two estuaries located in NW Iberian coast, USA under
different environmental conditions. A significant reduction in predatory performance (65%) of fish
from one estuary was observed, while the fish from other estuary were not affected significantly,

suggesting that developmental conditions may influence the prey selection capability of fish.

2.1.4. Microplastic Pollution in Rivers

Rivers act as a major transport pathway for plastic debris. It has been estimated that between 70
and 80% of marine plastics are transported to the seas through the conduits provided by rivers
(Bowmer & Kershaw, 2010). For example, annual microplastic load from the Ebro River, Spain to
the Mediterranean Sea was estimated at over 2 billion pieces (Simon-Sanchez et al., 2019).
Considering the origin and risk posed by microplastics, the studies investigating the occurrence and
abundance in freshwaters have increased, many of which have focused on rivers. The level of
microplastic pollution in riverine waters was first reported in California, in 2011 (Moore et al., 2011).
Microplastics were also found in many rivers, such as the Danube, Austria (Lechner et al., 2014);
Rhine, Germany (Klein et al., 2015; Mani et al., 2015); 29 Great Lakes tributaries, US (Baldwin et
al., 2016); Ombrone, Italy (Guerranti et al., 2017); Thames, UK (Horton et al., 2017a); Shanghai
Rivers, China (Peng et al., 2018); Nakdong, South Korea (Eo et al., 2019); and others such as,
Maozhou, Manas and Fenghua in China (Wang et al., 2021a; Wu et al., 2020; Xu et al., 2021). The
influence of municipal and industrial effluents on microplastic concentration in surface water and
sediment have been investigated for a variety of rivers, such as St. Lawrence (Castaneda et al., 2014)
and Ottawa, Canada (Vermaire et al., 2017), Seine in Paris (Dris et al., 2015), the Rhine-Main area
in Germany (Klein et al., 2015), Raritan in New Jersey (Estahbanati & Fahrenfeld, 2016), and Saigon
in Vietnam (Lahens et al., 2018). Dris et al. (2015) carried out the first study in the Seine River to
investigate microplastic pollution in urban compartments including wastewater, atmospheric fallout
and rivers. Vermaire et al. (2017) examined microplastic abundance in surface waters and sediments
of the Ottawa River, Canada, and revealed that microplastic concentrations were significantly higher
downstream of the wastewater treatment plant compared with the upstream of the effluent output.
Horton et al. (2017a) investigated the abundance and sources of microplastics in sediments of the

Thames River. The authors found significantly higher number of plastic particles at downstream of a
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storm drain outfall receiving urban runoff that contains fragments derived from road marking paints.
Nel et al. (2018) assessed the microplastic pollution dynamics in an urban river sediment experiencing
temporal differences in river flow and found that microplastic amount in winter was approximately
25 times higher than in summer, likely due to the increased sedimentation associated with reduced

river flows during the winter season.

A global model of macro and microplastic discharge from rivers into oceans based on waste
management, population density and hydrological information was developed by Lebreton et al.
(2017). The authors estimated that between 1.15 and 2.41 million tonnes of plastic waste enters the
ocean every year from rivers, over 74% of emissions occurring between May and October. The study
also reveal that the top 20 polluting rivers are mostly located in Asia and accounted for 67% of the
global annual discharge. One other modeling approach was developed using an existing global model
for nutrients, the Global NEWS (Nutrient Export from WaterSheds) to analyze the composition and
quantity of point-source microplastic fluxes from European rivers to the seas and to explore future
trends up to the year 2050 (Siegfried et al., 2017). The model results indicated that about two-thirds
of the microplastics modeled flow into the Mediterranean and Black Sea, and most of these particles

were synthetic polymers from TRWP (42%) and plastic-based textiles abraded during laundry (29%).

Research indicates that there is a need for the investigation of microplastic transport processes
between terrestrial and freshwater systems. A study by Unice et al. (2019a) investigated the transport
of TRWP in the Seine Watershed (France) by developing a comprehensive watershed-scale modeling
methodology. The authors studied both terrestrial transport to soil, air, and roadways, as well as
freshwater transport processes including heteroaggregation, degradation and sedimentation. The
model estimated that the per capita mass release of TRWP in the Seine Watershed was 1.8 kg per
inhabitant in a year, 18% of which were transported to the freshwater, whereas 2% were exported to
the estuary. The model also confirmed the significance of particle size and density on estuarial
transport of TRWP (Unice et al., 2019b).

2.2. Analysis of Microplastics

2.2.1. Sampling from the Aquatic Environments

2.2.1.1. Water sampling. Microplastic research generally requires the large volume of water samples

due to relatively low concentrations of these particles in the aqueous samples. The scientific research

indicates that a standardized method for microplastic sampling and analysis is not available in
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literature, yet sampling methods for the marine and freshwater environments are similar to each other
(Lechner et al., 2014; Mani et al., 2015; Vermaire et al., 2017). The water quality and hydrodynamic
conditions of the study site plays a significant role in selection of the sampling method. Surface water
and water column samples are usually collected via plankton nets and sieves filtering great volume
of water up to hundreds of liters (Klein et al., 2018; Prata et al., 2019). Neuston nets and Manta trawls,
typically with a mesh size of 330 um, are dropped horizontally to the water surface to collect
microplastic samples, especially in seas, lakes, dams and large rivers with high flow rates. For low
flow rivers, plankton nets with the mesh sizes ranging from 50 to 100 um are generally used. The
volume of water filtered is measured via flowmeter attached on the plankton net. Following sampling,
the inside of the plankton net is rinsed with pure water to wash down microplastics into the collector
of the plankton net. Finally, the sample in the collector is transferred to a glass bottle and preserved

at +4°C until the lab analysis.

To date, plankton nets are the most used instruments for microplastic sampling in the aquatic
environments, including freshwaters. However, plankton nets with smaller mesh sizes are prone to
clogging, which limits the quantification and identification of small-sized microplastics. In addition,
the lack of standardized use of plankton nets and different mesh sizes hamper the comparability of
the quantitative data on microplastic concentrations in freshwater samples. To overcome these
problems, filter cascades have been developed, which provide size fractionation during the sampling

and reduce the matrix burden onto smaller mesh sizes (Loder & Gerdts, 2015).

An alternative to plankton nets is on-site filtration or sieving using buckets, but this method is
less preferred as it is time consuming and demanding (Prata et al., 2019). Another method for
collecting sample from the water column is direct filtration of the water with submersible pumps
(Klein et al., 2018). It is also common to collect water samples in glass bottles and process in the lab
(Dubaish & Liebezeit 2013; Leslie et al., 2017), which is advantageous in sampling and analyzing
small-sized microplastics. The volume of the sample collected varies depending on the water quality

and pollution.

2.2.1.2. Sediment sampling. Similar to water sampling, there is no standardized method for sediment

sampling in microplastic research, yet use of grab samplers (Van Veen and Ekman grab samplers)
provides relatively comparable results due to being frequently used sampling instrument.
Microplastic concentrations in sediments varies with depth. Particularly, the top layer of sediments
between 1-5 cm contains more microplastics than in deeper sediments (Prata et al., 2019). New

methods, such as application of sediment corers allows the investigation of microplastic depth profiles
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(Uddin et al., 2021). Microplastics concentrations in sediments are reported considering the amount
of sediment (dry or wet), which can be expressed as weight (g, kg) or volume (mL, L).

The collected samples are transferred to glass bottles and preserved at -20°C in freezer before

the analysis.

2.2.2. Extraction of Microplastics

2.2.2.1. Extraction from the water samples. The most frequent method for extraction of microplastics

from water samples is filtering or sieving. Aqueous samples collected in the glass bottles are usually
filtered through a filter paper or plankton mesh in the lab. The pore size of the filter paper or mesh
size of the sieve can vary depending on the size range of the particles that will be investigated (Prata
et al., 2019). However, smaller pore or mesh sizes are prone to clogging in a short time by organic
matter, which can require the removal of the organic matter by the method given in Section 2.2.2.3.

2.2.2.2. Extraction from the sediment samples. A common method for the extraction of microplastics

from sediment samples is density separation developed by Thompson et. al (2004). The method is
based on mixing sediment with a salt saturated solution to increase the density, float plastic particles,
and finally filter the supernatant. Sodium chloride (NaCl), sodium bromide (NaBr), sodium iodide
(Nal), zinc chloride (ZnCl2) and zinc bromide (ZnBr) are some of the salts used in extraction of
microplastics from sediments (Klein et al., 2018; Prata et al., 2019). The application of NaCl solution
(1.2 g cm) is more extensive than other salts due to being cost-effective and ecofriendly. However,
it is insufficient to extract high density polymers, such as polyoxymethylene (POM), polyvinyl
chloride (PVC) and polyethylene terephthalate (PET). Likewise, scientific research revealed that
NaBr (1.4 g cm™) had low recovery rates for extraction of higher density polymers (Quinn et al.,
2016). Although, Nal (1.6 g cm®) and ZnBr; (1.7 g cm?) are effective for separation of dense
polymers, they are too expensive for application in large volume samples (Corcoran et al., 2009;
Klein et al., 2018). Moreover, ZnBr is hazardous to the environment. As an alternative to NaCl,
ZnCl, (1.7 g cm?) is frequently used in recent studies due to the capability of extraction of heavier
particles and lower costs compared to Nal and ZnBr; (Horton et al., 2017a; Imhof et al., 2012).
However, ZnCl; is also hazardous, which can be overcome by recycling the solution (Klein et al.,
2018).

Elutriation column developed by Claessens et al. (2013) is an alternative to density separation,
which separates particles according to their terminal falling velocities depending on the density, size
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and shape of the particles. The method allows recovery of dense microplastics effectively, yet the
sand recovery yield is also high (Kedzierski et al., 2016). According to Kedzierski et al. (2016), the

method can be improved with a pre-size fractionation of the sample.

Digestion of sediment and following filtration is another method for extraction of microplastics
from sediment samples. This method has started to be used, especially in recent studies (e.g. Gao et
al., 2023) due to probable low recovery of microplastics in density separation method. Digestion

methods are explained in detail in Section 2.2.2.3.

2.2.2.3. Removal of organic matter. The accurate analysis of microplastics in environmental samples

is one of the most challenging problems during the detection and identification period, since
environmental samples consist of a complex mixture of organic matter, such as plant and animal
residues as well as cells and tissues of organisms, with a high content of inorganic matter (Dumichen
et al., 2017). For this reason, sample preparation including organic digestion plays a significant role

in analyzing microplastics accurately.

Organic matter can be removed before or after filtration by adding chemicals, such as hydrogen
peroxide (H20>), potassium hydroxide (KOH) or sulfuric acid (H2SO4) depending on the amount of
organic matter, or by Fenton reaction to enhance oxidative potential of H,O; using iron (Fe?*) salt as
a catalyst (Ameta et al., 2018). However, strong acids can damage microplastics by changing the
structure of the polymer, which results in loss of microplastics during analysis (Enders et al., 2017).
The research revealed that H-O, and KOH are less damaging to microplastics; however, the contact
time should not exceed 7 days (Nuelle et al., 2014). Rapid degradation of the organic matter can be
achieved by heating the sample under controlled conditions (~50-55°C), as previous studies have

indicated that some polymers are damaged above 60°C (Thiele et al., 2019).

2.2.3. Visual Analysis

Following filtration, the samples are examined under a stereomicroscope for visual identification
of microplastics. Microplastic particles are transferred to filter papers, previously checked for
airborne contamination, and photographed to count and categorize microplastics according to their
physical properties, such as color and shape. The size of each particle is also determined using a photo
processing software. This method has been applied almost in all microplastic studies so far. Visual
analysis has many advantages including low cost, simple operation and little chemical hazard, yet it

Is time-consuming and cannot provide data on the chemical composition of microplastics (Lavers et
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al., 2016; von Moos et al., 2012). Another method for visual analysis is scanning electron microscopy
(SEM), which provides morphological identification of microplastics, generating high-resolution
images of the surface structure (Mariano et al., 2021). SEM can be used to identify the smaller
microplastics as tiny as 1 nm (Shim et al., 2017). However, SEM images cannot be used to determine

color and chemical composition of microplastics (Eriksen et al., 2013).

2.2.4. Polymer Characterization

Plastics are complex structures with big molecules, produced by polymerization of the same or
different monomers (Chen et al., 2022). Many different spectroscopic approaches are available for
chemical characterization of microplastics. The majority of these methods require sample pre-
treatment, whereas there are several methods that allow direct analysis of the samples. However, the
factors, such as degradation, aging and the presence of plastic additives and other contaminants can
complicate the chemical characterization and lead to misinterpretation about the microplastic sample.
For this reason, sample processing and visual analysis of particles before characterization is important

to lessen the practical problems with spectroscopic analysis (Prata et al., 2019).

Fourier Transform Infrared (FTIR) and Raman spectroscopy are the most commonly used
methods in characterization of microplastics. These are vibrational spectroscopy techniques that are
based on producing a spectrum resulting from the interaction of light with molecules. FTIR provides
an infrared spectrum due to the changes of material dipole moment (Prata et al. 2019). In other words,
when a molecule interacts with infrared radiation in FTIR, it selectively absorbs radiation of specific
wavelengths, thereby its vibrational energy level transfers from ground state to excited state (Mariano
et al.,, 2021). FTIR can provide information of chemical compositions using diverse techniques:
transmission, specular reflectance/reflection-adsorption and attenuated total reflection (ATR) (Huang
et al., 2023; Mariano et al., 2021). Transmission and reflectance modes can be applied thick (>5 um)
and opaque samples (Shim et al., 2017), but irregular surfaces of particles can interfere with analysis
with reflectance mode due to refractive error (Harrison et al., 2012; Mariano et al., 2021). ATR-FTIR
provides information with high accuracy on large (>500 um) and irregular particles (Huang et al.,
2023; Prata et al. 2019), but small microplastics require micro-FTIR, which can identify particles as
small as 20 um. The advantages of FTIR spectroscopy include being non-destructive to samples,
relatively simple pre-treatment procedure and less susceptibility to fluorescence interference.
However, microplastics smaller than 20 um cannot be detected. Furthermore, FTIR spectroscopy is

susceptible to the presence of other substances and degradation of microplastics (Huang et al., 2023).
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Raman produce a fingerprint spectrum resulting from the polarizability of chemical bonds (Prata
etal., 2019). When a monochromatic light interacts with the sample molecule, the molecule is excited
to a higher vibrational level and a photonic scattering occurs, which results in shift in energy levels
of the scattered photon due to the excitation energy. In other words, Raman spectrum is produced by
the inelastic scattering between the photons of an incident radiation and the molecules (Ribeiro-Claro
et al.,, 2017). Raman spectroscopy has many advantages, including the characterization of
microplastics < 20 um, possibility of non-destructive analysis, small sample amounts and reduced
sample preparation. Moreover, thickness of particles is not a problem for characterization. However,
plastic additives and chemicals adsorbed on the surface of microplastics can generate a different
Raman spectrum, which can overlap with the Raman spectra of polymers and hinder the identification
of microplastics. Also, fluorescence interference is a significant problem, which overlays the Raman
bands and thereby limits obtaining high-quality spectra. This problem can be overcome by shifting
the laser wavelength to the near-infrared spectral region or increasing exposure time before recording
the spectra (Ribeiro-Claro et al., 2017). FTIR and Raman spectroscopy can be used together to obtain
reliable results. In such cases, FTIR spectroscopy is recommended for detection of microplastics
between 50 and 500 um size range, whilst Raman spectroscopy is recommended for microplastics in

the 1-50 um size range (Fortin et al., 2019; Kéappler et al., 2016).

An alternative to vibrational spectroscopic methods is thermal analysis, based on the
identification of polymer according to its thermal stability and degradation products. Thermal
analysis methods include thermogravimetry (TGA), differential scanning calorimetry (DSC),
pyrolysis-gas chromatography-mass spectrometry (Py-GC/MS) and combinations of these techniques
(Mariano et al., 2021). Py-GC/MS is the most commonly used thermal analysis method, which allows
characterization of polymers, additives present in the sample and other chemicals adsorbed to
microplastics, such as persistent organic pollutants (POPs) (Ribeiro-Claro et al., 2017). The method
is also ideal for identifying trace concentrations of microplastics in environmental samples. However,
Py-GC/MS is a destructive technique, which hamper the probable analysis of microplastics by other

further methods.

The advantages and limitations of most commonly used characterization methods are given in
Table 2.2.
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Table 2.2. Comparison of most commonly used microplastic characterization methods (Huang et
al., 2023; Mariano et al., 2021; Tagg et al., 2015).

