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Abstract

Surface waters of the Great Lakes are known to be contaminated with microplastics,
however, microplastics in the sediments of the region are poorly documented. This study
provides a baseline of micro- and macro-plastics contamination in nearshore, tributary
and beach sediments of Lake Ontario and the upper St. Lawrence River. Microplastics
were quantified and characterized by morphology and composition using visual
identification and Raman spectroscopy. Microplastics are most concentrated in nearshore
sediments in the vicinity of urban and industrial regions. Concentrations in Humber Bay
and Toronto Harbour consistently measured > 500 particles per kg dry sediment, and
maximum concentrations of ~28,000 particles per kg dry sediment were quantified at
Etobicoke Creek. Sourced from consumer and industrial activity, abundant plastics in
Lake Ontario coastal environments are unnatural persistent contaminants warranting

urgent action for the protection of benthic fauna and ecosystem health.
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Chapter 1

1 Introduction

The Laurentian Great Lakes provide large surrounding populations with significant
recreational and ecosystem services in both Canada and the United States of America;
however, these services and resources are jeopardized by urban and industrial activity. A
multitude of environmental stressors including eutrophication, invasive aquatic species,
climate change and various anthropogenic contaminants have been identified as threats to
the integrity of the Great Lakes system (Allan et al., 2013).

This study focuses on one particular stressor: microplastic debris contamination.
Microplastics are generally defined as any piece of plastic debris <5 mm in the largest
dimension (Barnes et al., 2009; Ryan et al., 2009; Thompson et al., 2009). Microplastics
have only recently been documented in the Great Lakes, and the existing studies focus
mainly on larger size beach debris (Zbyszewski & Corcoran, 2011; Zbyszewski et al.
2014; Corcoran et al., 2015; Hoellein et al., 2015) and surface water contamination
(Eriksen, Mason, et al., 2013). This thesis investigates the abundance, morphology,
composition and distribution of microplastic debris in tributary, beach and near-shore
sediments of Lake Ontario.

1.1 The current state of microplastics research

In 1974, Colton et al. documented microplastic debris as a widespread aquatic
contaminant in the northwestern Atlantic Ocean; however, significant attention from the
scientific community began to expand only in the 2000s with the identification of the
widespread accumulation of plastics in the North Pacific Ocean gyre (Moore et al., 2001)
and in the western North Atlantic Ocean gyre (Law et al., 2010; Morét-Ferguson et al.,
2010). Since then, investigation of plastics pollution has encompassed most aquatic
environments, however, freshwater systems and benthic environments are not thoroughly
studied.



Since the 1960s, the industrial production of commercial plastic has increased
exponentially, with global production levels reaching 311 million tonnes per year in 2014
(PlasticsEurope, 2013; PlasticsEurope, 2015, Fig. 1.1).
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Figure 1.1 Global plastics production in millions of tonnes from 1950 to 2014 (Data
from PlasticsEurope, 2013; PlasticsEurope, 2015).

Petroleum-based plastic products have become ubiquitous in the modern urban lifestyle
as a cost-effective replacement for traditional materials such as glass, paper, metal,
ceramic and natural fibres. Major advancements in the medical, food, transport,
technological, automotive, construction and cosmetic industries have been driven by the
innovation and use of plastics (Neufeld et al. 2016). The scale of the plastics industry,
low recycling rates, poor product designs that do not account for the post-consumer stage
of the product, insufficient recovery systems, and a lack of policies in support of a
circular plastics economy (Neufeld et al., 2016) have led to microplastics contamination
becoming a global issue by creating a system where plastics production is greater than
plastics recovery and use, with a substantial fraction being lost to the environment
(Jambeck et al., 2015). For example, packaging accounts for ~26 % of global plastics use,
of which only 14% is recycled; recovered plastics account for only 5% of the initial value
of the packaging industry (Neufeld et al., 2016). A circular plastics economy would



attempt to close the supply chain by increasing recovery of plastics and reducing virgin
plastics production (Neufeld et al., 2016), with a side-effect of limiting waste lost to the

environment.

Synthetic polymers are generally resistant to biological decay (Tokiwa et al. 2009),
however, mechanical forces, photo-degradation, thermo-oxidative degradation and
hydrolytic degradation (breakdown in the presence of water) cause embrittlement and
fragmentation of plastic through the reduction of the molecular weight of the polymer
(Andrady, 2011). These processes contribute to the generation of microplastic particles
from products that are littered or otherwise enter the environment (Andrady, 2011).
Other sources of microplastic particles include the manufacture of microbeads which are
used in personal care products (Gregory, 1996; Andrady, 2011) and as sand-blasting
medium (Andrady, 2011), the spillage of virgin industrial pellets used for the production
of plastic goods (SP1 and ACC, 2015), and the loss of fibres from fishing gear and

synthetic fabrics such as carpet, fleece and other clothing (Browne et al., 2011).

The dispersal of non-point source plastic litter in the terrestrial environment ultimately
leads to its transport by surface runoff through tributaries and storm drains (Moore et al.,
2011; Lechner et al., 2014; Rech et al., 2014; Lechner & Ramler, 2015) into freshwater
bodies (Eriksen, Mason, et al., 2013; Free et al., 2014) and marine environments (Morét-
Ferguson et al., 2010; Eriksen, Maximenko, et al., 2013; Law et al., 2014). Buoyant
plastic accumulates in the neustonic zones of lakes and exposed sediments in freshwater
systems (Zbyszewski & Corcoran, 2011; Zbyszewski et al. 2014; Corcoran et al. 2015)
and also in oceanic gyres (e.g. Cdzar et al., 2014), beach sediments (e.g. Liebezeit &
Dubaish, 2012; Dekiff et al., 2014; Mathalon & Hill, 2014) and abyssal sediments (e.g.
Claessens et al., 2011; Van Cauwenberghe et al., 2013; Vianello et al., 2013) of marine
systems. Our understanding of the fate of non-buoyant plastics in the environment is
lacking. The few studies that have examined microplastics in marine sediments give
evidence for wide-spread dispersal (e.g. Claessens et al., 2011; Vianello et al., 2013;
Mathalon & Hill, 2014; Alomar et al., 2016).