Analysis

Method Advantages Limitations

« Water interference
« Complex spectrum
« Convenient for large particles

« Non-destructive
ATR-FTIR o Low cost
Short analysis time

(>500 pm)
« Non-destructive « Water interference
o Low to medium cost « Complex spectrum
Micro-FTIR « Identification of small particles « Medium to long analysis time
(down to 20 pum) « Low lateral resolution (~20
« Mapping is possible pum)
« Non-destructive
« ldentification of small
microplastics and nanoplastics (< 1 « High cost
Raman pum) o Fluorescence interference
« Mapping is possible « Long analysis time

« Low water interference
« High lateral resolution (~1 um)

« Characterization of trace
Py-GC/MS concentrations of microplastics
and additives

« Destructive
« Complex data

2.3. Mathematical Modeling of Microplastic Transport

2.3.1. Mathematical Models

A mathematical model can be defined as an idealized formulation that represents the complex
relationships and processes in the environment using a set of equations, algorithms and logical
statements (Chapra, 1997). Mathematical models typically represent a simplified version of reality
and are best used to describe physical systems that tend to behave in a highly repeatable manner. Real
systems are complex and involve numerous uncertainties. Since mathematical models are generally
based on available data, assumptions and approximations, they cannot represent all the uncertainties,
so can have limitations. Modeling approaches can be classified depending on the mathematical

approach used, model certainty, system and type of variables as follows;
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(1) deterministic vs. stochastic, depending on model certainty or uncertainty;
(i)  empirical vs. mechanistic, depending on how the processes are described;

(ili))  dynamic vs. static, depending on changing variables in time domain.

Deterministic models often use algebraic or differential equations to represent the relationship
between system’s variables (Zeidan, 2017). In a deterministic model, there is a predetermined
relationship between the input and output variables, which means that the future state of the system
is completely determined by its current state and inputs supplied. Deterministic models use fixed
input and output variables without considering errors and uncertainties, therefore given the same
initial conditions and inputs, the model will always produce the same output. Stochastic models
incorporate randomness and uncertainty to predict system’s behavior. Unlike deterministic models,
stochastic models consider random variations, fluctuations, and associated uncertainties and use
probability distributions to estimate the model outcomes. Rather than an exact outcome, stochastic
models give the output as an interval or a distribution. Monte-Carlo simulations are a commonly used
method to estimate probability distributions, which was also adopted in the development of the model
presented in this study. This modeling approach is particularly useful, when the system is affected by

the random events or processes, as well as when the available data is limited or uncertain.

Mathematical models can also be classified as empirical or mechanistic depending on how the
model describe the processes. Empirical models (or statistical models) are based on inductive or data-
based approach, in which the model indicates the relationship between variables using experimental
data and statistical analyses (Chapra, 1997). Regression analysis is often used to assess the reliability
of predictions. Empirical models provide insights for investigating cause and effect relationship.
Some of the empirical models are defined as ‘black box’ models due to presenting solely the
relationship between input and output variables and not representing any specific mechanisms
involved in the model (Zeidan, 2017). On the other hand, mechanistic models, also known as process-
based models, simulate complex systems by explicitly representing the underlying physical,
chemical, or biological processes involved. This kind of models aid to understand the effect of

environmental changes, develop management strategies and decision support systems.

Another classification of mathematical models depends on the variation of variables in time. A
static model describes the structure of the system, in which the results are obtained by a single
computation of all equations while a dynamic model describes the behavior of the system over time.
Unlike static models, in dynamic models, the results are obtained by repetitive computation of all
equations over time (Zeidan, 2017). In this context, system dynamics models are useful tools in
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representing the relationships among various variables, processes and model components to
understand system’s behavior and predict its future state. The structure of a system’s dynamic is based
on stocks and flows, feedback processes, time delays and other sources of dynamic complexity
(Sterman, 2001). Stocks represent the accumulation, while flows represent the rate of inflow and
outflow within the system. Feedback loops are the key mechanism that involves the causal
relationships and interactions between different components of the model. System dynamics models
are versatile in that they aid to understand the changes in the system’s behavior under different
conditions and explore the long-term consequences of processes, random events or decisions of

stakeholders.

2.3.2. Applications in Rivers

Mathematical models can be used to determine the transport processes and potential hotspots of
microplastics, as well as other processes, such as interaction with chemicals, natural particles and
biota. Many modeling approaches are available in literature to investigate fate and transport of
microplastics in river systems. Different modeling methods have been developed to investigate
microplastics, such as hydrodynamic, statistical, mass-balance, process-based, and hybrid models that
involves the combination of such models (Uzun et al., 2022). For example, mass-balance models
were developed to understand the contribution of rivers on microplastic pollution in seas and oceans.
These models were global-scale and simulated microplastic discharge from rivers to oceans
considering potential sources, hydrological conditions and anthropogenic factors, such as population
and waste management, as well as predicted future microplastic loads (Lebreton et al., 2017; Siegfried
etal., 2017).

There are many process-based and hydrodynamic models developed in literature to understand
the effect of particle properties and river hydrodynamics, as well as environmental processes, such as
aggregation and biofilm formation, on transport of microplastics. For example, Besseling et al. (2017)
developed a process-based, hydrodynamic model considering homo- and hetero-aggregation, biofilm,
sedimentation, degradation, resuspension, and burial as the key processes of the fate and transport of
microplastics in rivers. The authors used NanoDUFLOW, a spatiotemporally resolved hydrological
model, to simulate the concentration of spherical particles with different sizes along the river.
Moreover, transport of microplastics from terrestrial environments to rivers was modeled in various
studies. For example, Unice et al. (2019a) investigated transport of TRWPs from land-based sources
to the freshwater systems and considered settling, hetero-aggregation, and degradation of these

particles in receiving waters using mass-balance and hydrodynamic equations. Likewise, Bondelind
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et al. (2020) developed a hydrodynamic model using MIKE 3 FM software to investigate transport
of TRWPs by stormwater runoff and understand the effect of particle size and density on fate of these
plastics in freshwaters. Another study by Whitehead et al. (2021) used INKA, a process-based
dynamic model, to investigate inputs, loads, and concentrations of microplastics along the Thames
River under changing effluent discharges and land applications of sludge. However, most of these
models have focused on only spherical or near-spherical microplastics. Therefore, other shaped
particles, such as fragments and fibers will possibly not modeled successfully by such models. In
addition, different flow regimes and river morphology are other significant factors in transport

behavior of microplastics, which are mostly overlooked in developed models.

In addition to the models given above, experimental studies have also been carried out and
compared to the theoretical models in order to understand transport of microplastics in rivers. For
example, Cook et al. (2020) investigated longitudinal dispersion of buoyant microplastics (PE) in
laboratory flume conditions and found that both the microplastics and dye (Rhodamine) displayed
fundamental dispersion theory in uniform open channel flow. Longitudinal dispersion coefficients
obtained from the experiments agreed well with Elder (1959) and Chikwendu (1986) models. More
specifically, Waldschldger and Schiittrumpf (2019a) investigated the effect of particle properties
including density, size, and shape on settling and rising velocities of microplastics by laboratory
experiments. The authors implemented statistical analysis, developed new formulas to calculate
settling and rising velocities of microplastics, and compared their test results with the results of
theoretical calculations. Another experimental study by Waldschlager and Schiittrumpf (2019b)
determined the critical shear stresses of microplastics with different densities, sizes, and shapes on
different sediment beds to examine the erosion behavior of microplastics. Congruent to the results of
their statistical model, the authors developed an equation to calculate critical shear stresses of

different microplastics considering different sediment-microplastic combinations.

The effect of flow characteristics on particle settling has been subject of research over the last
years (Nghiem et al., 2022; Odum et al., 2023). For example, Jacobs et al. (2016) conducted a set of
experiments in a grid turbulence facility to determine the settling velocities of natural, synthetic, and
industrial particles under various turbulent flows. According to their results, particle settling velocity
either remained unchanged or increased relative to stagnant flow. The authors also found that the
largest particles were mostly unaffected, while the smallest ones were more influenced by the flow
conditions. In recent years, scientific research has started to focus transport of microplastics in
turbulent flow, so the number of both experimental studies and developed models related to the
subject has started to increase. For example, a study by Shamskhany and Karimpour (2022) developed
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a hydrodynamic model to simulate entrainment and vertical mixing of microplastics with different
sizes and densities under turbulent flow. The authors used a hybrid Eulerian-Lagrangian
computational model and revealed that the movement of large particles can be dominated by
gravitational settling or rising, whereas transport of small microplastics was mainly governed by the
turbulent flow. Similarly, Xing et al. (2022) conducted a set of laboratory experiments in a circulating
water tank, as well as performed three Markov models, including a continuous time random walk
model, Bernoulli model, and spatial Markov model to test whether these models faithfully capture
transport of PE particles in an open channel flow. Another study modeled the mixing and longitudinal
dispersion of buoyant microplastics (PE) and dyes (Nile red and Rhodamine) in vegetated and
turbulent flows (Stride et al., 2023). To achieve this, the authors conducted an experimental study in
laboratory flume conditions and also developed a hydrodynamic model based on advection-
dispersion equations. According to the results, both the PE particles and dyes had the same behavior
regardless of the complexity of flow characteristics. Another experimental study was conducted by
Born et al. (2023) to investigate vertical concentration profiles of microplastics in turbulent flow and
test the Rouse’s formula applicability for buoyant and sinking microplastics. The results revealed that
the concentration profile shapes of settling microplastics were similar to those of natural sediments
and running reversed for buoyant particles. In addition, the Rouse’s formula applicability was
confirmed for approximately uniform flows. Most of these studies considered microplastics as pure
particles with spherical or near-spherical shape, so more extensive experimental tests and modeling
approaches focusing various particle properties, hydraulic parameters, and environmental processes

are required to fill these research gaps.
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The abundance and distribution of microplastics in water and sediment samples collected from

six sites of the Ergene River were determined via laboratory analyses. The modeling methodology in

this thesis combines microplastic abundance and characteristics data and river variables utilizing a

mechanistic model developed using hydrodynamic and mass-balance equations. The scheme of the

research methodology is given below.
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Section 3.1 and 3.2, which involve sampling and identification of microplastics in the Ergene
River, were published in ‘Environmental Research’ journal, titled as ‘Microplastic distribution in the

surface water and sediment of the Ergene River’ (Akdogan et al., 2023).

3.1. Study Area and Sample Collection

The Ergene River Catchment is located in the northwestern region (Thrace) of Turkey with a
17323 km? drainage area. The river rises from the Istranca Mountains in the northeastern part of the
basin and flows for 283 km through the northwest-southwest direction, with a maximum depth of 6.8
m, before reaching the Aegean Sea. Significant amount of waste originating from industry and
unplanned urbanization threaten the water resources feeding the Ergene River. Corlu and Ergene
tributaries are approximately in 60 km length and join the main stream from the eastern side of the
river. There are numerous Organized Industrial Zones (OIZs) within the basin, being especially
intensive in the sub-basins of the Corlu and Ergene tributaries (Figure 3.2a), which makes the area

one of the most prone regions to contamination.

River samples were collected from the surface water and sediment in May 2019 and Sep 2020.
Although the second sampling was planned to be done in the same year, it was postponed and
performed in the year 2020 due to the Covid-19 pandemic. The sampling was performed once in six
stations including the Corlu and Ergene tributaries and on the mainstream, where the tributaries met
(Figure 3.2b). These stations were particularly selected because of the heavy industrialization located
in this area. Water sampling was carried out using stainless-steel buckets and collecting samples into
glass bottles. 15 liters of surface water samples (0-15 cm depth) were collected in duplicates from
each sampling site and preserved at +4°C prior to analysis. Sediment samples were collected using a
Van Veen grab sampler, which were then transferred to aluminum foil containers and covered tightly.
Three replicates were collected for sediment samples and preserved at -20°C in the freezer before
extraction. Additionally, the parameters including velocity (m s?), depth (m) and channel width (m)
of the river were measured using Acoustic Doppler Current Profiler (ADCP) instrument. After
measuring the river’s hydrodynamical and morphological parameters, four consistent measurements
with an error rate of less than 5% were considered for each location. In addition, water quality
parameters including sample temperature (Ts) and dissolved oxygen (DO), as well as weather

temperature (Tw) were measured on-site.

Map of the study area is shown in Figure 3.2.
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Figure 3.2. Map of the study area: (a) Ergene River Basin and location of the OlZs and WWTPs
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The coordinates of the sampling sites are given in Table 3.1.

Table 3.1. Sampling sites in the Ergene River.

Site Location Coordinates

S1 Corlu Tributary 41.162833 N | 27.492725 E
S2 Corlu Tributary 41.196444 N | 27.470667 E
S3 Ergene Tributary 41.215876 N | 27.526184 E
S4 Ergene Tributary 41.134454 N | 27.476339 E
S5 Ergene River 41.202172 N | 27.476447 E
S6 Ergene River 41.223676 N | 27.494495 E

Meteorological data during the sampling periods, and on-site measurements are given in Table
3.2. Meteorological data were obtained from Turkish State Meteorological Service. Hydrodynamical
and morphological parameters of the stream were not measured at Site 6 due to inconvenience of the
field.

Table 3.2. Meteorological data and on-site measured parameters of the Ergene River.

. Wind River River | Channel

Site | Time (:,I-CV:V) (mr;g) Direction (;I-Ci) (mgcl)_'l) Velocity | Depth | Width

(from) (ms?) (m) (m)

. S1 | 12:45 27 20 | Southwest | 25.0 1.37 0.421 | 0.418 9.9
S| S2 |11:48 26 6 South 24.4 2.34 0.424 | 0.550 10.2
S| s3 [19:10] 22 13| South [243] 216] 0542| 0594 5.7
‘;“ S4 | 16:21 25 22 South 241 0.88 0.361 | 0.559 8.5
g S5 | 15:00 25 17 | Southwest | 24.2 0.22 0.475| 0.401 21.1
S6 | 17:40 22 11 South 24.0 1.42 - - -
S1 |18:10 21 15 | Northwest | 22.4 0.23 0.725 | 0.526 8.6
S| s2 [15:40] 22 22 | Northwest | 21.6 010| 0.748| 0.334 12.0
N S3 | 11:38 19 20 | Northwest | 21.1 0.16 0.383 | 0.586 49
@[ s4 [1630] 21 17 West | 221 011| 0258 0.415 10.7
(% S5 | 14:30 22 15 | Northwest | 22.2 0.15 0.438 | 0.484 18.6
S6 | 13:40 21 13 West 22.6 0.16 - - -

3.2. Detection and Analysis of Microplastics

3.2.1. Extraction from Samples

The organic matter in the water samples was removed prior to microscopic observation by a
modified version of the wet peroxide oxidation method developed by Masura et al. (2015). Firstly,
the supernatant of water samples was filtered through a plankton mesh with a 45 um pore size,
previously checked for airborne contamination. On the other hand, organic matter that had settled at

the bottom of the bottle was transferred to a beaker and digested adding 35% hydrogen peroxide
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(H203) solution. Depending on the amount of organic matter, H.O, was added gradually at certain
time intervals and the covered beakers were kept at 50°C in water bath until the organic matter
disappeared. In case of any organic matter remained in the sample, the process was repeated so as not
to exceed seven days (Nuelle et al., 2014). Finally, the digested aliquot was filtered through a 45 um
plankton mesh. For sediment samples, microplastics were extracted from each sediment replicate
through the density separation method developed by Thompson et al. (2004). After homogenization,
a 50 mL aliquot of each sediment replicate was weighed and stirred for 1.5 min in a glass beaker with
500 mL of concentrated NaCl solution (1.2 kg L), which subsequently was allowed to settle for one
hour. The supernatant liquid including extracted particles from the sediment was filtered through a
45 pm plankton mesh. This procedure was repeated two times for three replicates of sediment

samples.

3.2.2. ldentification and Characterization

Microplastic particles were visually identified under a stereo-microscope (Olympus SZX 16,
30x) and transferred to a clean cellulose filter paper (Whatman filter paper with 4-7 um pore size),
previously checked for airborne contamination. After photographing microplastics, ImageJ software
was used to count the plastic particles and determine the length of each particle individually.
Microplastics identified were categorized according to their colors and shapes as fiber, hard fragment,
soft fragment, pellet, foam, rubber and others. The differentiation between hard and soft plastics is
significant due to their distinct properties, applications and recycling capabilities. Such differentiation
could provide additional information on the sources of microplastics. Hard and soft fragments were
distinguished visually or by applying slight pressure with the tip of the forceps. After visual

inspection, particles were preserved in closed Petri dishes until polymer characterization.