Recent research suggests that microplastics contamination in beach and near-shore
sediments may negatively impact coastal ecosystems (e.g. Vianello et al., 2013; Mathalon
& Hill, 2014). Organisms of many trophic levels, including several benthic organisms
and benthic feeders, have been shown to ingest or otherwise take up microplastic and
associated chemicals with severe consequences to the healthy functioning of the
organisms’ physiological systems (e.g. Browne et al., 2013; Besseling et al., 2014; Watts
et al., 2014; Avio et al., 2015; Besseling et al., 2015; Nobre et al., 2015).

With respect to the Laurentian Great Lakes, plastic debris has been found on both the
beaches (Zbyszewski & Corcoran 2011; Zbyszewski et al. 2014; Corcoran et al. 2015)
and in surface waters with particularly high microplastic abundances in southern Lake
Erie (Eriksen, Mason, et al., 2013). Lake Ontario is the basin of lowest elevation within
the Laurentian Great Lakes freshwater system and drains into the North Atlantic Ocean
via the St. Lawrence River. The drainage basin of Lake Ontario is highly urbanized and
industrialized in certain regions, specifically, in the corridor between Lake Huron and
Lake Ontario. As such, Lake Ontario is expected to be prone to high levels of plastic
pollution. Microplastics in the offshore sediments of Lake Ontario extended to a
maximum of 8 cm below the sediment surface at two sites, one off the northern shore
near Pickering and the other off the southern coast on the Niagara Bar (Corcoran et al.,
2015). Detailed investigation into the abundance and distribution of microplastic on a
system wide scale in the sediments of Lake Ontario had not been conducted prior to the

present investigation.

1.2 Study objectives

The regional abundance and depositional patterns of microplastics in the nearshore lake-
bottom, tributary and beach sediments of Lake Ontario and the upper St. Lawrence River
are analyzed along the coastline of the province of Ontario. Distribution patterns and
major sinks of non-buoyant sedimentary microplastics, are contrasted with variations in
watershed population and the plastics industry on a regional scale using ArcGIS. The
objectives of this study are to (i) provide a baseline for future monitoring of microplastics
abundance in Lake Ontario coastal sediments, (ii) provide a means to assess potential

sources of microplastics to the lake and (iii) scientifically support the efforts of political



and non-governmental organizations in changing public and industrial mindsets towards

single-use plastics.

Anticipated sinks for microplastics, semi-permanent to permanent depositional zones that
allow for accumulation of microplastic particles, include environments where turbulence
is low enough for plastic particles and other organic debris such as decaying plant
material to settle. Near-shore regions such as harbours, coves and protected shorelines
where flows are restricted are expected to have greatest accumulations of microplastic
debris. Greatest abundances on beaches are expected to be found along the backshore and
downwind margins where obstacles such as vegetation and retaining walls facilitate the
collection of buoyant debris during storm and high water events. Microplastics are
expected to be most abundant in urban and industrial regions with decreasing numbers

with increasing distance from tributaries and urban point source outlets.



Chapter 2
2  Context

Various sizes and terminologies have been used to describe plastics contamination as
outlined by Rocha-Santos & Duarte (2014). In the present study, the description of
microplastics given by the National Oceanic and Atmospheric Administration (NOAA,
2016) is used. Microplastics are plastic particles that have been fragmented to or were

manufactured at a size <5 mm. Plastics debris > 5 are referred to as ‘macroplastics’.

2.1 Plastic: a modern material

Plastics comprise a broad category of materials that are composed of polymers;
macromolecules that can be processed and shaped. A wide range of organic molecules,
monomers, are used to produce polymers of repeating units. Conventional plastics are
produced from organic substances, such as crude oil, by a process of distillation of the
source material followed by polymerisation and processing. During distillation, the crude
oil (or other source substance) is heated by which certain components of the substance
become vaporized and are separated from the starting material. In the case of natural gas
and crude oil, hydrocarbon molecules such as ethane and propane are broken into
ethylene in a heating process termed ‘cracking’. The monomer molecules, e.g. ethylene
and propylene, are joined into long chains of repeating units in catalyzed reactions called
polymerisation reactions. Large masses of the resulting long polymer chains, e.g.
polyethylene, polypropylene, form the plastic material in two main ways. Thermoplastics
are those plastics made up of polymer types which coalesce by only “intermolecular
attractions” (Byrdson, 1999, p. 23), not chemical bonds. Thermoplastics are plastic
materials that can be melted, moulded and re-solidified repeatedly. Thermosets, in
contrast, are plastic materials made up of polymers which upon formation, form
irreversible chemical bonds between polymers, generally as a catalyzed reaction.
Thermosetting plastics cannot be melted and reprocessed after initial production
(Byrdson, 1999). Most types of plastic used in consumer goods, and expected to be found
in environmental samples, are thermoplastics and therefore can be recycled.

Polyurethanes, polyesters, epoxies and vulcanized rubbers are common thermosets.



Raw plastic material is often produced in the form of pellets (granules) for transport
purposes and for consistent heating and flow of plastics in extrusion and injection
moulding production processes (Byrdson, 1999). The raw plastics are combined with
organic and inorganic compounds, termed additives, to alter the physical properties of the
plastic material. Additives comprise fillers, plasticizers, lubricants, flame-retardants,
colorants, substances which prevent aging of the plastic, substances to improve properties
for blowing extrusion processing, substances that promote crosslinking between
polymers, and photo-degrading agents (Byrdson, 1999).

There are thousands of different types of plastic (Byrdson, 1999), however, these are
composed of a relatively small number of distinct of synthetic polymers. Aliphatic
polyolefins, have the simplest structure; for example, polyethylene (PE) is composed of
CH>— repeating units. Polystyrene (PS) plastics are processed into a variety of forms
including PS which is produced as solid, non-expanded material, closed-cell extruded
foam (e.g. Styrofoam), and expanded PS commonly used for the production of single-use
cups and plates. Polyamides comprise a wide array of Nylons. Other types of
thermoplastics include polyacetals, polycarbonates, polyvinyl chloride (PVC) and
polyvinyl acetate (PVA) and most polyesters including polyethylene terephthalate (PET).
Silicones, most polyurethanes, epoxide resins and some polyesters are thermosetting
plastics. Acrylics such as poly (methyl methacrylate) (PMMA), may be either
thermoplastic or thermosetting.

Plastics can also be classified according to density. The density of a substance or object
can affect how it is transported through the environment, which is of interest when
investigating contaminant dispersal. The density of plastic materials depends on the
molecular structure and crystallization properties of the polymer; i.e. the mass of the
atoms in the molecule and the way that the molecules and polymers are arranged in space
(Byrdson, 1999). The density of a polymer is increased with longer chain lengths and
with reduced branching of chains. For example, PE density ranges between 0.89 and 0.97
g cm depending on the amount of branching of the polymers; in low-density
polyethylene (LDPE) polymers are linear but branch repeatedly, whereas high-density
polyethylene (HDPE) polymers are unbranched and packed together more tightly



(Byrdson, 1999; Morét-Ferguson et al., 2010). Polypropylene (PP), LDPE and HDPE are
the three types of plastic that are less dense than water (Table 2.1), and are expected to be
found primarily in the surface compartments of aquatic systems. Most other types of
plastic including solid PS, Nylon, PVVC and PET are more dense than water (Table 2.1),
and are therefore expected to be found only in the benthic environment of aquatic
systems. The addition of additives, such as air inclusions and mineral fillers, which are

often incorporated into plastics can also alter the density of plastic materials.

Table 2.1 Common plastics with abbreviations, density range, for 25° C and common uses. Each

polymer is identified by type: thermosetting (TS) or thermoplastic (TP).

Plastic Name Abbreviation  Density Common uses Type
(g cm®)
Polypropylene PP 0.85-0.92 Packaging, textiles TP
Polyethylene PE 0.89-0.97 Packaging, plastic bags TP
Polystyrene PS 1.04-1.08 Single use cutlery TP
Acrylonitrile butadiene styrene ABS 1.06-1.08 Lego TP
Nylon 6 Nylon 1.15 Clothing, electronics TP
Polymethyl methacrylate PMMA 1.18 Lenses, cases TP
Polyvinyl acetate PVA 1.19 Elmer’s glue TP
Polyurethane PU 1.20 Foams, seals, wheels TS
Polycarbonate PC 1.20-1.22 CD-ROM TP
Polyvinyl chloride PVC 16-1.41 Construction, packaging TP
Polyethylene terephthalate PET 1.38-1.41 Water bottles, clothing TP

2.2 Trends in plastics manufacturing — globally and in
Canada

The global production of plastics, including thermosetting and thermoplastic resins and
excluding some types of fibres, increased from 1.7 million tonnes in 1950 to 311 million
tonnes in 2014 (PlasticsEurope, 2013; PlasticsEurope, 2015; Fig. 1.1). In the 1950s, the
development of the Ziegler-Natta reactions, which use catalysts for controlled
polymerization, allowed for the development of high-density plastics including high-
density PE (HDPE) and PP. Other developments around the same time, included the
invention of high-impact polystyrene, acrylonitrile butadiene styrene (ABS), and
polycarbonates (Byrdson, 1999). These advancements allowed for the rapid

commercialization of plastics. Discoveries of new plastics are still occurring, particularly



of special purpose plastics and new catalyzing reactions such as the metallocene catalyst

polymerization of PE which can produce extremely high molecular weight PE.

Plastics manufacturing in Canada currently accounts for ~2% of the global total
(Government of Canada, 2013). According to two statistical reports published by the
Canadian Chemical Industry (CIAC, 2014; CIAC, 2015), production of synthetic resins,
fibres and rubbers included PE, ethylene vinyl acetate, PS, PVC, polyacrylamides, PET,
nylons, latex emulsions, polyesters, silicones and butyl and halobutly rubbers. The
manufacturing companies associated with the CIAC are BASF Canada; Dow Chemical
Canada ULC; Imperial Qil, Products & Chemicals Division; Lanxess Inc.; Nalco Canada
Co. (An EcolLab Co.) and NOVA Chemicals Corporation. Shipment (total manufacturing
revenue) values of synthetic resins and rubbers combined increased from ~6.5 to 10.8
billion CAD between 2009 and 2014. Exports and imports were valued almost equally
(~4 - 8 million CAD yr?) and both increased from 2009 to 2014. CIAC member
companies operated out of ~100-150 establishments, employing between ~4.9 and 6.9
million people between 2009-2014 (CIAC, 2015).

Approximately 55% (~6 billion CAD) of the production of synthetic resins, rubbers and
fibers occurred in the province of Ontario in 2014, the most recent year for which a CIAC
statistical report has been published (CIAC, 2015). The largest aggregation of the CIAC
production facilities in Ontario is located in Sarnia, on the southern shore of Lake Huron,
with the second largest aggregation located in the ‘Golden Horseshore’, which is the
highly urbanized region along the NW shores of Lake Ontario. The demand for plastic
products is driven by three main economic sector end-use markets in Canada: packaging
(39%), construction (33%), automotive (14%). (Government of Canada, 2013). The
plastic type which is produced at the highest volume annually in Canada as of 2011 is PE,
derived most commonly from petroleum products (Government of Canada, 2013).
Polyethylene production by CIAC member companies between the years 2009-2014 was
consistently above 3 Mt; ~3.5 Mt and ~3.4 Mt, respectively for 2013 and 2014 (CIAC,
2015).
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2.3 Plastics degradation

The degradation of plastic waste into smaller pieces allows for widespread distribution of
microplastics and makes plastics available to smaller organisms. Small particles are more
susceptible to changes in density and to adsorption of contaminants, as a result of their
large surface area to volume ratio, and are thus possibly more ecologically hazardous
than intact plastic items and macroplastics. Plastics are generally resistant to
biodegradation and aging processes due to the high molecular weight of synthetic
polymers. Polymers must be cleaved into molecules of lower molecular weight to be
assimilated into living cells or mineralized into bioavailable nutrients such as CO, or H20
(Lucas et al., 2008).