Extracted particles were analyzed by Raman Spectroscopy (Renishaw Invia) to identify polymer
types using 532 nm or 785 nm laser, laser power varying from 0.5 mW to 10 mW, with a 20x
objective. Integration time and scan accumulations varied depending on the samples. The background
interference was checked in each spectrum and as needed, background subtraction was applied to
increase the spectrum quality. Spectra were recorded between 100 - 3200 cm™ Raman shift and then
corrected using Spectragryph Software (Menges, 2020). Finally, Wiley KnowlItAll ID Expert
Software was used to match the spectra with the reference polymer spectra found in the library. The

spectra that have a match above 60% with the reference spectra were considered.
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3.2.3. Quality Assurance and Control

All laboratory work was carried out in a fume hood to prevent airborne contamination. The
interior of the fume hood was cleaned with deionized water and ethyl alcohol before use. All
laboratory glassware and equipment used were rinsed with tap water thoroughly followed by a final
rinse using ethyl alcohol and deionized water. Laboratory glassware and sample containers were
covered with aluminum foil. Possible sources of microplastic contamination were prevented by
wearing nitrile gloves, cotton clothes and a lab coat during the study. Before filtration, plankton
meshes were checked for probable airborne contamination under a stereo-microscope and cleaned by
removing particles via forceps in case any airborne particle was detected. Control samples were
produced to determine probable contamination. For this purpose, with each sample being examined,
a 500 mL glass beaker filled with deionized water was placed in the fume hood, which was examined
and analyzed under the stereo-microscope after going through the same processes. In case of any
microplastics exist in the control samples, the number of particles detected in the blanks were

subtracted from the number of particles in the river samples.

3.2.4. Statistical Analyses

Statistical analyses were conducted with SPSS 16 defining statistical significance as p < 0.05.
The microplastic concentration dataset was transformed into the logarithmic form since the
Kolmogorov-Smirnov normality test revealed that microplastic concentrations in water and sediment
samples were not normally distributed (p < 0.05), nevertheless normality test of the transformed data
met the value of p > 0.05. The differences in microplastic concentrations between the spring (May
2019) and fall (September 2020) seasons were examined both for water and sediment samples by
running an independent t-test. Moreover, one-way analysis of variance (ANOVA) with Tukey’s post
hoc analysis was used to understand whether there is a significant spatial distribution between
sampling stations. Finally, Pearson correlation tests were conducted to observe the relationship
between environmental variables including river velocity, river depth and channel width together with
microplastic abundance in the river. The strength of correlation was determined using five scales from

‘very weak’ to ‘very strong’, given in Table 3.3.
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Table 3.3. Pearson correlation scale.

Pearson’s r Strength of Correlation
0 to +0.2 Very weak

+0.2 to 0.4 Weak

+0.4 to £0.6 Moderate

+0.6 to 0.8 Strong
+0.8 to +1 Very strong

3.3. Modeling the Transport of Microplastics
3.3.1. Settling and Resuspension

Microplastic transport was investigated for the purpose of understanding the effect of particle
and flow characteristics on the transport of these particles. Vertical transport was modeled based on
microplastic density and size, to simulate settling and resuspension at the water-sediment interface.
Since microplastics can have numerous different shapes, a modification of Stokes’ equation
(Equation 3.1) originated to calculate settling velocity of non-spherical particles (Dietrich, 1982) and
adapted to microplastics (Kooi et al., 2017; Kowalski et al., 2016), was also used in this study to

simulate vertical transport of microplastics:

Pp—Pw 1/3
Ws = (Tgllw*) 3.1)

where wj is the settling velocity (m s™), py is the density of plastic particle (kg m=3), p, is the density
of the river water (kg m?), g is the gravitational acceleration (m s2), u is the kinematic viscosity of
the river water (m? s*) and w, is the dimensionless settling velocity. The dimensionless settling
velocity w, is defined as (Dietrich, 1982):

w, = 1.71 x 107*D,* for D, < 0.05 (3.2)

logw, = —3.76715 + 1.92944logD, — 0.09815(logD.)? — 0.00575(logD,)?
+0.00056(logD.,)*

for 0.05 < D, <5x10° (3.3)

where D, is the dimensionless particle diameter, calculated as below (Dietrich, 1982):
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_ (pp _pw)gDn3

D, 2
pwH

(3.4)

where D,, is the nominal diameter (m), which is the equivalent diameter of a spherical particle equal

in volume and calculated as below:

6v 1/3
D, = (;) (3.5)
where V is the particle volume (m®). Depending on Equation 3.5 and the geometric shapes of the
particles, the nominal diameter of fibers (cylinder) and fragments (irregularly-shaped) were

calculated by the following two equations, respectively.

1/3
Du fiver = (% abc) (3.6)

1
Dn,fragment = (abc) /3 (3.7)

where a is the longest, b is the intermediate and c is the shortest axes of the particle, respectively. In
this study, microplastics between 45-5000 um size range were investigated and the size of each
particle was determined measuring the longest axis (a) during visual analysis (given in detail in
Section 3.2.2). Due to the limitations in measuring all axes of the particles (e.g. lack of three-
dimensional images), a shape factor (¢) was defined to calculate D,,. For spherical particles, ¢ is
equal to 1, but decreases with increasing flatness and irregular shape of the particle. To determine the
minimum value of ¢, a 5000 um length-particle was considered, assuming the minimum value of b

and c was 1 um. Thus, the relationship between ¢ and D,, can be given as:
D, = gpa for 0.004 < <1 (3.8)

The approximate ratio of the shortest axis (c) to the longest axis (a) was determined by examining
the microscopic images of the fibers and assumed as 0.1 for the thickest fibers. The particles that have
higher ratio than this (c/a >0.1) were assumed as fragments (or irregularly-shaped particles).
Likewise, the fragments that have the c/a values higher than 0.8, were assumed as near-spherical
particles. According to these assumptions, the range of ¢ was determined for fibers, fragments and

near-spherical particles by below:
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0.004 < ¢ < 0.25 for fibers (3.9)

0.25 < ¢ < 0.9 for fragments

0.9 < ¢ < 1 for near-spheres.

Most rivers are naturally turbulent environments due to excessive flow rates, currents and rough
river bed in flow channel, which leads to fluctuations both in horizontal and vertical velocities (given
in detail in Section 3.3.2). In this case, the settling velocity of particles under turbulent conditions,

vg, can be defined as below:

Vg = wg + v (3.10)

where v’ is the vertical velocity fluctuation (m s™). These fluctuations lead river water to move in
circular eddies exerting a shear stress at the bottom. In this case, the particles deposited onto sediment
begin to be resuspended. On the other hand, a portion of the deposited particles buried in deep layers
and may remain permanently in the sediment. In this study, a dynamic equilibrium was assumed
between settling, resuspension and burial in the sediment-water interface. Under steady-state, mass

balance for particles in the sediment-water interface can be written as (Chapra, 1997):

0= USC1 - vrCZ - vbCZ (311)

where C; is the concentration of microplastics in water (items m?), C, is the concentration of
microplastics in water-sediment interface (items m), v,. is the resuspension velocity of microplastics
(m st) and v, is the burial velocity of microplastics (m s?). If resuspension dominates burial
(v,>>v,,), microplastic concentration in water will approach the initial concentration, as each particle
that settles immediately will become resuspended (Chapra, 1997). In this case, burial velocity

becomes equal to zero, which results in the maximum resuspension flux:

V0 Co = UsCy (3.12)
Resuspension occurs once bed shear stress exceeds the critical shear stress. The mathematical

relationship between resuspension and maximum resuspension can be defined as (Besseling et al.,
2017):
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Vp = Vp (T—O — 1) for Ty > 7. (3.13)

Ter

where 7, is the bed shear stress (N m) and 7, is the critical shear stress (N m?), calculated as below
(Mao et al., 2008):

Ter = Tcr*(pp - pw)gDn (3.14)
where 7., is the dimensionless critical shear stress.

Substituting Equation 3.12 into 3.13, resuspension velocity of microplastics was calculated as:

p, =4 (T—° 1) (3.15)

C2 \T¢r

Burial velocity can be written as below substituting Equation 3.15 into 3.11:

v, =24 (2 - T—") (3.16)

C; Ter
3.3.2. Turbulence Modeling: Boundary Layer Theory

Apart from the particle characteristics, microplastic movement is affected by hydraulic and
hydrodynamic characteristics of the river including river morphology and flow (Guven & Howard,
2006). The flow pattern of a stream is governed by the ratio of inertial forces to the viscous forces,
which is represented by the Reynolds number (Re). Depending on the strength of viscosity relative to
inertia, the flow may be laminar (Re < 500), turbulent (Re > 2000), or transitional (500 < Re < 2000)
(Richards, 1982). In natural systems, laminar flow is generally encountered in low-flow and shallow
streams, such as canals, in which water flows in definite smooth paths or streamlines (Chow, 1959).
However, flow in most rivers is naturally turbulent, in which water molecules move in irregular paths
due to excessive flow rates, curves or rough surfaces in the flow channel. Unlike laminar flow,
turbulent flow has horizontal and vertical fluctuating velocity components. Vertical velocity
fluctuation leads the lower mass to move towards the upper mass or vice versa and exchanges

momentum of the river flow completely.
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Flow in river channel is also retarded by resistance of the riverbed and the banks, which causes
velocity to increase as the logarithm of height (Chow, 1959) and vertical velocity profile to occur
(Richards, 1982). Vertical velocity profile is shown in Figure 3.3.

— ”

—u—/H+u
o

»

———

i, v

Figure 3.3. Vertical velocity profile.
Boundary layer theory is a commonly used method to understand vertical velocity profile in open

channels. The theory is an approximate method, which includes an assumption of steady flow and

uniform channel. The relationship between river velocity and height can be given as:

u(z) = u*%ln (Zi) (3.17)

0

where u(z) is the river velocity profile, u* is the shear velocity (m s?), x is von Karman’s universal
constant, z is the distance from the bottom of river (m) and zo is the height where velocity is zero (m)

and is determined by the boundary roughness projection height (k):

20 =K/39 (3.18)

where k is referred to as the ‘Nikuradse sand roughness’, which can be defined as (Richards, 1982;
Millar, 1999):

k = 3.5Dg, (3.19)

where Dg, is the diameter of 84% of sediment particles (m).
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Turbulence is thought to be generated in high shear zones, which, in a river, would be found near
the riverbed. According to Chow (1959), the shear velocity can be defined as:

w=[%/, (3.20)

where T, is the bed shear stress (N m2). The shear stress at any point in turbulent flow is given as:
To = pw9gzS (3.21)
where S is the surface slope.

According to Prandtl’s mixing theory, velocity fluctuations in turbulent environments can be

approximated as:

I ~ I ~ d_u'
W] = [v'] = 1— (3.22)
where |u'| and |v’| are the absolute values of the instantaneous horizontal and vertical turbulent
velocity fluctuations in time dt, respectively, | is a characteristic length known as the mixing length
(m) and du/dz is the velocity gradient. The mixing length is experimentally defined as:

l=kz (3.23)

River velocity fluctuation leads the lower mass to move towards the upper mass and exchanges
momentum of river flow completely. Velocity fluctuations of both directions were taken into
consideration by below equations:

-
u—u+u~u+ldz (3.24)
Vg = ws + v zws+li—z (3.25)

where # is the mean velocity of the river (m s2).
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3.3.3. Mechanistic Model: Mass-Balance Approach

Vertical transport of microplastics under turbulent flow was identified mechanistically, using a
mass-balance approach for each sampling site. For this purpose, control volumes of water column
and sediment were considered. In addition, settling and resuspension mechanisms occurring in the
water-sediment interface was modeled to understand the dynamic behavior within the compartments.
Schematic representation of the mass balance for microplastics in the study sites are given in Figure
3.4.

—_— i-n R ; . .
Flow i+n
u, Cin =0 Vl, Cl — U, C]_
‘Water
v, C v, C .
N 1 ‘ — 1 7 : 2 Water-sediment
| VG | interface
Sediment

Figure 3.4. Schematic representation of the mass balance for microplastics in reach i.

In river modeling, an infinite number of reservoirs (tanks-in-series) is typically considered as an
approximation of river systems (Guven & Howard, 2006). In this approach, the river reach is divided
into conceptual reservoirs, which allows users to set the values of parameters and variables in the
location of interest, based on user information (Keupers & Willems, 2017). Series of reservoirs is a
widely used method in modeling river systems (Beck & Finney, 1987; Keupers & Willems, 2017;
Whitehead et al., 1979), which are generally modeled as Continuously Stirred Tank Reactors (CSTR)
to utilize mass-balance equations. In this model, each water column was considered as a CSTR, in

which river hydraulics and morphology were assumed to be homogeneous.
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Mass-balances for microplastic in the water, water-sediment interface and deep sediment can be
written as below. Equations 3.26, 3.27 and 3.28 give rate of change of microplastic concentration in

water, water-sediment interface and sediment, respectively.

ac A s T

=0 fu g GG (3.26)
dc; S T

dcs _ v

=22, (3.28)

where V; is the control volume of water (m®), A, is the cross-sectional area of the control volume
(m?), f,,p is the fraction of non-buoyant particles, C; is the concentration of suspended microplastics
in water (items m), C, is the concentration of microplastics in sediment-water interface (items m)

and Cj; is the concentration of microplastics in sediment (items m).

A mechanistic model based on ‘stock and flow’ approach was constructed to investigate the
vertical transport of microplastics within the sampling sites. Since microplastic characteristics, such
as density, size and shape are variable and river velocity fluctuates with turbulent flow, a stochastic
model was developed. The probable change of microplastic abundance in water, water-sediment
interface and sediment, as well as variation of settling and resuspension flux of microplastics with
time at sampling locations were simulated by Monte-Carlo analysis, using GoldSim (version 14.0)
software (GoldSim Technology Group, 2021). GoldSim was chosen as the modeling environment,
particularly due to its convenience in dynamic modeling of environmental systems and ability in
quantitively representing the stochastic data mentioned above. Equations given above (Equation 3.1-
3.28) were utilized in GoldSim, assuming the control volumes were stocks, and microplastic settling,
resuspension and burial were flow. This was performed for each sampling site separately. The model
was run for 60 s with 500 realizations selecting four random values from the strata of each element's

probability distribution. Following assumptions were made for the model conceptualization:

Initial and boundary conditions:

¢ Initial concentrations of microplastics in water column is equal to the measured concentration

of microplastics in the water sample collected from the relevant site.
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e Initial concentrations of microplastics in sediment is zero.

e There is a dynamic equilibrium between settling, resuspension and burial in water-sediment
interface.

e No microplastics were released from any other source.

e Only non-buoyant particles are modeled.

e Hydraulic and morphological characteristics of the channel are homogeneous.

It should be noted that microplastics were assumed as pure particles, neglecting processes, such
as aggregation with other chemicals and biofilm formation on plastic particles. In this respect, the
settling and resuspension of only non-buoyant particles were modeled. To achieve this, fraction of
non-buoyant microplastics (f,,,) was determined according to the polymer types and densities

identified by Raman analyses.

3.3.4. Data Acquisition and Model Calibration

The required data for model development was basically obtained from three different sources:
(i) on-site measurements including river’s hydrodynamical and morphological parameters, such as
river velocity, water viscosity and depth, (ii) the results of microplastic analysis including initial
concentration, particle size, type and shape, and (iii) literature (e.g. k, Dgs and 7., ). Model
parameters were defined as stochastic variables due to the uncertainties that may be associated with
particle characteristics and the random behavior of microplastic transport occurring in natural
environments. Since the characteristics of microplastics, such as density, size and shape vary widely
even within a single sample, these parameters were entered to the model as stochastic data ranging
between certain values. In addition, z value (the distance from the bottom of river to a given height)
was assumed as stochastic due to the variation of river velocity with depth because of turbulence and
resultant velocity fluctuations. The other input parameters were entered to the model as deterministic
data.

Model calibration was conducted using the p,,, Dg4, and S. The approximate slope values of the
sampling sites were first determined via Geographical Information Systems (GIS). After collecting
the required data, model calibration was performed by minor changes on the values of p,,, Dg,4, and
S, comparing the measured river mean velocity with the predicted mean velocity (u). Regression
analysis was implemented by calculating coefficient of determination (R2) and root mean square error
(RMSE) to evaluate model fit.



Data requirements for the development of Monte-Carlo model are given in Table 3.4.