Plastics are more susceptible to abiotic depolymerisation processes driven mainly by
mechanical stress, increases in temperature and UV radiation, which take place in
combination with the chemical alteration of the polymer strands by oxidation (presence
of Oz or O3) or hydrolysis (presence of water) (Lucas et al., 2008; Andrady, 2011). The
depolymerisation processes, whether driven by abiotic or biotic factors, are sustained by
the formation of free radicals (atoms with a vacant space in the valence shell of the
electron orbitals), which can attack the bonds within the polymer to cleave it (Lucas et
al., 2008).

The main chemical aging process affecting plastics is photo-oxidation. Photo-oxidation
of plastics is a process by which UV radiation reacts with chromophores or other groups
in the molecular structure of the plastic or added compounds. This results in polymer
chain breakage and the generation of free radicals, as described by Singh & Sharma
(2008). The radicals bind with oxygen and initiate a propagation reaction. Termination of
the propagation reaction occurs when the free radicals react with each other, cross-linking
the polymers (Byrdson, 1999). The use of additives, such as metals, can enhance the
photodegradability of plastics by increasing the adsorption of UV-radiation and the
formation of destructive reaction products, i.e. free radicals (Brydson, 1999). Photo-
oxidation results in the reduction of the molecular mass of the polymer, embrittlement,
discolouration and fracturing of the plastic material (Byrdson, 1999). Embrittled plastics

are subject to fragmentation by mechanical stresses due to reduced strength and
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flexibility of the material (Singh & Sharma, 2008; Andrady, 2011). This has major
implications for the spread and distribution of plastic debris throughout the environment,
as smaller particles are more easily dispersed by natural forces including water and air. A
thorough review of the types, mechanisms and methods of plastic degradation is given by
Singh & Sharma (2008).

Some types of plastic (e.g. cellophane) are biodegradable in the natural environment
(Byrdson, 1999), but those synthetic plastics that are currently most commonly produced,
including PE, PS, PP and PMMA, are not considered biodegradable in the natural
environment (Byrdson, 1999; Lucas et al., 2008). The invention of degradable plastics
has increased in recent years, however, most types require specific circumstances (e.g.
the presence of certain microbes; a specific temperature range) for full biodegradation to
take place (Eubeler et al., 2010). Studies on the degradation of plastics in various
environments including soil (Ohtake et al., 1995; Mumtaz et al., 2010; Devi et al. 2015),
marine sediments (Nauendorf et al., 2016) and seawater (O’Brine & Thompson, 2010)
have been conducted, but report variable timescales of degradation. Roy et al. (2008)
suggest that LDPE containing photodegrading additives is susceptible to biodegradation
on shorter time scales, and report biodeterioration, biofilm development, and molecular

weight loss of ~8% occurring over a period of 2 weeks.

Microplastic particles take a variety of forms including fragments, pellets, beads and
fibres. Fragments are derived from larger plastic debris as a result of mechanical erosion
and aging processes. Fragments of solid, foam, film and sheet plastics have been found
ubiquitously in marine and freshwater environments (e.g. Cole et al., 2011; Eerkes-
Medrano et al., 2015). Pellets, a common form of raw plastic material, generally range in
size from 1 - 10 mm in diameter and have a variety of morphologies, ranging from flat
discs, to roughly spherical beads, to cylinders with flat, pinched or bulbous ends. Pellets
may be spilled during transport by ship, train and truck, from the production facility to
the processing facility, and also in facilities during production (SPI & ACC, 2015).
Pellets have been identified in environmental water and sediment samples for decades
(Colton et al., 1974; Ashton et al., 2010; Moreira et al., 2015). Microplastics that are

manufactured as small beads generally < 1 mm in size, are termed ‘microbeads.’
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Microbeads are often used as abrasives in cosmetic and personal care products and in
other applications such as sandblasting or deflashing (Hidalgo-Ruz et al., 2012; Eriksen,
Mason, et al., 2013). Microbeads, as used in cosmetics, refer to particles with a range of
sizes, polymer composition, and shapes ranging from spherical to irregular (Leslie,
2014). Fibres are produced from the production and natural wear of textiles including

synthetic clothing and carpeting and other products such as rope and lines.

2.4 Plastics in the environment

Investigations of plastics contamination in many aquatic environments including beaches,
ocean surface waters, deep-sea sediments, freshwater lakes, and tributaries, as well as
throughout terrestrial environments are now published (e.g. Eriksen, Mason, et al., 2013;
Vianello et al., 2013; VVan Cauwenberghe et al., 2013; Cozar et al., 2014; Townsend &
Barker, 2014; Turra et al., 2014; Eerkes-Medrano et al., 2015), however, studies
pertaining to freshwater and benthic environments are less abundant in comparison to

those of oceanic and surface water environments.

2.4.1  Sources of microplastics debris

Although the consumption of plastics has increased exponentially since the 1950s
improvements in recovery and recycling technologies are lacking. Recent pressure has
been placed on manufacturers to adopt ‘extended producer responsibilities” policies, in
which producers account for the entire life-cycle of a product, including recovery and
recycling costs. This strategy was developed by Thomas Lindhgvist in 1990, who
outlines the concept and implementation strategies in an open access doctoral dissertation
published in 2000 (Lindhqvist, 2000).

In addition to the persistence and “throw-away” design of plastic products, municipal
recovery and recycling systems are absent in much of the world, and often have low
participation rates where they do exist. Once entered into the environment, littered
plastics have been shown to disperse through waterways, such as rivers, tributaries and
storm drains and to accumulate in beach sediments (Liebezeit & Dubaish, 2012; Dekiff et
al., 2014; Mathalon & Hill, 2014; Zbyszewski et al., 2014), lakes (Eriksen, Mason, et al.,

2013; Free et al., 2014), ocean surface waters (Morét-Ferguson et al., 2010; Eriksen,
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Maximenko, et al., 2013; Cozar et al., 2014; Law et al., 2014;) and benthic sediments
(Claessens et al. 2011; Van Cauwenberghe et al. 2013; Vianello et al. 2013).