Table 3.4. Data requirements for the model.
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Parameters Value
Source
Deterministic S1 S2 S3 S4 S5
3
k m a a a TS
Pw(kgm ) 9972 gggb gg;b 9972 gg;b measurements
/ Calibrated
u(m's? 89x10"" | 91x10"" | 91x107" | 9.1x10"" | 9.1x10"" | T
95x10 " | 97x10"° | 9.8x107° | 9.5x10"° | 9.5x107" | measurements
K 0.4 0.4 0.4 0.4 0.4 Chow (1959)
d (m) 0.418 0.550° 0.594° 0.559 0401 | On-site
0.526° 0.334° 0.586"° 0.415° 0.484b measurements
Dgs (mm) 0.1° 0.25° 0.1° 10 0.05° .
55x10°" 9x10™"° 10 16 0.3 Millar (1999)
S 16x10"" | 1.4x10"" | 1.7x10"" | 14x10"" | 1.8x10"" | QGIS/
21x10"° | 28x10"° | 1.4x10™° 10" 1.7x10"" | Calibrated
Ter” 0.056 0.056 0.056 0.056 0.056 | Shields (1936)
S 0.7 0.7 0.7 0.7 0.7 ;?;F;;S
Stochastic S1 S2 S3 S4 S5
3
Pr (kgm ) 1050- aR:aT asnis and
1050-1400 | 1050-1400 | 1050-1400 | 1050-1400 y
1400 Polymer
database®
a(um) Microscopic
45-5000 45-5000 45-5000 45-5000 45-5000 | analysis and
ImageJ
0 0.004-1 0.004-1 0.004-1 0.004-1 0.004-1 | Estimate
C, (items m3) 900- 4250-
2300° | 2920-10280° | 10630° | 1740-4910° | 1990-4650° r';"’l‘grgzgo "
2090- | 3670-4250° | 15980- | 2510-2900° | 3310-6060° o P
3080° 19040° analysts
z(m) 0-0.418% | 0-0.550° 0-0594% | 0-0559° | 0-0.401° (rr)g:sllj?emen N
0-0526° | 0-0.334 0-0586° | 0-0415° | 0-0.484° @

@ Measured/calibration data for May 20, 2019
® Measured/calibration data for Sep 30, 2020
¢Retrieved from http://www.polymerdatabase.com (Oct 1, 2021)

3.3.5. Scenario Analysis

Scenario analyses were performed to understand the effect of particle properties including shape

and size, as well as differences in river hydraulics on settling and resuspension of microplastics. To

achieve this, considering different scenarios, the changes in settling flux (J5, items m2 s?) and


http://www.polymerdatabase.com/
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resuspension flux (J,, items m? s) of microplastics were simulated. J and J, can be defined as the

following:
Js = vsCy (3-29)
Ir = .G (3-30)

Considering particle shape, particle size and bed shear stress, nine different scenarios were

generated. These are given in detail below.

3.3.5.1. Particle shape. Three scenarios were considered to determine the effect of particle shape on

settling and resuspension of microplastics:

e Scenario 1: All the particles in the control volume are fibers.
e Scenario 2: All the particles in the control volume are fragments.

e Scenario 3: All the particles in the control volume are near spherical.

3.3.5.2. Particle size. Three different particle sizes were considered to understand the model response

to the changes in microplastic size:

e Scenario 1: All the particles in the control volume are 50 pm.
e Scenario 2: All the particles in the control volume are 500 pm.

e Scenario 3: All the particles in the control volume are 5000 pm.

3.3.5.3. Bed shear stress. The variations in river hydraulics, such as river depth and slope can change

bed shear stress and hence flow patterns. Although bed shear stress is a variable depending on the
river morphological parameters, it was assumed as a deterministic input parameter in scenario
analyses to evaluate the effect of different flow characteristics on settling and resuspension of

microplastics more directly and clearly. Similar to the above, three scenarios were considered as:

e Scenario 1: Ty = 0.15 N m?
e Scenario 2: T, = 0.50 Nm?

e Scenario 3: T, = 0.90 N m?
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3.3.6. Uncertainty and Sensitivity Analysis

Uncertainty and sensitivity analyses were performed to assess the robustness of the model
outputs. Uncertainty analysis can be described as the process of determining the range of model
outputs depending on the uncertainty of the inputs, whereas parameter sensitivity analysis is
performed to understand the sensitivity of model outputs to changes in the inputs. Uncertainty
analysis aids to identify the effect of the lack of knowledge or conceptual errors of the model
(Mountford et al., 2017), while sensitivity analysis can be conducted for several purposes including
(Hamby, 1994; Mulligan & Wainwright, 2004):

e Dbetter understanding which parameters are highly correlated with the model output and require
additional research to mitigate the possible errors;

e determining which parameters are insignificant and do not require an additional research to
strengthen the model;

e calibration/validation of the model; and

e targeting model parameterization for optimal data collection.

Multi-variate analysis was conducted in GoldSim to determine the effect of stochastic data
including particle size (a), microplastic density (p,), shape factor (¢) and distance from the bottom
of river (z) on the uncertainty of the model outputs. For this purpose, a correlation matrix was
generated in GoldSim, which indicates the degree to which all selected variables are correlated to
each other. Moreover, statistical analysis was conducted by calculating coefficient of determination,
correlation coefficients, standardized regression coefficients, partial correlation coefficients, and

i mportance measures.

Sensitivity analysis was carried out in GoldSim using ‘Sensitivity Analysis’ tool of the software.
One-at-a-time parameter sensitivity analysis was performed, which is based on changing one
parameter at a time, while holding the others fixed. This method aids to understand the influence of
the input parameters on the model outcomes by assessing the model output variations due to the

changes in input parameters. In this study, the effect of variations in d, S, Dg,, u, 7™, @, a, Py Py,

and Co on microplastic concentrations in water and sediment were evaluated. The variation in input

and output was calculated by the following equations (Dubus et al., 2003):

Input Variation = I;ﬂ x 100 (3.31)

BC
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Output Variation = % x 100 (3.32)

BC

where [ is the value of the input parameter, I is the value of the input parameter for the base-case
scenario, O is the value of the output variable and Oy is the value of the output variable for the base-

case scenario.

Sensitivity ranking of the parameters was implemented by calculating ratio of variation (ROV)

for each input parameter:

ROV = Output Variation (3.33)

Input Variation
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4. RESULTS AND DISCUSSION

4.1. Microplastic Abundance and Distribution in the Ergene River

The results given in this section was published in ‘Environmental Research’ journal, titled as
‘Microplastic distribution in the surface water and sediment of the Ergene River’ (Akdogan et al.,
2023).

4.1.1. Microplastic Abundance in Water and Sediment

A total of 643 and 1031 microplastic particles were extracted from the water samples collected
in May and September, respectively. On the other hand, a total of 118 and 320 particles were extracted
from the sediment samples, respectively. Water samples had average concentrations of 4.65 + 2.06
and 6.90 = 5.16 items L (mean + standard deviation, n = 12), and sediment samples’ average
concentrations were 97.90 + 71.72 and 277.76 + 207.21 items kg (n = 18) for the May 2019 and
September 2020 periods, respectively. Both water and sediment samples collected at the end of the
dry season (September) include higher concentrations of microplastic in total than the samples
collected in the wet season (May). Several studies in the literature also reported higher microplastic
abundance in rivers during dry seasons (Nel et al., 2018; Wicaksono et al., 2021; Wu et al., 2020),
which was generally associated with decreased river flux that is limiting the dilution of microplastic
concentration in rivers (Wu et al., 2020; Yan et al., 2019). In this study, the temporal variation of
microplastic abundance was more dramatic for sediment samples than those for water samples. A
statistically significant difference in the number of microplastics between the two periods was found
for sediment (F = 14.63, df = 20.19, t = -2.44, p = 0.02 < 0.05), whilst statistical analysis did not
indicate a significant temporal difference for riverine water (F = 4.03, df = 22,t=-1.19, p = 0.25 >
0.05). These outcomes can be attributed to variation in waste management, change in microplastic
characteristics, such as polymer density and particle size, and associated settling and accumulation of
these particles in sediment during the dry season. On the other hand, the sampling was done in the
wet and at the end of the dry seasons, and no major differences were observed in river morphology
and flow rates between two periods (Table 3.2), which could explain the relatively less temporal
variation of microplastic abundance in water samples. A significant increase in flow rates was
observed only at Site 1 and Site 2 in Sep 2020, probably due to heavy rainfall event the day before
the sampling day. However, this did not cause a meaningful seasonal difference in microplastic

concentrations within these sites. Moreover, particular sampling sites (2 and 4) had an inverse manner
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compared to the other sites, where microplastic abundance was higher in May than those in September
(Table 4.1). These variations can be as a result of differences in meteorological conditions between
two sampling periods. Wind speed on the day of sampling in September (mean = 17 km ht) was
slightly higher than in May (mean = 14.83 km h™1), whilst the wind directions were totally different
(Table 3.2). A recent study by Leads et al. (2023) indicated that wind direction had a great effect on

microplastic abundance and temporal variability.

Microplastic abundance data of all sites are given in Table 4.1. A significant spatial variation
was found for water samples, particularly between Site 3 (upstream of the Ergene River tributary)
and the other sampling sites in September (F = 4.37, df = 23, p = 0.009 < 0.05). These results are
expected, considering a variety of environmental factors in the study area, especially due to different
land uses (e.g. industries, agriculture, and farmland) and associated wastewater effluents (Baldwin et
al., 2016; Kapp & Yeatman, 2018). Several studies indicated the relationship between increased
microplastic concentrations and industrial areas (Alam et al., 2019; Cordova et al., 2022; Wong et al.,
2020). Site 3 had the highest amount of microplastics in both seasons, probably depending upon the
surrounding land use (residential area) and proximity to WWTPs and OIZs, in which textile industries
heavily exist. Besides, both seasons had similar trends in the microplastic distribution along the river,
exhibiting an increase in the abundance of microplastics along the Corlu Tributary from Site 1 to Site
2, while the number of particles suddenly decreased from Site 3 to Site 4 along the Ergene River
Tributary. Microplastic levels continued to decline at Site 5, the downstream of the junction, where
the Corlu Tributary meets the mainstream and the river reaches its maximum width amongst the
sampling sites, but then increased again at Site 6. On the other hand, sediment samples did not
illustrate a statistically significant spatial distribution (F = 1.40, df = 35, p = 0.25 > 0.05).

Table 4.1. Microplastic concentrations in water and sediment samples.

Water Sediment

Site Mean + SD* (items L) Mean + SD* (items kg™?)

May 20, 2019 Sep 30, 2020 May 20, 2019 Sep 30, 2020
S1 1.60 +0.99 3.49+0.71 57.18 £ 14.48 448.92 + 66.66
S2 6.60 = 5.20 3.96 +0.41 57.99 + 48.06 107.17 £ 40.04
S3 7.44 +£4.51 17.51 £2.16 62.76 £ 46.08 125.73 £ 92.64
S4 3.32+2.24 2.70+£0.27 45.02 £ 18.57 276.80 + 400.44
S5 3.32+1.88 4.69 +1.95 250.64 + 137.32 67.17 £22.89
S6 5.60+2.11 9.04 +5.68 113.81 +40.66 640.76 + 444.63
* Standard Deviation

Microplastic abundance data obtained from this study were compared with some of the other

studies conducted in different rivers of the world (Table 4.2).
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Table 4.2. Comparison of microplastic concentrations in this study with other rivers.

Mesh Mean + SD
Rivers Size Water Sediment Reference
(um) (items L) (items kgt)
Ergene River, 4.65 +2.06 to 97.90 +71.72 to i
Turkey 45 690516 | 277.76 +207.21 This study
Mersin Rivers, -
Turkey 26 0.29 +0.06 - Ozgiiler et al. (2022)
Seine River, France 80 0.11 £0.09 - Dris et al. (2018)
Pearl River, China 50 8.9 t0 19.86 - Yan et al. (2019)
Qlantang River, 45 118 £0.27 i Zhao et al. (2020)
China
Yangtze River,
China 50 2.52+0.91 - Wang et al. (2017)
Ciwalengke River, | 4, 5.85+3.28 303 + 159 Alam et al. (2019)
Indonesia
Nakdong River, 0.29 £ 0.08 to
South Korea 20 476+ 5.04 1970 + 62 Eo et al. (2019)
Antua River, Rodrigues et al.
Portugal 55 0.31 318.67 (2018)
Ottawa River, 100 135107 220 Vermaire et al. (2017)
Canada
Shanghai rivers,
China 1 - 802 + 594 Peng et al. (2018)
Pearl River, China 20 - 1669 Lin et al. (2018)
Rhine River, 63 i 861 Klein et al. (2015)
Germany

Compared to many other rivers, the Ergene River had excessive levels of microplastics. Average
concentrations in the surface water were much higher than those in other rivers including eight rivers
of Mersin, Turkey (Ozgiiler et al., 2022); European rivers (Dris et al., 2018; Rodrigues et al., 2018)
and Ottawa River, Canada (Vermaire et al., 2017), but considerably lower than the concentrations in
the Pearl River, China (Yan et al., 2019). Compared to other east Asian rivers, such as Qiantang (Zhao
et al., 2020), Yangtze (Wang et al., 2017) and Nakdong (Eo et al., 2019), the abundance of
microplastics were higher in the Ergene River (Table 4.2). However, it should be noted that the
differences in sampling and analysis methods hinder the comparability of the results with the
literature data. For example, microplastic levels for both water and sediment in this study were
comparable to the Ciwalengke River, Indonesia (Alam et al., 2019), which receives industrial
wastewater discharge similar to the Ergene River. Yet, unlike this study, the authors performed the
analysis with a 1.2 pm plankton mesh, which hampered the exact comparison of the results.
Microplastic levels in the sediment samples of this study were comparatively lower than other rivers
including Nakdong (Eo et al., 2019), Pearl (Lin et al., 2018), Rhine (Klein et al., 2015) and Shanghai
rivers (Peng et al., 2018), but comparable to the Antua (Rodrigues et al., 2018) and Ottawa Rivers



45

(Vermaire et al., 2017). According to these results, river hydrodynamics can have an effect on

relatively low concentrations of microplastics in river sediments due to resuspension of the particles.

4.1.2. Microplastic Abundance and River Characteristics

Currently, there is little knowledge on the relationship of microplastic abundance with river
morphology and hydrodynamics. In this study, Pearson correlation tests were conducted to determine
if there was a relationship between microplastic levels and the river’s hydrodynamical variables

including river velocity, river depth and channel width. The test results are given in Table 4.3.

Table 4.3. Pearson Correlation coefficients (r) between river hydrodynamical variables and

microplastic abundance.

Hydrodynamical Pearson’s r

Parameters

Water items L
River velocity (m s™) 0.17
River depth (m) 0.51*
Channel width (m) -0.45*

Sediment items kgt
River velocity (m s?) 0.21
River depth (m) -0.19
Channel width (m) 0.13
* indicates significance with p < 0.05.

For water samples, results showed a moderately positive correlation between the number of
microplastics and river depth. This can be explained by the different flow regimes in the river and
associated dispersion of microplastics. Bed shear stress is higher in deep water, which generally
results in elevated levels of turbulence that can increase the transport of sediment particles (Besseling
etal., 2017; Richards, 1982). Indeed, once bed shear stress exceeds the critical shear stress, sediment
particles begin to be resuspended (Waldschlager & Schiittrumpf, 2019). He et al. (2021) also indicated
the lower deposition of microplastics onto sediment in the Brisbane River mouth (Australia) could be
due to the higher bed shear stress and dispersion of particles in that location, where water depth was
much higher than in river upstream. Moreover, dispersion of particles increases with expanding
channel width, which may cause dilution of microplastic concentrations. On the other hand, a
moderately negative correlation was defined between the microplastic abundance and channel width,
as a result of Pearson correlation tests. Coherently, it was expected to find a relationship between
river morphological variables and sediment microplastic levels; yet, no significant correlations

between these variables and sediment microplastic levels were observed. This may be due to the fact
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that ANOVA test did not define a statistically significant spatial distribution for the sediment samples.
Likewise, statistical analyses implemented by Nel et al. (2018) did not find a significant relationship
of sediment microplastic concentrations with river depth and channel width.

Previous studies demonstrated a considerable relationship between microplastic abundance and
river velocity (Kapp & Yeatman, 2018; Nel et al., 2018). However, in this study, statistical analyses
did not exhibit a meaningful correlation between river velocity and microplastic abundance, either
for water or sediment (Table 4.3). This may be because no significant spatiotemporal changes were
observed in the flow rates of six different sampling locations. Hence, the longer-term continuous
sampling and measurements are required to monitor remarkable changes in river flow and exactly

understand whether river velocity influences microplastic levels in the Ergene River.