Data collected by volunteers for the Adopt-a-Beach and Great Canadian Shoreline
Cleanup events in 2012 show that beach debris on Great Lakes shorelines were >90%
recreational and smoking related items, and ~1-3% water-way activity related items
(Driedger et al., 2015). Plastic household items and recreational items, such as food, take-
out and confection packaging, single use beverage and product bottles and cutlery, make
up a large portion of aquatic debris (Driedger et al., 2015). Plastic waste material, even if
properly disposed of by the consumer can still be released into the environment during
waste management process, from collection, transport and sorting by municipal
organizations, to long-distance transport of bales which are often shipped across seas for
recycling. Industrial spillage of raw plastics (granules) during transportation and within
factories is another potential source of plastic debris (SPI & ACC, 2015). Agriculture
may be another significant source of plastics as pellets are used for mulching and feed
and films are used for covering fields and packaging products (Cunnningham et al., 1972;
Espi et al., 2006).

Consumer cosmetic and personal care products (e.g. facewashes, toothpastes, lipsticks
body washes, sunscreens) (Fendall & Sewell, 2009; Eriksen, Mason, et al., 2013; Leslie
2014; Sundt et al., 2014) are also sources of microplastics. The microplastics in these
products have been found in high concentrations in the surface waters of the Great Lakes
(Eriksen, Mason, et al., 2013). Both observational and model-based studies indicate that
local industry and waste management are significant factors controlling the abundance of
microplastic pollution in freshwater and marine environments (Free et al., 2014; Turra et
al., 2014; Jambeck et al., 2015).

2.4.2  Microplastic debris in freshwater systems

Studies pertaining to microplastic debris in freshwater systems show that microplastics

can be transported from urban areas through rivers to lakes, bays and oceans (Moore et
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al., 2011; Hoellein, Rojas, et al., 2014; Rech et al., 2014). A comprehensive overview of
plastics contamination in freshwater systems (Eerkes-Medrano et al., 2015) discusses
sampling techniques and factors affecting plastic abundance and dispersal in freshwater
systems, sources of plastics, and ecological consequences of microplastics. A second
review (Dris, Imhof, et al., 2015) focuses on methodologies for sampling and analyzing
microplastics in freshwater environments, comparing existing methods and
recommending ways in which future research methods could be conducted to provide the
most replicable and comparable data. These reviews reveal the absence of studies

investigating plastics contamination in submerged lake sediments.

Rivers, particularly urban tributaries, are depositional sites as well as major transport
pathways for microplastics and macroplastics (Moore et al., 2011; Gasperi et al., 2014;
Lechner et al., 2014; Rech et al., 2014; Zhao et al., 2014; Corcoran et al., 2015). Plastics
are transported on surface waters (Gasperi et al., 2014) and along the tributary bed
(Moore et al., 2011; Morritt et al., 2014) depending on the buoyancy of the material.
Microplastic debris types previously identified in tributaries comprise industrial (pellets)
and urban waste (Moore et al., 2011; Lechner et al., 2014; McCormick et al., 2014).
Debris can be introduced into tributaries via point sources (effluent pipes, drainage
outlets, wastewater treatment plants) and non-point sources (dumping, spills and litter).
Rech et al. (2014) and Hoellein et al. (2014) showed that macroplastic debris loads
carried by rivers are also deposited along river banks, suggesting that rivers are both
depositional and erosional zones for anthropogenic debris. Sampling techniques have
involved both water and sediment sampling, but generally one or the other. Most water
sampling studies have targeted surface waters, however, two studies (Moore et al., 2011;
Morritt et al., 2014) included subsurface waters. Sediments have generally been sampled
from exposed river banks and bars; however, a study by Hoellein et al. (2014) sampled
the benthic sediments of the North Shore Channel of the Chicago River for debris > 1 cm

in size.

Studies of microplastics in tributary waters have included the Los Angeles River, San
Gabriel River and Coyote Creek in Southern California (Moore et al., 2011), the Thames
River in the UK (Hoellein et al., 2014), the Danube River in Austria (Lechner et al.,
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2014), the North Shore Channel of the Chicago River in the USA (McCormick et al.,
2014), the Seine River in France (Gasperi et al., 2014; Dris, Gasperi, et al., 2015), the
rivers of Chesapeake Bay in the USA (Yonkos et al., 2014), and the Yangtze River in
China (Zhang et al., 2015). In the Yangtze River, Zhang et al. (2015) investigated the
abundance and composition of microplastics in the surface waters of the mainstream and
four tributaries behind the Three Gorges Dam. They identified PE, PP and PS
microplastic particles, in the size range 112 um — 5 mm, at spatial densities of 0.19 x 10°
to14 x 10° km.

Studies of microplastics in tributary sediments have been less common. On the banks of
the Elqui, Maipo and Bio-bio Rivers in Chile, Rech et al. (2014) investigated debris >1.5
cm in size. Wagner et al. (2014) published a review of microplastics contamination in
freshwater environments and reported microplastics abundances of 34 - 64 particles kg™
dry sediment in the sediments of the Elbe, Mosel, Neckar and Rhine Rivers, however,
they did not include information regarding sampling location or whether the sediments
were riparian or benthic. In the St. Lawrence River, which drains the Laurentian Great
Lakes from the eastern end of Lake Ontario, Castefiada et al. (2014) reported
microplastics at maximum concentrations of 398,000 particles m in the river sediments.
The authors found the greatest concentrations in the effluent channel of the Gentilly-2
Nuclear Power Plant. The collected particles, however, were not spectroscopically
identified, and were only assumed to be polymers based on appearance, melting point

(113.7°C) and differential scanning calorimetry.

Lake surface waters have been investigated in at least three studies including Lake
Geneva in Switzerland (Faure et al. 2012), Lakes Superior, Huron and Erie of the Great
Lakes in North America (Eriksen, Mason, et al., 2013) and in Lake Hovsgol in Mongolia.
Respective mean extrapolated microplastics spatial concentrations were 48,000 km,
43,000 km2 and 20,000 km. Subsurface waters were investigated in one study of Lake
Méralen in Sweden (Landbecker, 2012), for which fibrous anthropogenic particles were
reported at concentrations of 0-28 particles m. Fibrous particles were observed in water
pumped from a depth of 0.5 m below the surface, however, successful spectroscopic

identification was not achieved due to the small size of the particles (> 20 um in
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diameter, < 3000 zm in length) and the fibres were assumed to be natural fibres, such as

wool and cotton, due to their slack texture.

Studies of plastic debris in and on lake shore sediments include Lake Huron of the Great
Lakes (Zbyszewski & Corcoran, 2011), Lake Geneva in Switzerland (Faure et al. 2012),
Lake Garda in Italy (Imhof et al., 2013), Lakes Erie and St. Clair of the Great Lakes
(Zbyszewski et al., 2014), Lake Michigan of the Great Lakes (Hoellein et al., 2014;
Hoellein et al., 2015), and Lake Ontario of the Great Lakes (Corcoran et al., 2015). All
but the first study in the list (See Section 2.3.4) are discussed in the review papers by
Eerkes-Medrano et al. (2015) and Dris, Imhof, et al. (2015).

2.4.3  Microplastic debris in sediments

Microplastics studies targeting aquatic environments can be categorized by habitat (e.g.
freshwater or marine), but also by compartment (e.g. neustonic, pelagic or benthic). The
majority of studies focus on the neustonic compartment of tributaries, lakes and oceans,
however, many types of plastic have densities greater than water. Plastics are therefore
expected, and have been found, in sedimentary environments such as beaches (e.g.
Zbyszewski et al., 2014), the abyssal ocean floor (e.g. Van Cauwenberghe et al., 2013),
lake bottom sediments (Corcoran et al., 2015) and tributary sediments (Castafieda et al.,
2014; Hoellein et al., 2014; Rech et al., 2014; Wagner et al., 2014; Corcoran et al., 2015).

The transport mechanism and pathways of plastic debris in the abyssal benthic zones of
the ocean are generally unknown. One possible mechanism includes benthic layer
transport from the source (coastal or offshore) via bedload transport, saltation and
suspension (Ballent et al., 2013). This type of transport mechanism could explain the
presence in the deep sea of plastic objects with a negative buoyancy in seawater. Tidal,
offshore and turbidity currents may play a role in the transport of negatively buoyant
plastics from coastal to abyssal and profundal zones of the oceans and large lakes as
described by Zalasiewicz et al. (2016). Originally buoyant microplastics could be
transported to depth by increases in the net particle density caused by assimilation of
particles with more dense matter, for example with faecal express of ingested plastics

(Cole et al., 2013; Setald et al., 2014; Zalasiewicz et al., 2016), assimilation in marine
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snow (Zalasiewicz et al., 2016; Lagarde et al., 2016), biofouling (e.g. Ye and Andrady,
1991; Andrady, 2011; Zettler et al., 2013; McCormick et al., 2014), and adsorption of
natural biological and mineral substances to the surface (Zalasiewicz et al., 2016; Frias et
al., 2016).

Several studies report relatively high abundances of microplastic in the bottom sediments
of low energy environments such as harbours and lagoons, where fine particles supplied
by fluvial and anthropogenic outputs can settle. For example, in the Belgian coastal zone,
microplastic particles were found in significantly higher concentrations in harbours as
compared to off-shore and beach sediments (Claessens et al., 2011). The authors also
investigated the depositional history of microplastic on Belgian beaches, finding
decreasing abundance with depth. In the Lagoon of Venice, Italy, bottom sediments
sampled using a box corer, contained on average ~1500 microplastic particles per kg of
dry sediment (Vianello et al., 2013). Vianello et al. also observed a correlation between
the hydrodynamic characteristics of the sample site and microplastic abundance. A
similar study published in 2014 by Mathalon & Hill reports microplastic fibre
concentrations of ~20-80 fibres per 10 grams of sediment in the intertidal zone of Halifax
Harbour in Canada. The Great Lakes also exhibit low-energy environments within
harbours, coves and along shores where constructed barriers such as jetties and seawalls

protect shores.

In terms of microplastics in beach sediments, a study by Dekiff et al. (2014) reported
homogenous distributions of microplastic <1 mm at concentrations of 1-3 particles per kg
sediment over distances of 500 m in the North Sea East Frisian Islands, Germany. A
unique study conducted in Sao Paulo, Brazil investigated the abundance of pellets in
beach sediments on a 3-dimensional scale, quantifying microplastic at depths down to 2
m with results suggesting that less than 10% of plastics are found within the top 5 cm of
sediment, as would be expected under constant sedimentation rate conditions (Turra et
al., 2014). Turra et al. also reported a correlation between the proximity of industrial
plants and microplastics abundance. In another study, Free et al. (2014) investigated
plastics abundance on the shores and surface waters of the remote Lake Hovsgol, in

Mongolia, where neustonic microplastic abundances were reported to be similar to those
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in the Great Lakes (Eriksen, Mason, et al., 2013). Examination of the types of
microplastic revealed the complete absence of pellets and microspheres, a phenomenon
attributed to the lack of industry in the area. These two studies indicate that local industry
and waste management are significant factors in regulating microplastic pollution in

freshwater and marine environments.

Beach plastics in Hawaii were more abundant at the high-tide line than at the berm (storm
wave extent), where on average 1.9 g plastic per | sediment, and 0.2 g plastic per |
sediment were observed, respectively (McDermid & McMullen, 2004). In a similar study
of beach plastics on the island of Fernando de Noronha, in the Equatorial Western
Atlantic Ocean off the coast of Brazil, plastics debris was significantly more abundant on
windward beaches compared to leeward beaches, suggesting that beach orientation with
respect to the prevailing wind direction has an effect on the distribution of plastics
washing ashore (do Sul et al., 2009). The authors noted that plastics manufacturing
industry was absent on the island, suggesting that industrial pellets originated from distal

sources.

2.4.4  Microplastic debris studies in the Great Lakes

Studies report microplastic pollution in the Great Lakes surface waters (Eriksen, Mason,
et al., 2013), shorelines (Zbyszewski & Corcoran, 2011; Zbyszewski et al., 2014;
Corcoran et al., 2015) and offshore bottom sediments (Corcoran et al., 2015) and
nearshore bottom sediments (Ballent et al., 2016), but microplastics contamination in the
subsurface sediments of the coastal regions of the Great Lakes is still largely unknown
(Opfer 2012, p. 50; Opfer 2013, p. 24; Driedger et al. 2015).