4.1.3. Shape, Size, Color, and Type of Microplastics

Particle density, shape and size distribution are dynamically changing parameters that strongly
affect the sinking velocity, thereby the fate of microplastics (Enders et al., 2015; Kooi et al., 2016;
Kowalski et al., 2016). Here, microplastic particles extracted were categorized according to their
shapes as fiber, hard fragment, soft fragment, pellet, foam and other (rubber, film, etc.), which are
shown in Figure 4.1.

Figure 4.1. Microscopic images of microplastics: (a) fibers, (b) hard fragments and fibers, (c) soft

fragments and fibers, (d) pellets and fibers, (e) foams, and (f) rubber.
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Different sources of microplastics cause them to occur in various shapes in the environment
(Klein et al., 2015). In total, fibers (88%) were dominant in water samples, followed by soft fragments
(4%), hard fragments (4%), pellets (2%), foams (1%), rubbers (<1%) and other (<1%). Plastic
particles that could not precisely be identified were categorized as ‘Other’. Although fibers were
dominating shape also in the sediment samples (70%), hard fragments had a considerable proportion
(23%) in sediment. Furthermore, a small number of soft fragments (5%), pellets (2%) and rubbers
(<1%) were detected in the sediment samples. The spatiotemporal distribution of microplastic shapes

in water and sediment is given in detail in Figure 4.2.
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Figure 4.2. Percentage distribution of microplastics by shape in (a) water samples and (b) sediment

samples.

To date, fibers have generally been the dominantly found microplastic shape in aquatic
environments (Browne et al., 2011), most likely due to the continual abrasion of synthetic textiles
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and laundry wastewater release (Napper & Thompson, 2016), as well as atmospheric fallout (Dris et
al., 2016). Textile industries have also been reported as a significant point source of synthetic fibers
(Cordova et al., 2022; Deng et al., 2020). From this viewpoint, fiber levels detected in water and
sediment samples were not surprising, as, in our study area, textile industries and spinning mills were
intensively active, especially within the Corlu District and the north-eastern part of the Ergene sub-
basin (upstream of Site 3). Besides domestic sewage, the river has been receiving a considerable
amount of industrial wastewater from these regions for many years. As discussed in Section 4.1,
notably higher amounts of microplastics were detected in water samples of Site 3, the closest location
to the aforementioned industrial zones, in which the number of fibers was also extremely higher,
compared to the samples of the other sites. Indeed, almost no other shape of microplastics than fiber
was detected in the water and sediment samples from Site 3. The proportion of fibers was found
higher both in the samples in the fall than those in the spring. This can be attributed to the differences
in meteorological conditions, such as higher wind speed and altered wind direction on the day of
sampling in September, discussed in Section 4.1. Indeed, Bullard et al. (2021) suggested that
microplastic enrichment by wind was higher for fibers than pellet shaped particles, which could
explain the increased number of fibers in the samples collected in the fall. Also, in this study, the
second sampling (30 Sep 2020) was carried out during the Covid-19 pandemic. Recent studies
identified disposable face masks as a potential source of synthetic fibers in the environment (Fadare
& Okoffo, 2020; Shen et al., 2021). Thus, an increase in fiber levels may be due to changing habits
such as frequent cleaning and laundry and the use of single-use face masks during the Covid-19

pandemic.

Fibers were generally followed by hard or soft fragments in all samples, yet their abundance and
predominance changed from site to site. Fragments detected in the samples revealed the degradation
of plastic debris originated from secondary sources that mostly include anthropogenic activities, such
as littering. Waste from various industries, such as plastic, machinery and automotive can be a
potential source of hard fragments in the study area. Previous studies suggested that agricultural
activities were also a substantial source of microplastics due to the use of plastic products, such as
nylon mulch in crop growth (Nizzetto et al., 2016b; Rodriguez-Seijo & Pereira, 2019). While the
surrounding of Sites 1 and 3 mostly include industrial and residential areas, downstream of the river
(Site 2 and from Site 4 to 6) is surrounded by farms and cultivated lands. Thus, some of the soft
fragments (nylon particles and polyethylene greenhouse coverings) observed in these sites can be
attributed to agricultural activities in the neighboring area. On the other hand, relatively low numbers
of foam and rubber were detected in the samples. Foams were observed only in the water samples of

two sites (Sites 1 and 6), whilst only one rubber was observed in all samples, which was detected in
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the sediment sample of Site 4. A small number of pellets were detected both in water and sediment
samples. The existence of pellets is an indicator of primary source microplastics originating from
cosmetic and medical products (Patel et al., 2009; Zitko & Hanlon, 1991). Primary microplastics most
likely enter the aquatic environment through domestic wastewater discharge or spillage of plastic
pellets used in industries (Gregory, 1996). Ergene River receives both domestic sewage and
wastewater from Corlu and Ergene OIZs near the study area, where several plastic and cosmetic
industries, probably using plastic pellets in production, are located. However, a predominance of
fibers and fragments suggests that microplastic pollution in the Ergene River and Corlu Stream mostly
originates from secondary source microplastics as a result of the abrasion of textiles and

fragmentation of larger plastic items.

Here, microplastics were also categorized according to their sizes. Spatiotemporal distribution

of particle sizes is given in detail in Figure 4.3.
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Figure 4.3. Percentage distribution of microplastics by size in (a) water samples and (b) sediment

samples.

A slight increase in the proportion of larger particles (>1000 um) was observed in the water
samples collected in the fall, whilst no significant temporal variation was observed in the sediment
samples. This may be due to the temporal variations in the characteristics of plastic materials and
environmental factors, such as flow regime, sunlight, temperature and dissolved oxygen levels, which
govern the fragmentation processes of microplastics. Being different from previous studies (Wang et
al., 2017; Wang et al., 2021a; Wu et al., 2020), a higher abundance of medium-sized microplastics
ranging between 1000 to 2000 um (38%) was observed in the water samples, which was followed by
small-sized microplastics between 45-1000 um (31%) and larger particles between 2000-3000 pm
(18%) and 3000-5000 um (13%), respectively. A similar outcome was observed in the Netravathi
River, India, where the authors attributed their results to the shorter residence time of plastics and
associated lower degradation, due to high flow rates (Amrutha & Warrier, 2020). In our study area,
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the mean flow rate of the river ranged from 0.258 to 0.748 m s (Table 3.2). Therefore, the
predominance of medium-sized particles in water may depend on other factors such as the source or
characteristics of the plastic materials. Heat, sunlight and well-aerated conditions are ideal for the
fragmentation of plastics (Harshvardhan & Jha, 2013). However, the Ergene River has very low
dissolved oxygen values and dark color because of heavy industrial pollution for many years. In field
measurements, it was observed that dissolved oxygen levels may decrease up to 0.1 mg L (Table
3.2). This may slow down the fragmentation process and thus, influence the size of the particles, both
due to decreased light penetration and the presence of anoxic conditions. Moreover, as previously
mentioned, effluents of WWTPs can be considered the major sources of microplastics along the
upstream of sampling sites. Although characteristics of microplastics in WWTPs may vary by
location, recent studies indicated that the average particle size increased from influent (1111 pm -
1135 pm) to effluent (1221 pm - 1309 um) of WWTPs, probably due to more effective removal of
smaller particles in the biological treatment step (Akarsu et al., 2020; Vardar et al., 2021). Therefore,
it becomes quite likely that particle size distribution in the river would depend on the properties of
microplastics in WWTPs’ effluents. However, though WWTPs located near our study area have
similar treatment technologies to the above-mentioned plants, it is not possible to obtain a precise
outcome with the data produced in this study. To understand these complex factors, future work
should undertake a more intensive sampling scheme to determine the characteristics of microplastics
in wastewater effluents and monitor the source-to-sink variation of particle sizes along the Ergene
River. On the other hand, the majority of the microplastics in sediment samples were surprisingly
smaller than those detected in water samples. In total, the dominant size range was found to be
between 45-1000 pm (55%), followed by 1000-2000 pum (32%), 2000-3000 um (9%) and 3000-5000
um (4%). These results for sediment samples are congruent with the previous studies (Li et al., 2020;
Wu et al., 2020). However, here, the difference between the two compartments suggests higher
fragmentation of microplastics in sediments than those on water surfaces. This may be because of the
higher residence time of the microplastics deposited and buried deeper in the sediments allowing for
fragmentation. Additionally, smaller-sized microplastics are more convenient both for homo- and
hetero-aggregation than those with larger sizes, due to their lessened stabilities and adsorption on the
surface of large suspended solids (Besseling et al., 2017; Lietal., 2019; Song et al., 2019). It is known
that aggregation can increase the size and density of microplastics, which can accelerate the
deposition of particles onto sediments (Ballent et al., 2016). Research also revealed that deposition
as a result of aggregation can cause a decrease in the fraction of small-sized microplastics (<1000
um) in the surface water (Cozar et al., 2011; Yan et al., 2021). Therefore, aggregation of small
microplastics with each other or suspended solids may cause small-sized particles to be dominant in

the sediment samples of the Ergene River.
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The colors of microplastics can offer information on potential sources and weathering process
of particles (Wicaksono et al., 2021). Identification of microplastic color is also important for
understanding their bioavailability, since aquatic organisms may accidentally ingest colored
microplastics during feeding, due to their resemblance to their prey. Previous studies suggested that
light-colored microplastics, such as white, transparent and blue could easily be misidentified and
ingested by fish (Ory et al., 2017; Romeo et al., 2015). In this study, different colors of particles were
observed in the overall samples, yet they were not equally distributed. Most of the particles were
black (49%) and blue (25%) in the water samples, followed by red (14%), white (5%), brown (2%),
transparent (1%), green (1%), orange (1%), purple (1%), pink (<1%), grey (<1%) and yellow (<1%).
Likewise, dominant particle colors detected in the sediment samples were black (39%), blue (18%),
transparent (15%) and red (14%). Besides, white (5%), green (3%), brown (2%), pink (1%), purple
(1%), grey (1%) and yellow (1%) particles were also observed in the sediment samples. As mentioned
above, the proportion of fibers was quite high in both seasons, which may affect the color diversity
in the samples to some extent causing some colors to be similar and dominant (Wang et al., 2021a).
Therefore, color cannot solely be sufficient to identify potential sources of microplastics. Considering
the industrial activities in the study area, it is quite likely that the main sources of colored fibers are
textiles and waste from spinning mills. Other colored microplastics can be originated from plastic
production factories, paints and packaging waste. White and transparent microplastics are generally
associated with plastic bags and food packaging materials. Besides, microplastic colors are faded by
environmental factors, which results in the occurrence of light-colored particles. In this study, the
distribution of microplastic colors is similar both in water and sediment samples, yet a higher
proportion of transparent particles in sediment samples is most likely due to a higher abundance of
transparent hard fragments in sediment, as well as higher residence time and weathering process. The

distribution of microplastic colors is shown in Figure 4.4 for the water and sediment samples.



53

(a) Water (b) Sediment
m Black

1% 1%

u Blue

®Red
White

¥ Brown

B Green
Orange
Transparent

H Purple

Other

Figure 4.4. Microplastic color distribution: (a) water samples and (b) sediment samples.

Polymer types were detected by analyzing 200 randomly selected particles with Raman
Spectroscopy. 150 particles were successfully analyzed, whilst the remaining 50 particles could not
be identified due to no match or below 60% similarity with the reference spectra. Amongst 150
particles, 134 of them were identified as microplastic (89%), whereas 16 particles were non-plastic
(11%) including nine silicon dioxide (SiO>) particles, six natural fibers (cotton and modal fibers), and
one plastic additive (mortoperm blue). The majority of the particles that could not be identified by
Raman were fiber. Although it was suspected that some of these may be non-plastic fibers, such as
cotton, viscose and wool fibers, further analysis is needed before a definite conclusion. Previous
research indicated that dyed fibers including cotton, viscose, acrylic and wool can have different
peaks according to their colors and can be detected more clearly at different Raman laser wavelengths
varying from 514 nm to 830 nm (Buzzini & Massonnet, 2015; Prego Meleiro & Garcia-Ruiz, 2016;
Thomas et al., 2005; Was-Gubala & Machnowski, 2014). Hence, future work should also focus on
the relevant particles considering these factors to obtain a precise outcome about the type of these

non-identified particles.

The results of the Raman analysis are given in Figure 4.5.
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Figure 4.5. Microplastic types in the river samples: (a) Polymer distribution in water, (b) Polymer

distribution in sediment.

According to the results, many of the plastic particles in water were polyethylene terephthalate
(PET, 28%) and polyamide (PA, 27%), which were followed by polyethylene (PE, 19%), polystyrene
(PS, 19%), polypropylene (PP, 5%), and polyisoprene (PI, 2%). In sediment samples, PS (56%) was
predominant, followed by PE (20%), PA (12%), PP (8%), and other (4%) including one
polysulfone/polyamide (PSU/PA) composite polymer. Examples of plastic and non-plastic spectra
with the reference spectra are given in Figure B.1-B.11. PS, PA, PET and PE were the four most
abundant polymers within the samples in total. PS is a hard and resistant thermoplastic resin, with a
variety of applications from foam products used in disposable food containers to rigid materials in
the electronics and automotive industries. The number of foam particles was relatively low, but many
of the hard fragments found were identified as PS, which may have originated from the waste of
machinery and automotive industries located in the neighboring area or degradation of plastic litter.
PET is an aliphatic polyester that is used in the production of everyday items including clothes,
carpets and other home textile products and water bottles, and it dominates synthetic fiber production
for around 60% by volume (Radzi et al., 2021). PA (or nylon) is usually used in manufacturing items
that require strength and flexibility, such as textile products, seatbelts, airbags, fishlines and parts of
machines. After PET, PA is one of the most used polymers in the production of synthetic fibers (Dalla
Fontana et al., 2020). Therefore, it can be concluded that the majority of PET and PA, particularly in
shape of fiber, originated from the textile industries or discharges from WWTPs from the upstream
river. It is likely that other PA particles came from the wastewaters of various industries
manufacturing part of machines or automobile. PE is also a versatile polymer, mainly used for
packaging and shopping bags, and can also be used in water pipes, housewares, insulating materials,
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agricultural mulches, etc. In our study area, the industries producing such materials can be sources of
PE particles, yet, plastic mulches used in agricultural lands around the downstream of the Corlu and
Ergene tributaries can be another source of detected PE, as discussed previously. These sources derive
secondary microplastics, which are assumed to constitute the majority of microplastics in the
environment. PS and PE particles are also used in cosmetic and medical products in pellet form as
primary microplastics (An et al., 2020). It is worthwhile to note that, some of the polymers mentioned
above could originate from the degradation of anthropogenic litters, so it becomes necessary to
implement a more comprehensive investigation to assess the exact contribution of each source to

microplastic contamination in the river.

Amongst these polymers, PET has the highest density (1.38 g cm), followed by PA (1.01-1.08
g cm?3), PS (1.05 g cm™) and PE (0.88-0.96 g cm™). According to our results, despite the higher
densities of PET and PA than water, these polymers were identified in the water samples compared
to other low-density plastics, such as PE. This can be attributed to river’s hydrodynamical conditions,
which may cause resuspension of denser polymers by turbulence. In addition, the occurrence of
excessive levels of textile fibers in the water samples, which generally constitute PET and PA, results
in these polymers being the most abundant types in water samples. PET is the most used material in
manufacturing synthetic fibers, accounting for around 60% by volume (Radzi et al., 2021). Therefore,
predominance of PET and PA in the production of plastic items in the study area and associated
higher release of these particle types to the river, as well as river hydrodynamics can results in higher
levels of these polymers in the surface water. On the contrary, no PET particles were found in the
sediment samples, despite having the highest density amongst the extracted polymers. This can be
attributed to the fact that NaCl solution (1.20 g cm™) is insufficient for extraction of high-density
polymers, such as POM (1.41 g cm), PVC (1.38 g cm®) and PET (1.38 g cm™). Therefore, these
polymers can be lost during the density separation method for extracting microplastics from the

sediment samples.
4.2. Modeling Vertical Transport of Microplastics in Turbulent Flow
4.2.1. Monte-Carlo Simulation Results
A mechanistic model was developed and Monte-Carlo analyses were conducted in GoldSim
(version 14.0) to simulate the probable variation of microplastic concentrations in water and sediment

with time for each sampling site. These simulations were performed to indicate the time required for

microplastics to leave the water compartment and the probable maximum concentrations of
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microplastics in sediment. For this purpose, the initial conditions for microplastic concentrations in
the water column were assumed as the concentrations in the grab samples collected from the surface
water of six sampling sites. As given in Section 3.1, water samples were collected in duplicates,
therefore initial concentrations were entered to the model considering the range of microplastic
concentrations in water for each each sampling site. The model layout is given in Appendix D (Figure
D.1). The model results for the water column are given in Figures 4.6 and 4.7 for the years 2019 and

2020, respectively.
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The model outcomes illustrated a Gaussian distribution between minimum and maximum values
of microplastic concentrations. This distribution had a wide range, particularly in sampling sites with
shallow water accompanied by low flow velocities (e.g. Figure 4.7d), as at these locations, particle
settling is mainly governed by a number of other microplastic characteristics, such as shape, size and
density, rather than the flow characteristics. On the contrary, Gaussian distribution showed a narrow
range for the sampling sites with deeper water and higher flow rates (e.g. Figure 4.7a). Deep waters
can prolong the settling time of microplastics, as well as increase bed shear stress, which often results
in elevated levels of turbulence (Besseling et al., 2017; Richards, 1982). This can cause flow of
microplastics to the downstream more quickly and increase the settling velocities of the remaining
particles due to rise in the vertical velocity component (v'). Previous research also revealed that
turbulent conditions increase microplastic settling due to the particles being dragged to the downward
side of eddies (Jacobs et al., 2016; Nielsen, 1993).