The first study of plastics in the Great Lakes was conducted by Zbyszewski & Corcoran
in 2011 who investigated microplastic abundance on the shorelines of Lake Huron.
Sampling techniques involved quadrat and transect surveys of visible microplastics,
including pellets, fragments and foam pieces. They reported greatest concentrations at the
southern-most beach, Sarnia Beach, where abundances of 408 pieces/m? were quantified,
which they attributed to proximity to the plastics industry activity coupled with the
dominant cyclonic surface circulation of the lake. Fourier Transform Infrared (FTIR)
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spectroscopy of pellets and fragments revealed that the dominant polymers were PE and
PP. One PET fragment was also identified. Surface textures on pellets and fragments,
described as flaking, pits, grooves, gauges and fractures, were suggested to be oxidative
and mechanical weathering artifacts.

A single study investigating microplastic concentrations in the surface waters of Lake
Superior, Lake Huron, and Lake Erie reported average spatial densities of ~43,000
microplastic particles km. Maximum concentrations of almost 0.5 billion particles km
were located in the eastern part of Lake Erie (Eriksen, Mason, et al., 2013). Fragments,
foams, films, fibres and pellets < 1 mm made up 80% of all plastic particles collected;
only 2% were > 4.75 mm. This suggests that floating plastics debris is primarily made up
of microplastics, rather than large intact plastic objects. Eriksen, Mason, et al., (2013)
also observed that many of the pellet-shaped particles < 1 mm in sizer were not polymers
but aluminum silicates (coal fly ash), and that others were very similar to microplastic
particles present in common brands of facewash. In a more recent investigation of
microplastics in the surface waters of tributaries and the nearshore of Lake Ontario and
Lake Erie, particle concentrations were found to be an order of magnitude higher than
offshore concentrations reported by Eriksen, Mason, et al. (2013). The greatest
abundances were 6.7 million particles per km?, as measured in urban regions near Detroit
and Windsor in Lake Erie, and near Humber Bay and Toronto Harbour in Lake Ontario.
Fragments and fibres were the most abundant morphologies, but notable contributions of

foam particles and industrial cuttings were also reported (Helm et al., 2016).

Another study published by Zbyszewski et al. (2014) compared microplastic debris on
the shorelines of Lake St. Clair, Lake Erie and Lake Huron The authors observed plastic
pellets, fragments and foam particles at average spatial densities of 4.25 particles m? and
noted high spatial variability between sample sites at all three lakes. The highest spatial
densities of 34 microplastics particles m were observed at Sarnia Beach on the southern
shore of Lake Huron. Of the sample sites on Lake Erie and Lake St. Clair shorelines, the
highest spatial densities observed were 3.7 particles m at Presque Isle and 8.4 particles

m2 at Grosse Pointe.
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In the same year, Hoellein et al. (2014) investigated anthropogenic litter abundances
along three 400 m long, 50 m wide transects on Lake Michigan beaches near Chicago,
and along three 70-100m stretches of the riparian and benthic zones on the North Channel
of the Chicago River. All types of anthropogenic litter, including metal, fabric, paper,
plastic and glass items > 2 cm were collected; microplastics abundances were not
investigated. Plastics were most common in riparian zones and least common in the

benthic zone of the river, by percentage of total litter abundance.

In another study of anthropogenic litter on the shores of Lake Michigan, Hoellein et al.
(2015) used data published by the Adopt-a-Beach volunteer cleanup program to
summarize debris characterization on five beaches. Debris (plastics and other materials)
was collected by volunteers, and was primarily food and smoking-related. Debris
abundance was positively and linearly correlated with volunteer hours, and also with
county population density (Hoellein et al., 2015). Debris abundance was not related to
other measured environmental factors of catchment area, percentage of built up area,
tourism and recreation GDP, or beach popularity as measured by the Flikr score,
suggesting that debris was mainly littered by beach-goers or washed onto the beach from
distal sources. The authors concluded that determining sources of litter was not possible
and that riverine sources were minor. This study, however, only investigated large intact
recognizable debris, and did not focus purely on plastics. The authors also noted that
several of the beaches in the study were regularly cleaned during the summer months.

Microplastics pollution in Lake Ontario has received little attention despite the fact that it
is furthest downstream within the Great Lakes system and that it is highly urbanized and
industrialized. Corcoran et al. (2015) investigated shoreline, riparian and offshore
sediments and was the first study to include data of microplastics in bottom lake
sediments. A stretch of shoreline in Humber Bay Park West and a section of the Humber
River riparian bank were analyzed triweekly for accumulation of microplastics. Particles
in both locations comprised mainly industrial pellets, but also fragments, intact items and
foam particles. At the Humber Bay shoreline site consecutive triweekly accumulation
rates were 26.5 particles m? and 13.4 particles m2, and pellets deposited on the Humber

River bank indicate that the Humber River is a notable source of microplastic
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contamination to the lake. Two core samples of sediment accumulation depths of 30 cm
were analyzed for microplastics. The cores were taken from the Niagara Bar at a water
depth of ~ 66 m and from the north-central part of the lake at a water depth of ~ 182 m.
Microplastics were present to a depth of 8 cm below the sediment surface in both
locations, and generally decreased with depth in the sediment. Microplastics were
analyzed visually and with FTIR spectroscopy, revealing that the particles were of
various color and morphology, including angular, rounded and wispy, and were mostly
composed of PE (N=16). Some particles were PP (N=6) and nitrocellulose (N=3).
Inorganic matter, including calcium carbonate, silica and mica were identified with
several, though not all particles. The authors interpreted the association of these inorganic
substances to be mineral fillers included in the plastics during manufacture, or to be
minerals adsorbed or otherwise attached to the surface of the plastics. In 2016, Ballent et
al. published a study of microplastics in the nearshore, tributary and beach sediments of

Lake Ontario, which contains information presented in this thesis.

A literature review of microplastics in the Great Lakes (Driedger et al. 2015) provided a
general summary of the current situation of microplastics contamination research and
monitoring as conducted by the volunteer based Adopt-a-Beach program and Great

Canadian Shoreline Cleanup programs.