Flow conditions and particle settling have high impact on the residence time of microplastics in
the water column. Water bodies with high flow rates and small volume have short residence times,
which are referred to as fast flushers (Chapra, 1997). According to the model outcomes here,
residence time of microplastics in the water column varied by site. It is worthwhile to note that the
value of input parameters related to the particle characteristics (ranges of density, size and shape
factor) in the model developed in this study were assumed as the same (e.g. the values of w, were
almost equal in all sites), but initial concentrations of microplastics and site characteristics varied by
location. In this respect, it can be concluded that the variation in residence times by site was directly
related to the differences in flow characteristics and river hydrogeometry. Flow conditions affect
particle settling, directly due to the fluctuations in vertical flow velocity. As discussed earlier, higher
vertical velocities can cause rapid deposition of microplastics onto the sediment bed causing shorter
residence times in the water column. For example, although Site 5 had a higher initial concentration
than Site 4 in 2020, the particles left the water column earlier than that in Site 4, probably due to the
effect of higher flow rate (0.430 m s) in Site 5 (Figure 4.7e). In contrast, Site 4 had the lowest flow
rate (0.259 m s1) among the sampling sites in 2020. Comparing mean values of microplastic
abundance in Figure 4.7, microplastics resided more in the water column in Site 4, despite its lowest
initial concentration (Figure 4.7d). This relationship can also be explained by the transfer function
(B = C/C;,), which is a commonly used approach in mechanistic models (Chapra, 1997). Transfer
function represents the assimilative capacity of lakes or river reaches. Similar to residence time,
transfer function is directly affected by flow, settling velocity and the control volume of the system.
If B<<1, then the reservoir (or control volume) has great assimilative capacity to reduce the level of

contaminants. Conversely, if § — 1, then assimilative capacity is minimal, so the concentration of
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contaminants will approach their initial values. In this study, a comparison of £ values of Site 4 and
5 for t = 30 s, indicated that Site 5 had smaller transfer function (g = 0.012) than Site 4 (8 = 0.033),
revealing a higher assimilative capacity for Site 5 causing lower residence times of microplastics in
this location. These findings were also confirmed by examining the seasonal changes in microplastic
transport. The mean values of the simulation results indicated longer residence time of particles in
Site 1, in 2019 (Figure 4.6a, 8 = 0.015, t = 30 s) than those in 2020 (Figure 4.7a, 8 =0.004,t =30 s),
which can be attributed to seasonal changes in flow rate and river morphology, given in detail in
previous chapter (Table 3.2). However, it should also be noted that high river flow can lead to elevated
levels of turbulence, hence increased resuspension, which can cause fluctuation of microplastic levels
in water, reducing the assimilative capacity of river, and therefore, extend the residence time of

microplastics in the water column.

The model results for sediment are given in Figures 4.8 and 4.9 for the years 2019 and 2020,
respectively.
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conditions in (a) Site 1, (b) Site 2, (c) Site 3, (d) Site 4, and (e) Site 5 in 2019.
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Figure 4.9. Probable variation of microplastic concentration in sediment under turbulent flow

conditions in (a) Site 1, (b) Site 2, (c) Site 3, (d) Site 4, and (e) Site 5 in 2020.
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According to Figures 4.8 and 4.9, microplastic levels increased by settling and burial and finally
reaching to an equilibrium due to resuspension of the particles. Expectedly, sediments in the sampling
sites with higher initial concentrations in water column reached to greater microplastic
concentrations. Moreover, Monte-Carlo simulation results exhibited a higher variance compared to
the water column, most likely due to the fact that sediment microplastic levels are directly related to
the vertical velocity fluctuations and particle properties. In addition, unlike the water compartment,
it was assumed that there was not a horizontal movement of microplastics in the sediment, which
probably resulted in a greater variance in the Gaussian distribution. Uncertainty analysis given in the
further section (Section 4.2.4) also revealed higher correlations between sediment microplastic
concentrations and stochastic parameters, including river morphological parameters and particle
characteristics. According to the correlation matrix given in Table 4.6, most of the stochastic
parameters, including particle size, polymer density, and distance from the riverbed to a given height
(z) had greater impact on the uncertainties of model outcomes for sediments. Similar to the water
column, these variances and uncertainties and their differences between sampling sites depend on
many complex factors, such as flow conditions, river geomorphological characteristics, and particle
properties, which directly affect the settling time of microplastics onto the sediment. The effects of

these parameters were investigated by sensitivity analysis and discusses in detail, in Section 4.2.4.

The change of mean values of settling and resuspension fluxes for each site were also simulated,
given in Figures 4.10, 4.11, 4.12, and 4.13 for the years 2019 and 2020, respectively.
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Figure 4.10. Change in microplastics settling flux in the sampling sites in 2019.
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Figure 4.11. Change in microplastics settling flux in the sampling sites in 2020.
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Figure 4.12. Change in microplastics resuspension flux in the sampling sites in 2019.
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Figure 4.13. Change in microplastics resuspension flux in the sampling sites in 2020.

According to the results, Site 3 had the highest settling flux, followed by the sites 2, 4, 5, and 1
in 2019. Likewise, in 2020, the highest settling flux was found in Site 3, followed by Site 2, 5, 4, and
1. The values of resuspension flux in each site (Figures 4.12 and 4.13) were congruent with the results
of the settling fluxes. These outcomes revealed that the settling and resuspension fluxes had a direct
relationship with the microplastic initial concentrations, which means that initial concentrations
dominated the other parameters including settling velocity. Since initial concentrations of
microplastics in sediment were assumed as zero, resuspension flux of the particles in this model was
directly related to the settling of microplastics. Yet, settling and resuspension also depend on particle

characteristics and river hydrodynamics, which will be further investigated in Scenario Analysis.

Settling and subsequent resuspension of microplastics were delayed at some of the sampling
sites, such as Site 3, due to increasing river depths and the associated longer particle settling times at
these locations (Table 3.2). This also caused fluctuations in resuspension flux values as higher water
depth can increase bed shear stress and affecting vertical velocities in both directions (Figures 4.12
and 4.13). Nevertheless, higher turbulence also accelerates the horizontal movement of microplastics
in water. This can cause microplastics to flow downstream more quickly, as well as the rapid settling
and resuspension of these particles. Therefore, turbulent conditions can both increase and decrease
microplastic concentrations in the water and sediment, affecting the transfer function of the river.
Accordingly, the influence of these hydrodynamical conditions on resuspension can extend or reduce
the residence time of microplastics in both compartments; yet, water depth or turbulent conditions

are not the only critical parameters in particle resuspension. High concentrations of microplastics can
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trigger continuous precipitation and resuspension between water and sediment, resulting in
fluctuation in microplastic flux values. For example, Site 3 had the highest microplastic concentration
(Table 4.1) and water depth (0.586 m), but a low flow rate (0.378 m s™) in 2020 (Table 3.2 and Table
4.4); so, the fluctuation in settling and resuspension flux in this location was greater than the other
sampling sites. Compared to Site 2 (2020) with lower microplastic concentrations and river depth
(0.384 m) but higher flow rate (0.745 m s), settling and resuspension occurred more slowly in Site

3 and left the control volume later (Figure 4.13).

4.2.2. Model Calibration and Validation

Model calibration was carried out by trial and error, the one of the most used methods in model
calibration, in which the accuracy of the outcome highly depends on the number of parameters
adjusted in calibration (Hosseiny, 2022). In other words, a large number of calibration parameters
can increase the level of uncertainty and reduce the reliability of the outcomes. In this study, model
calibration was implemented by changing the values of input parameters including p,,, Dg4, and S.
Values for these parameters were adjusted individually by trial and error to improve the model fit by
comparing predicted mean velocity of the river () with the measured data. The values of measured

and predicted u are given in Table 4.4.

Table 4.4. Results of model calibration. Comparison of predicted and measured results of mean

velocity of the river.

Date Site | Measured u | Predicted u
S1 0.421 0.428
S2 0.424 0.426
Mzaglgo, s3 0.542 0.544
sS4 0.361 0.366
S5 0.475 0.473
S1 0.725 0.724
S2 0.748 0.745
8282300’ S3 0.383 0.378
sS4 0.258 0.259
S5 0.438 0.430

Linear regression analysis was conducted considering the results given in Table 4.4, which are

shown in Figure 4.14.
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Figure 4.14. Results of model calibration: Regression analysis of predicted and measured results of

mean velocity of the river ().

Settling velocities of microplastics were calculated for three different shape classes of
microplastics including near-spherical, fragments and fibers (in Appendix C from Table C.1 to C.3).
These shapes were particularly selected due to their abundancy within the samples of this study and
available data in the literature. Settling velocities were calculated assigning the mean values of shape
factor calculated for each shape class of particles (Equation 3.9). Considering the available data from
the literature, such as polymer type, particle size and shape, settling velocities of three predominant
polymers found in this study, PS, PET and PA, were calculated for specific particle sizes. The
predicted results were compared to the results of two experimental studies (Wang et al., 2021b;

Nguyen et al., 2022) and one theoretical study (Goral et al., 2023), given in detail in Table 4.5.
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Table 4.5. Results of model validation: Comparison of predicted settling velocities of microplastics

with literature.

Particle Polymer Size Settling Velocity (m s?) Reference
Shape Type (um) Model Literature
371 0.003 0.003
Near-sphere PS 1167 0.015 0.013
69 0.0009 0.009
Near-sphere PET 1927 0.110 0.090
1895 0.054 0.042
Nearsphere | PA 3565 009 | 99781 \vangetal. (2021b)
S oo 697 0.004 0.008 getdl
g 1131 0.008 0.014
138 0.001 0.007
Fragment PET 2853 0.100 0.120
265 0.002 0.003
Fragment PA 3234 0.060 0.065
1100 0.003 0.0003
Fiber PET 2250 0.007 0.0003 | Nguyen et al. (2022)
4250 0.020 0.0004
. 5000 0.011 0.011
Fiber PA E500 0011 0.017 Goral et al. (2023)

The comparison given in Table 4.5 revealed that the settling velocities of near-spherical particles
and fragments are closer to fibers’. In particular, predicted and experimentally measured settling
velocities of fibers (Nguyen et al., 2022) did not fit well, while a stronger correlation was found
between the results of this study and calculations by Goral et al. (2023). This can be attributed to the
fibers’ cylindrical morphology and their wide size range and aspect ratio (a/c). Moreover, settling
velocity equations in the literature were developed for lower aspect ratio particles, so they can fail to
predict fibers’ dynamics in the water column (Nguyen et al., 2022). Also, fiber settling direction is
generally neglected in traditional settling equations. However, the angle between the vertical direction
and the fiber main axis is crucial to determine the exact settling velocity of these particles as it alters
the drag force exerting on settling fibers. Nguyen et al. (2022) found that fibers settle slower at the
horizontal direction and become fastest, when they shift to the vertical direction.

Linear regression analysis was conducted to validate the model considering the results given in
Table 4.5. The results of the regression analysis are demonstrated in Figure 4.15. The analysis results
indicated that R? value was 0.92 and RMSE was 0.011.
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Figure 4.15. Results of model validation: Regression analysis of predicted and measured results of

settling velocity of microplastics (wg).

4.2.3. Scenario Analysis

Scenario analyses were carried out to understand the effect of particle properties including shape
and size, as well as differences in river hydraulics on settling and resuspension fluxes of the particles.
For this purpose, nine scenarios in total were made by changing stochastic data including shape factor
() and particle size (a) with deterministic values within Site 2 for 2020. To investigate the effect of

flow, previously calculated bed shear stress (t,) was also changed by giving deterministic values.

First three scenarios were generated to understand the effect of particle shape. It was assumed
that all particles were fibers, fragments or near-spheres. To achieve this, mean values of shape factors
calculated for each type of particles (Equation 3.9), were assigned. The graphs given from Figures
4.16 to 4.21 indicate the mean values of settling and resuspension fluxes. The changes in settling and

resuspension flux of different shaped microplastics with time are given in Figure 4.16 and 4.17.
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Figure 4.16. Changes in settling flux of different shaped microplastics with time.
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Figure 4.17. Changes in resuspension flux of different shaped microplastics with time.

According to Figure 4.16, since all the dense particles settled rapidly, settling flux reached its
maximum value at a certain time, but then decreased gradually as some of the particles resuspended
and started to leave the control volume with the outflowing river. Similarly, resuspension of the
particles occurred following settling reached its peak flux after some time and decreased gradually
until all the particles in water left the control volume (Figure 4.17). The results revealed that near-
spherical particles had the highest settling and resuspension flux, followed by fragments and fibers.

However, the influence of particle shape on settling was higher compared to resuspension. These
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results are in line with literature indicating that as the flatness and irregularity of particles increase,
the settling velocity of microplastics decrease (Waldschlager & Schiittrumpf, 2019a; Wang et al.,
2021b). According to Figure 4.17, the resuspension of fibers was delayed due to lower settling

velocity and associated longer settling time compared to the other shaped particles.

Second of all, the effect of different sized particles on settling and resuspension behavior of
microplastics was investigated generating three different scenarios. All the particles in the water
column were assumed to be 50 um, 500 um and 5000 um, respectively. Graphs showing the changes
in settling and resuspension flux of microplastics with different sizes are given in Figures 4.18 and

4.19, respectively.

140

& 120 + 50 pm
‘;; 100 200 m
o 5000 pm
2 80 r
3 60 f
(@]
S 40 ¢
5
(7p] 20 L

0 1 1 T - ! )

0 10 20 30 40 50 60

Time (S)

Figure 4.18. Changes in settling flux of different sized microplastics with time.

Like the scenario results of different shapes, following the rapid increase in settling flux, some
of the particles resuspended and left the control volume with the flow, which caused a gradual
decrease in the settling flux. Although resuspension had a similar pattern, it was less affected by the
differences in particle sizes. As the particle size increased, the settling flux of microplastics increased;
however, this difference was clearer for the 5000 pm-sized particles than 500 um and 50 um ones.
This can be attributed to the lower settling velocities of smaller particles and probable loss due to
river flow during that time. Therefore, the settling flux of microplastics below a certain size may
converge at a certain value with the effect of flow. In addition, settling and subsequent resuspension

of small microplastics were delayed due to their longer settling time than those of the larger particles’.
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Figure 4.19. Changes in resuspension flux of different sized microplastics with time.

Thirdly, the effect of river hydraulics and associated flow characteristics on vertical transport of
microplastics were investigated by assigning deterministic values to the bed shear stress considering
three different scenarios. Bed shear stress was assumed to be 0.15 N m, 0.50 N m2, and 0.90 N m"
2, respectively. The changes in settling and resuspension fluxes of microplastics with time under

different bed shear stresses are given in Figures 4.20 and 4.21, respectively.
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Figure 4.20. Changes in settling flux of microplastics with time under different bed shear stresses.
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Figure 4.21. Changes in resuspension flux of microplastics with time under different bed shear
stresses.

According to the graphs, as bed shear stress increases, the settling and resuspension fluxes also
increase. A previous study by Jacobs et al. (2016) also indicated that majority of the microplastic
particles settled more rapidly in turbulent conditions. This can be explained by the particles
interacting with the eddies and being dragged to the downward side of vortices (Nielsen, 1993; Jacobs
et al., 2016). However, on the contrary of previous scenarios related to the particle shape and size,
resuspension flux was more affected by the changes in bed shear stress. These results were expected
since bed shear stress has a critical significance in resuspension of particles in the riverine
environments. As discussed in Section 4.1.2, once bed shear stress exceeds the critical shear stress,
sediment particles begin to resuspend and can move towards downstream. Another study by He et al.
(2021) revealed that the lower deposition of microplastics onto sediments occurred in the locations
with the greater bed shear stress, due to higher resuspension and dispersion of the particles in those
areas. According to the model outcomes in this study, settling and resuspension fluxes approach each
other under high bed shear stress (0.90 N m), which means that the deposition of microplastics is
very low, even almost zero, since each particle that settled becomes immediately resuspended. On
the other hand, despite the continuing settling onto the sediment, resuspension of microplastics was

equal to zero, when bed shear stress was very low (0.15 N m).

In addition to settling and resuspension fluxes, the variation of microplastic concentrations in
both water and sediment were also simulated in scenario analysis and provided in Appendix E from
Figure E.1 to Figure E.18.
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4.2.4. Uncertainty and Sensitivity Analysis

Uncertainty analysis was conducted to understand the effect of stochastic (or uncertain)
parameters on model results using GoldSim’s Multivariate Analysis tool. A correlation matrix of
stochastic input parameters and model results, including microplastic concentration in water (C;) and

sediment (C5) were generated, which is given in Table 4.6.

Table 4.6. Correlation matrix of stochastic parameters and model results (Highlighted cells

represent model outcomes for water and sediment).

Cq C3 z a Py P Co
C, 1.00 -0.86 0.30 -0.45 -0.30 -0.50 0.14
Cs -0.86 1.00 -0.41 0.47 0.33 0.45 0.13
z 0.30 -0.41 1.00 -0.03 -0.03 0.02 0.00
a -0.45 0.47 -0.03 1.00 -0.01 -0.03 0.03
Pp -0.30 0.33 -0.03 -0.01 1.00 -0.04 0.02
[7) -0.50 0.45 0.02 -0.03 -0.04 1.00 -0.06
Co 0.14 0.13 0.00 0.03 0.02 -0.06 1.00

The strength of correlation between stochastic parameters and model results was determined
using five scales given in previous chapter (Table 3.3). According to the results, the correlations
between stochastic parameters were very weak (0 to =0.2). The distance from the bottom of river to
a given height (z) is related with the river depth and affects turbulence levels and resuspension in the
river; thus, there was a moderate negative relationship between z and the concentration in sediment
(£0.4 to +0.6), whereas a weak positive relationship was found for water. Likewise, a moderate
correlation between microplastic concentrations in both environments and particle characteristics,
including particle size (a) and shape factor (¢), was found. Compared to particle size and shape, a
weaker correlation was found between particle density (p,) and model results. As expected, a
negative correlation was observed between particle characteristics (size, density, shape factor) and
microplastic levels in water, while this was positive for those in the sediment. On the other hand, the
correlations between initial concentrations in the water column and model outcomes were very weak.
Additionally, a strong negative correlation was found between microplastic concentrations in water

and sediment.

Uncertainty analysis indicated that the model results for water were mostly affected by ¢
amongst the stochastic parameters, followed by a, p,, z and C,. On the other hand, the uncertainties
of sediment microplastic levels were mostly affected by a, followed by ¢, z, p,, and C,. However,

more significant correlations were found between stochastic parameters and microplastic levels in
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sediment, particularly for z, a and p,,, which can be attributed to the fact that uncertainties of these
parameters have a higher influence on the model outcomes for sediment, increasing variances (or
uncertainties) in the predicted results for sediment. The fact that the model results for water were less
affected by the relevant stochastic parameters can be due to the effect of river velocity (z + u') on
microplastic transport in this environment. While settling velocity (ws + v') is affected by several
stochastic parameters, such as particle characteristics and z, the river velocity is only affected by the
uncertainties in z. However, according to the uncertainty analysis, z had a higher impact on the model
results for sediment because of its relationship with bed shear stress, which plays an important role
in particle resuspension. These findings mean that the lack of knowledge and errors regarding shape
factor and particle size will affect the model results more than the other stochastic parameters.
Evidently, it becomes important to assign accurate values to the parameters that have significant

correlation with the model results.

In addition, the sensitivity of the model to input parameters was determined by one-at-a-time
parameter sensitivity analysis. This method is based on changing one parameter at a time, while
holding the others fixed. The model responses to change in input parameters including d, S, Dg,, 4,

T’y @, Q, (pp — p,,) and C, were investigated. The value of each parameter was changed from -50%
to +50% by 10% increments of its calibration value. Only P, and p, were changed in the range of

+10% and +0.4%, respectively, to assign reasonable values corresponding to real data. The percentage
variations of microplastic concentrations in water and sediment were simulated and discussed below.

The results of sensitivity analyses on the above parameters are shown from Figures 4.22 to 4.31.
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Figure 4.22. Sensitivity of microplastic concentration on d.
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The results of sensitivity analysis on depth (d) suggested a positive relationship between
microplastic concentrations in water and d (Figure 4.22). This result is consistent with the result of
Pearson correlation test investigating the relationship between river depth (d) and microplastic
abundance in water. As discussed in Section 4.2, microplastic concentrations are higher in deeper
waters by the influence of increased bed shear stress and elevated levels of turbulence that increase
the resuspension of particles back to the water column. This also leads to lower deposition of
microplastics onto the sediments. The results of sensitivity analysis also confirmed that microplastic
concentrations in sediment had an inverse relationship with d, yet they were more sensitive to changes
in d compared to water. This was an expected outcome as according to the model developed here,
microplastic concentration in water depended on both river flow and vertical transport of the particles,
while there were no mechanisms other than settling and resuspension in for the sediment

compartment.

As slope (S) increases, river velocity increases, so the particles in water move towards the
downstream of river by advective flow, hence deposition onto the sediment in that location decreases.
According to Figure 4.23, microplastic concentrations both in water and sediment increased with
decreasing S, but concentrations in water was not very sensitive to the increasing S, whereas
microplastic concentration in sediment exhibited more sensitivity to increasing values of S. This can
be attributed to the fact that higher S increases not only velocity, but also bed shear stress (Equation
3.21), which results in remobilization of sediment particles and lower concentrations of microplastics

in those environments.
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Figure 4.23. Sensitivity of microplastic concentration on S.



77

S was also used as calibration data in this study. According to the parameter sensitivity analysis,
S is a significant parameter, and it is essential to assign accurate values to S to increase the reliability
of the model. In this respect, model calibration was performed by making minor changes to the S

values determined from GIS for each site to provide the best approximations for these values.
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Figure 4.24. Sensitivity of microplastic concentration on Dg,.

The results of sensitivity analysis on Dg, indicated that the model was not very sensitive to the
changes in Dg,, yet there was a clearer positive linear relationship between microplastic
concentrations in water and Dg,, while sediment microplastic concentrations were not affected
(Figure 4.24). Dg, is another calibration data of the model developed here, but does not have a

significant effect on the model outcomes.

The results obtained from sensitivity analysis on viscosity («) suggested that microplastic
concentrations in water was slightly sensitive to the changes in x and they increased with increasing
u (Figure 4.25). In contrast, model for the sediment compartment was quite sensitive to the changes
in u, having an inverse relationship. It is known that u directly affects the drag force on a particle.
Moreover, this relationship can mathematically be explained by Dietrich’s (1982) equation given in
Equation 3.1, which reveals that the higher the viscosity, the lower the settling velocity and

accumulation of particles in the sediment.
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Figure 4.25. Sensitivity of microplastic concentration on u.

Dimensionless critical shear stress (z.,-*) is a parameter that directly affects the critical shear
stress. Equation 3.14 represents this relationship mathematically. The critical shear stress is
significant in vertical transport of particles, since once bed shear stress exceeds critical shear stress,
the particles within the sediment compartment begin to be resuspended (Kumar et al., 2021;
Waldschldger & Schiittrumpf, 2019). Congruently, Figure 4.26 indicated that higher values of .,
caused an increase in microplastic concentrations in the sediment; and therefore, decreased in the
water column. This can be explained by the microplastics remaining in the sediment compartment

due to lower resuspension.
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Figure 4.26. Sensitivity of microplastic concentration on t..,.*.
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Figure 4.27. Sensitivity of microplastic concentration on ¢.

Figure 4.27 demonstrates the sensitivity of the model to the changes in shape factor (¢). Here,
higher values of ¢ represent higher sphericity of microplastics. Scenario analyses in this study as well
as previous research have indicated that spherical particles have greater settling velocities than
irregular-shaped ones (Wang et al., 2021b). In this respect, an increase in microplastic concentrations
in the sediment with increasing ¢ and consequently inverse linear relationship with concentrations in
water could be expected. However, ¢ directly affects microplastic levels in the sediment due to being
effective on settling behavior of microplastics. Therefore, concentrations in sediment are more

sensitive to the changes in ¢ compared to the model outcomes in the water.
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Similar to particle shape, particle size (a) also governs the settling of microplastics. The model

response to the changes in a is shown in Figure 4.28.
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Figure 4.28. Sensitivity of microplastic concentration on a.

The results of sensitivity analysis on a revealed that a had the same influence as ¢ on the model

results, probably due to the equal weights of both a and ¢ in calculation of nominal diameter (D,,),

represented in Equation 3.8 in this study.
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Figure 4.29. Sensitivity of microplastic concentration on p,,.
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Figure 4.29 demonstrates the variations in the model outcomes with the changes in particle
density (p,). According to the figure, microplastic concentrations in water decreased with increasing
pp, Whilst there was a positive linear relationship between sediment microplastic levels and p,,.
Although the values of p,, were changed from -10% to +10% by 2% increments, the sensitivity of
microplastic concentrations both in water and sediment to the changes in p, can clearly be seen in
the relevant graph. These outcomes are not surprising since polymer density and particle size are
commonly accepted as primary controls on the settling behavior of microplastics (Elagami et al.,
2022). In addition to particle characteristics, ambient conditions are also critical in fate and transport
of these particles. In aquatic environments, both polymer and water density directly affect the
gravitational force on a particle. Moreover, the density of freshwater can reach up to 1026 kg m,
especially in estuarine environments (Millero, 1984). From this viewpoint, apart from river’s
morphological parameters discussed above, the influence of variations in water density (p,,) on model
outcomes was also investigated, changing the values of p,, in the range of +0.4% by 0.1% increments
of its calibration value (Figure 4.30). In contrast to p,,, there was a positive linear relationship between
pw and microplastic concentrations in water, as expected. Nevertheless, the results revealed a

negative linear relationship between p,, and sediment microplastic levels.
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Figure 4.30. Sensitivity of microplastic concentration on p,,.

The influence of initial concentration of microplastics in the water column (C,) on model
outcomes are shown in Figure 4.31. C, affected microplastic concentrations significantly, and

presumably, their high values resulted in higher levels of microplastics in both water and sediment.
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Figure 4.31. Sensitivity of microplastic concentration on C,.

The sensitivity ranking of the parameters was determined by calculating the ratio of variation
(ROV), given in Equation 3.33, for each parameter. The calculations of sensitivity analysis are given
in Appendix F from Table F.1 to Table F.4. The sensitivity ranking of the model parameters is given

in Table 4.7 in the order of importance.

Table 4.7. Sensitivity ranking of the parameters.

Sensitivity ranking Microplastic concentrat_ion
Water Sediment

1 Pp — Pw Pp — Pw
2 Cy @ and a
3 @ and a d
4 d Cy
S Tcr* Tcr*
6 S u
7 u S
8 Dag4 Dg,

According to Table 4.7, the microplastic concentrations both in water and sediment was most
sensitive to the changes in (p, — py). As given in Stokes’ equation (Equation 3.1), the gravitational
force on a particle is directly affected by both p,, and p,,. Moreover, the other parameters related to
particle characteristics, including ¢ and a were more significant for microplastic levels in sediment
than in water. On the other hand, model results both in water and sediment were less influenced by
changes in Dg,. This importance ranking of input parameters, can aid to assign accurate values during

model calibration.
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5. CONCLUSIONS AND RECOMMENDATIONS

This study investigates the spatiotemporal distribution of microplastics in surface water and
sediment of an industrially polluted river (i.e. the Ergene River, Turkey). According to the results,
water samples had an overall average concentration of 4.65 + 2.06 and 6.90 + 5.16 items L™ (mean +
standard deviation, n = 12) for the May 2019 and September 2020 periods, respectively, while those
were 97.90 + 71.72 and 277.76 + 207.21 items kg™ (n = 18) for sediment samples, respectively.
Statistical analyses suggested a moderately positive correlation between microplastic levels in water
and stream depth, whilst a moderately negative correlation was found between microplastic
abundance and channel width. Fibers were found to be the dominant shape both in water (88%) and
sediment samples (70%). In total, medium-sized microplastics ranging between 1000 to 2000 pm
(38%) were found as the most abundant particles in surface water, whilst the dominant size range was
45-1000 pm (55%) in sediment. The majority of the particles were black, which constituted 49% and
39% of all microplastics detected in water and sediment, respectively. According to the Raman
analysis, most of the particles were PET (28%) and PA (27%) in water samples, while PS (56%) were
dominating the sediment samples.

Rivers are both transport pathways and sinks of microplastics. This study focuses on the
upstream of the Ergene River, an area of intensive industrialization, being close to the potential
sources of microplastics (e.g. OlZs and WWTPs). Compared with the microplastic levels in other
rivers (e.g. Yangtze, China and Mersin rivers, Turkey), Ergene River has excessive levels of
microplastics, especially the upstream being a significant source of microplastic pollution. Domestic
sewage and effluents of various industries, especially textile, are the main contributors of
microplastics in the study area. Agricultural plastics, anthropogenic litters and other industrial
effluents, such as plastic, machinery and automotive are also sources of microplastics, particularly in
the form of fragments. Evidently, more comprehensive and holistic research should be adopted to
determine the exact contribution of each source to the total amount of microplastics in the study site.
Future work should undertake a more intensive sampling scheme to determine the characteristics of
microplastics from both point and non-point sources. In this context, accurate and effective
management strategies, such as improved treatment technologies and waste management strategies
can be developed for mitigation of microplastics in the Ergene River. It should be noted that in this
thesis, no significant spatiotemporal changes were observed in the flow rates of six different sampling
locations. Thus, longer-term sampling and on-site measurements are required to monitor differences

in flow conditions and exactly understand the influence of flow rate on microplastic concentrations
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in rivers. Further research should also investigate the source-to-sink variation of microplastics to

precisely understand microplastic levels along the Ergene River and riverine loading to the sea.

The model results revealed that the residence time of microplastics in the water column was
directly related to the flow characteristics and river hydraulics, rather than microplastic concentration.
On the other hand, the settling and resuspension fluxes had a direct relationship with microplastic
initial concentrations, which means that initial concentrations dominate the settling velocity of
microplastics. The model fitted well with previous studies in prediction of settling velocities of near-
spherical particles and fragments, whilst a weak relationship was found with the results of
experimental studies and this study for fibers. According to the scenario analysis, settling and
resuspension fluxes of microplastics increased with increasing sphericity and size of the particles. In
addition, higher bed shear stress resulted in increased settling and resuspension fluxes of the particles.
The model results for water and sediment were most sensitive to the changes in difference between

pp and p,,, whilst Dg, was the least significant parameter affecting model results both for water and

sediment.

In conclusion, these results suggest that the mechanistic model developed here is successful in

Q) simulating probable distribution of fragments and near-spherical microplastics in the
water column and sediment and
(i) understanding the settling and resuspension mechanisms of microplastics in turbulent

flow conditions.

It is worth noting that in this study, an approximation was developed to determine settling
velocities of different shaped microplastics by defining a shape factor. Although such an
approximation is inevitable for theoretical models due to lack of data, the model developed in this
study was found to be statistically sensitive to ¢. Therefore, experimental work should be
implemented to improve ¢ and obtain more accurate results in future studies. Also, the model can be
improved by considering the processes, such as biofilm, homo- and hetero-aggregation, and

degradation of plastic particles.

According to these results, the areas that merits further investigation can be summarized as the

following:
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Q) Undertaking a more intensive sampling scheme to determine the characteristics of
microplastics from both point and non-point sources to determine the exact contribution
of each source.

(i) Implementing the longer-term continuous sampling and on-site measurements to monitor
remarkable changes in river flow and exactly understand the effect of different flow
conditions on microplastic concentrations in rivers.

(iii)  Monitoring source-to-sink variation of microplastics along the Ergene River to
understand riverine loading to the sea.

(iv)  Implementing experimental work or more advanced methodologies to improve ¢
developed for the modeling approach here.

(V) Considering the processes, such as biofilm formation, homo- and hetero-aggregation, and

degradation of plastic particles to improve the modeling approach developed here.

According to the results here, it is likely that microplastic abundance is correlated with proximity
to particular industry, wastewater discharges and land use practices within a watershed. The literature
review undertaken in this thesis addressed that one of the most understudied areas of microplastics is
watershed-based research practices. Although presence of microplastics in water, land and air has
been demonstrated, these environments are commonly considered independently, but in reality, are
closely linked. Studying the particle behaviors and transport mechanisms of microplastics between
these environmental compartments can aid in understanding how and where microplastics will
accumulate. The occurrence of microplastics in rivers has received attention over the last years, but
there is a lack of research linking the sources, such as surface runoff, and sinks. This is necessary to
assess the risks associated with microplastic concentrations. So, it would be very useful for future
researchers to focus on the sources, sinks and transport of these emerging pollutants on watershed
scale. Indeed, field studies in combination with integrated watershed modeling and risk mapping
would provide valuable insights for understanding the issues governing microplastic accumulation in
soil and water. Consequently, future studies should focus on filling these research gaps and
developing novel modeling approaches to assess microplastic occurrence, fate and transport in the

environment.
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APPENDIX A: MICROPLASTIC ABUNDANCE DATA IN THE WATER
AND SEDIMENT SAMPLES

Table A.1. The calculation of microplastic concentrations in the water samples.

The Number of Microplastics The C.oncentra.tlon of
(items) Ml_croplas_tllcs
. (items L)
Date | Site Sample Sample
R1 | Volume | R2 | Volume | R1 R2 | Mean | SD
(L) (L)
S1 | 28 1220 11 1220 2.30| 0.90| 1.60| 0.99
S2 | 147 1430 | 38 13.00 | 10.28 | 2.92| 6.60| 5.20
May 20, | S3 51 12.00 | 126 11.85| 4.25| 10.63| 7.44 | 451
2019 S4 | 52 10.60 | 19 1095| 491 | 174| 332| 2.24
S5 | 57 1225 | 24 12.05| 465| 199 | 3.32| 1.88
S6 | 78 11.00| 40 9.75| 7.09| 410| 560]| 211
Sl 52 13.05| 36 12.05| 398 | 299 | 349] 0.71
S2 | 47 12.80 | 57 1340 | 367 | 425| 396 | 041
Sep 30, | S3 | 207 12.95 | 238 1250 | 1598 | 19.04 | 1751 | 2.16
2020 S4 | 32 11.05| 29 1155| 290 | 251| 270]| 0.27
S5 | 77 12.70 | 43 13.00| 6.06| 331| 4.69| 1.95
S6 | 154 11.80 | 59 11.75| 13.05| 5.02| 9.04| 5.68
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APPENDIX B: DATA ON SHAPE, SIZE, COLOR, AND POLYMER

DISTRIBUTION OF MICROPLASTICS

Table B.1. Microplastic shape distribution in the water samples in May 2019.

Site | Replicate | Fiber Hard Soft Pellet | Foam | Other | Total
Fragment | Fragment

s1 R1 20 4 0 3 1 0 28
R2 5 1 0 5 0 0 11

o R1 124 5 7 1 0 10 147
R2 32 2 2 0 0 2 38

3 R1 51 0 0 0 0 0 51
R2 122 2 2 0 0 0 126

s4 R1 47 0 5 0 0 0 52
R2 11 1 7 0 0 0 19

S5 R1 44 2 9 0 0 2 57
R2 18 0 0 6 0 0 24

6 R1 36 3 6 9 24 0 78
R2 35 1 1 1 2 0 40

Table B.2. Microplastic shape distribution in the water samples in September 2020.

Site | Replicate | Fiber Hard Soft Pellet | Total
Fragment | Fragment

s1 R1 50 2 0 0 52
R2 28 7 1 0 36

o R1 41 4 1 1 47
R2 49 3 5 0 57

3 R1 203 3 0 1] 207
R2 235 2 1 0| 238

s4 R1 31 1 0 0 32
R2 27 2 0 0 29

S5 R1 64 4 8 1 76
R2 37 4 2 0 43

6 R1 143 11 0 0| 154
R2 50 4 5 0 59
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Table B.3. Microplastic shape distribution in the sediment samples in May 2019.
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Fragment | Fragment

Other

Total
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Table B.4. Microplastic shape distribution in the sediment samples in September 2020.

Site Replicate | Fiber | Hard Fragment | Soft Fragment | Pellet | Total
R1 26 9 0 1 36
S1 R2 17 9 0 1 27
R3 22 5 2 0 29
R1 7 2 1 0 10
S2 R2 0 3 1 0 4
R3 2 5 0 0 7
R1 16 2 0 0 18
S3 R2 9 1 0 0 10
R3 5 1 0 0 6
R1 2 1 0 0 3
S4 R2 31 1 4 5 41
R3 0 0 3 0 3
R1 1 1 2 0 4
S5 R2 2 0 0 0 2
R3 3 0 1 0 4
R1 66 0 0 0 66
S6 R2 13 0 0 0 13
R3 27 6 3 1 37
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Table B.5. Microplastic size distribution in the water samples in May 2019.

: . 45-1000 | 1000-2000 | 2000-3000 3000- >5000 | Total

Site | Replicate
pm pm um 5000 pm um

s1 R1 12 18 9 5 4 48

R2 5 1 2 1 2 11

$2 R1 83 43 12 14 13 165

R2 25 11 2 0 0 38

s3 R1 6 13 13 13 17 62

R2 24 53 24 24 12| 137

s4 R1 16 18 13 8 3 58

R2 17 6 2 2 0 27

S5 R1 34 23 7 6 6 76

R2 8 9 5 5 3 30

6 R1 26 35 9 10 3 83

R2 25 18 5 1 0 49

Table B.6. Microplastic size distribution in the water samples in September 2020.

: : 45-1000 | 1000-2000 | 2000-3000 | 3000-5000 | >5000 | Total

Site | Replicate
pm pm nm pm pm

s1 R1 23 21 11 11 3 69

R2 10 17 8 1 2 38

52 R1 6 17 14 11 2 50

R2 13 24 12 2 8 59

3 R1 56 90 39 24 4| 213

R2 55 102 54 21 8| 240

4 R1 2 14 7 9 2 34

R2 3 10 10 8 1 32

S5 R1 24 32 17 6 2 81

R2 7 14 13 8 7 49

6 R1 45 58 20 25 6| 154

R2 24 19 12 7 4 66
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Table B.7. Microplastic size distribution in the sediment samples in May 2019.

. : 45-1000 | 1000-2000 | 2000-3000 | 3000-5000 | >5000 | Total

Site | Replicate
nm nm pm pm pm

R1 6 1 0 2 0 9

S1 R2 3 1 1 0 1 6

R3 6 1 0 0 0 7

R1 1 5 0 1 0 7

S2 R2 2 4 1 0 0 7

R3 6 1 1 1 0 9

R1 2 1 1 0 0 4

S3 R2 5 4 3 0 1 13

R3 4 0 1 0 0 5

R1 1 1 0 1 0 3

S4 R2 1 2 1 1 0 5

R3 1 3 1 0 0 5

R1 7 2 0 1 1 11

S5 R2 22 6 0 1 0 29

R3 14 6 1 0 0 21

R1 7 3 0 0 1 11

S6 R2 5 2 2 2 3 14

R3 5 3 1 0 0 9

Table B.8. Microplastic size distribution in the sediment samples in September 2020.

: . 45-1000 | 1000-2000 | 2000-3000 | 3000-5000 | >5000 | Total
Site | Replicate
pm pm nm nm nm
R1 16 21 4 0 0 41
S1 R2 12 12 8 0 0 32
R3 17 13 2 1 1 34
R1 6 4 0 1 1 12
S2 R2 2 2 0 0 0 4
R3 6 1 1 0 0 8
R1 10 5 4 0 0 19
S3 R2 3 7 1 0 0 11
R3 3 4 0 0 0 7
R1 2 4 0 0 0 6
S4 R2 23 11 7 3 0 44
R3 0 0 2 0 2 4
R1 0 2 0 2 1 5
S5 R2 2 1 1 0 0 4
R3 1 3 1 0 0 5
R1 54 14 1 0 0 69
S6 R2 9 5 0 1 0 15
R3 24 10 3 1 1 39
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Figure B.1. Raman spectrum of PET particle in the water sample from Site 3.
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Figure B.2. Raman spectrum of PS particle in the water sample from Site 1.
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Figure B.3. Raman spectrum of PA particle in the water sample from Site 3.
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_: — RHX #512; p-(Ethylene-co-vinylacetate) (Corrected)
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Figure B.4. Raman spectrum of poly(ethylene-co-vinylacetate) particle in the water sample from

Site 2.
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Figure B.5. Raman spectrum of PP particle in the water sample from Site 5.
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Figure B.6. Raman spectrum of PI particle in the water sample from Site 5.
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— RAX #470; Carboxyl terminated polyester with a polyepoxy, coating! formulation (Corrected)
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Figure B.7. Raman spectrum of carboxyl-terminated polyester with epoxy coating found in the

water sample from Site 3.
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Figure B.8. Raman spectrum of a composite polymer (PSU/PA) found in the sediment sample from

Site 1.
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Figure B.9. Raman spectrum of a plastic colorant (Mortoperm blue) found in the water sample from

Site 3.
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Figure B.10. Raman spectrum of modal particle in the water sample from Site 6.

100000

— RMX #405; Quartz (Corrected)
- 214

— e
3000 2500

—
2000

o o ! T o T
1500
cm™

L L
1000 500

Figure B.11. Raman spectrum of quartz (SiO.) particle in the sediment sample from Site 5.
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SETTLING VELOCITIES OF MICROPLASTICS WITH

APPENDIX C

DIFFERENT TYPE AND SHAPE
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APPENDIX D: MODELING MICROPLASTIC TRANSPORT IN
GOLDSIM SOFTWARE

Figure D.1. Model layout in GoldSim.
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As mentioned in Section 4.2, water samples were collected in duplicates, therefore initial
concentrations (C,) were entered to the model considering the range of microplastic concentrations
in water for each each sampling site. Apart from this, the model was also run utilizing the mean
values of C, to examine the effect of microplastic levels on the model results more clearly. The model
results for the water column and sediment are given from Figure D.2 to D.5 for the years 2019 and

2020, respectively.
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Figure D.2. Probable variation of microplastic concentration in water under turbulent flow
conditions in (a) Site 1, (b) Site 2, (c) Site 3, (d) Site 4, and (e) Site 5 in 2019 (with mean C,).
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Figure D.3. Probable variation of microplastic concentration in water under turbulent flow
conditions in (a) Site 1, (b) Site 2, (c) Site 3, (d) Site 4, and (e) Site 5 in 2020 (with mean C,).
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Figure D.4. Probable variation of microplastic concentration in sediment under turbulent flow
conditions in (a) Site 1, (b) Site 2, (c) Site 3, (d) Site 4, and (e) Site 5 in 2019 (with mean C,).
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Figure D.5. Probable variation of microplastic concentration in sediment under turbulent flow
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APPENDIX E: SCENARIO ANALYSIS
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Figure E.1. Probable variation of concentration of near-spherical particles in water within Site 2.
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Figure E.2. Probable variation of concentration of near-spherical particles in sediment within Site 2.
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Figure E.3. Probable variation of concentration of fragments in water within Site 2.
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Figure E.4. Probable variation of concentration of fragments in sediment within Site 2.
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Figure E.5. Probable variation of concentration of fibers in water within Site 2.
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Figure E.6. Probable variation of concentration of fibers in sediment within Site 2.
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Figure E.7. Probable variation of concentration of 50 um-particles in water within Site 2.
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Figure E.8. Probable variation of concentration of 50 um-particles in sediment within Site 2.
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Figure E.9. Probable variation of concentration of 500 um-particles in water within Site 2.

Microplastic abundance (items m-3)

Min..5% / 95%..Max
5%..25% / 75%..95%
25%..45% / 55%..75%
45%..55%

Mean

50%

| 1

Figure E.10. Probable variation of concentration of 500 um-particles in sediment within Site 2.
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Figure E.11. Probable variation of concentration of 5000 um-particles in water within Site 2.
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Figure E.12. Probable variation of concentration of 5000 pm-particles in sediment within Site 2.
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Figure E.13. Probable variation of microplastic concentration in water under 0.15 N mbed shear

stress.
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Figure E.14. Probable variation of microplastic concentration in sediment under 0.15 N m bed

shear stress.



144

i
=]
=]
=]

3000

2000

1000

Microplastic abundance (items m-3 )

H i

10 20 30 40 50 60
_ Time (s)
Min..5% / 95%..Max
5%..25% / 75%..95%
25%..45% / 55%..75%
45%..55%
Mean

50%

Figure E.15. Probable variation of microplastic concentration in water under 0.50 N mbed shear

Microplastic abundance (items m-3)

I

stress.

10 20 30 40 50 60

Time (s)
Min..5% / 95%..Max
5%..25% / 75%..95%
25%..45% / 55%..75%
45%..55%
Mean

50%

Figure E.16. Probable variation of microplastic concentration in sediment under 0.50 N m bed

shear stress.
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Figure E.17. Probable variation of microplastic concentration in water under 0.90 N m2bed shear

stress.
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Figure E.18. Probable variation of microplastic concentration in sediment under 0.90 N m bed

shear stress.
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Table F.2. (continued).

ROV
D84- d M Tcr* P S Co a pp Pw
0.10| 065 0.18| -0.77 | -048 | 042 | 100 | -048 | -2.32 | 3.00
0.09| 057| 0.17| 061 | -050| -0.35| 1.00| -0.50 | -2.80 | 2.92
0.09| 054| 016 | 050 | -0.61 | -0.26 | 1.00 | -0.61 | -3.07 | 3.50
0.08| 054 | 015| 043 | -0.68 | -0.15| 1.00| -0.68 | -3.20 | 3.45
0.08| 046 | 014| 037 | -0.73| -0.14| 1.00| -0.73| -3.22 | 3.30
0.00 | 0.00| 000, 0.00| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00
0.07| 0.36| 014| 029 | -0.72| -0.07 | 1.00| -0.72 | -2.98 | 3.60
0.07| 031 013 027 | -0.72| -0.07 | 1.00| -0.72 | -3.00 | 2.88
0.07| 027 013 | 024 | -071 | 0.05| 100 | -0.71| -2.80 | 3.96
0.06| 023] 0.12| 018 | 0.63| -0.03| 1.00 | -0.63 | -247 | 3.04
0.06 | 0.20| 012 | 0.14| -0.58 | -0.02 | 1.00 | -0.58 | -2.24 | 3.00
0.07* | 0.38* | 0.13* | -0.35* | -0.58% | -0.14% | 0.91* | -0.58% | -2.55% | 2.972

@Mean value.
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Table F.4. (continued).

ROV

Dgy d A T | @ S Co a | Pp | Pw

0.008 | -1.78 | -0.73 | 1.53 | 2.00 | -0.43 | 1.00 | 2.00 | 9.25 | -9.26

0.007 | -166 | -0.70 | 1.21 | 2.28 | -0.44 | 1.00 | 2.28 | 9.52 | -9.23

0.007 | -1.63 | -0.67 | 1.00 | 2.34 | -0.44 | 1.00 | 2.33 | 9.69 | -10.6

0.007 | -1.67| -0.64 | 0.85| 2.36 | -0.44 | 1.00 | 236 | 9.71 | -10.8

0.007 | -152| -0.61| 0.74| 239 | -0.44 | 1.00 | 239 | 9.67 | -10.8

0.000| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00

0.004 | -1.37| -0.60 | 0.59 | 231 | -0.52 | 1.00 | 2.31| 8.89 | -10.3

0.005| -1.26 | -0.57 | 0.54| 228 | -0.52 | 1.00 | 2.29 | 8.97 | -8.42

0.005| -1.19| 054 | 048 | 224 | -053 | 1.00 | 224 | 85| -11.8

0.005| -1.12 | -0.53 | 036 | 205 | -0.55| 1.00 | 2.05| 7.73 | -9.35

0.004 | -1.06 | 051 | 029 | 191 | -0.56 | 1.00 | 1.91 | 7.14 | -9.16

0.005% | -1.30% | -0.56% | 0.69% | 2.01* | -0.44* | 0.91* | 2.01% | 8.10* | -9.05%

@Mean value.