2.4.5 Ecological implications of microplastics contamination

Microplastics in benthic ecosystems pose an environmental threat primarily because
benthic fauna and organisms that feed on the benthic community may potentially ingest
microplastics. Littoral and profundal fish species in large temperate lakes have diets that
consist primarily of benthic organisms, and in Lake Ontario ~92% of fish and ~96% of
invertebrate species are found in littoral habitats (\Vadeboncoeur et al., 2011). As such,
the majority of aquatic species in Lake Ontario are closely connected to nearshore
benthic habitats, and microplastics contamination of these sediments may be directly
affecting the health of the lake ecosystem at many trophic levels. Aquatic fauna for which
ingestion of microplastics has been shown to occur include demersal and pelagic fish
(Neves et al., 2015; Phillips & Bonner, 2015; Rummel et al., 2015), deposit- and filter-

feeder benthic invertebrates (Setél4 et al., 2015), farmed and wild bivalves (Mathalon &
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Hill, 2014; Van Cauwenberghe & Janssen, 2014), lugworms (Browne et al., 2013; Van
Cauwenberghe et al., 2015) and freshwater waterfowl (English et al., 2015). Biginagwa et
al. (2015) studied plastics ingestion in predatory Nile Perch and omnivorous Nile Tilapia,
common fish caught in Lake Victoria, Tanzania. The authors observed plastic debris
contamination in drainage ditches near the lake and noted that the surrounding regions
were densely populated. Of the fish examined, 20% (N=4) contained plastics (PE, PU,
PET, PE/PP copolymer and silicone as confirmed by FTIR spectroscopy) in their gastro-

intestinal organs.

Ingestion of microplastics can be associated with detrimental physiological
consequences, including inflammatory responses at the tissue level in mussels (von Moos
et al. 2012), liver toxicity in fish (Rochman, Hoh, et al., 2013), increased mortality in
lugworms (Browne et al., 2013) and reproductive repercussions in zooplankton
(Besseling et al., 2014). Ingested microplastic particles can move through trophic
systems, for example in planktonic food webs (Setéla et al., 2014) and from mussels to
crabs (Farrell & Nelson, 2013).

In Lake Ontario, several species of littoral and stream-dwelling benthic organisms and
benthic feeders may be at risk of ingesting microplastics. Invertebrates such as the
quagga and zebra mussels are recent invasive species in the Great Lakes and may be
prone to ingestion of microplastics. Marine invertebrates such as the filter feeding blue
mussel Mytilus edulis and the deposit feeding lug worm Arenicola marina have been
shown to ingest microplastics during feeding in the natural environment and in
microcosm experiments (Van Cauwenberghe et al., 2015). In an analysis of microplastic
ingestion by M. edulis in the coastal waters of China, both fibres and fragments were
found to be ingested (Li et al., 2016).

In the tributary and coastal waters of Lake Ontario, examples of bottom feeding fish

species that may be subjected to microplastics ingestion include various species of carp
(Hypophthalmichthys nobilis, Mylopharyngodon piceus, Ctenopharyngodon idella and
Hypophthalmichthys molitrix), Logperch (Percina caprodes), Round Goby (Neogobius

melanostomus) and Tubenose Goby (Proterorhinus marmoratus), Channel Catfish
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(Ictalurus punctatus), Flathead Catfish (Pylodictis olivaris) Northern Hog Sucker
(Hypentelium nigricans), and Redhorses (Moxostoma sp.) (Eakins 2016). These species
are warm-water benthic fish common in the riverine and lacustrine environments of the
southern Great Lakes and include invertivores, detritivores, herbivores and carnivores.
Studies regarding plastics ingestion by the above species have not yet been published,
however, preliminary results from an experimental feeding study through the Ontario
Ministry of the Environment and Climate Change reveal that plastics are ingested and
beads and pellets are most likely consumed and retained (Munno et al., 2016). The
authors report ongoing research investigations of field studies regarding ingestion by
common fish species in Lake Ontario nearshore and tributary environments of Humber
Bay, Hamilton Harbour and Toronto Harbour, but do not include preliminary results
except for an apparent susceptibility to the retention of fibres (Munno et al., 2016). Lake
trout and other benthic feeding pelagic fish could also be exposed to microplastic through
ingestion of prey with microplastic retained in the gut. The diet of lake trout (Salvelinus
namaycush) has shifted to include more round goby since the species was introduced to
Lake Ontario in the 1990s (Dietrich et al., 2006), and a study of fish diet in Lake
Michigan suggests that the energy pathways of pelagic and profundal fish species are
transferring away from a pelagic diet and towards a nearshore benthic pathway, due to
the expansion of the dreissnenid mussel (Turschak et al., 2014). The transfer of
microplastics may not be limited to fish and invertebrates in the Great Lakes as there is
evidence for benthic feeding Round Gobies becoming a dominant prey for double crested
cormorants (Phalacrocorax auritus) colonies in the upper St. Lawrence River (Johnson et
al., 2015), eastern Lake (Johnson et al., 2015), and in Hamilton Harbour (Somers et al.,
2003). Microplastics were ingested and some particles were retained for over 24 hours by
fish in a feeding experiment using fish caught in the coastal waters of Lake Ontario
(Munno et al., 2016), suggesting that there is the possibility that microplastics are moving
to higher trophic levels in the Great Lakes. Preliminary results of in situ ingestion of
microplastics in Lake Ontario nearshore fish species indicate that microplastic fibres
were most prevalent compared to other morphologies in the Gl tracts of sampled fish
(Munno et al., 2016).
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Plastics are not classified as hazardous waste in Canada, perhaps as a result of the
intrinsically inert qualities of polymers such as PE and PP (Rochman, Browne, et al.,
2013). Certain plastic products, however, are manufactured from hazardous derivatives
such as polycarbonate CD-ROM discs and polyurethane foams commonly used in
furniture (Lithner et al., 2009). Additives such as polybrominated diphenyl ethers
(PBDEs; e.g. flame retardants) (Lithner et al., 2011; Rochman, Lewison, et al., 2014) and
plasticizers such as Bisphenol-A are also often included to change the physical properties
of the plastics (Oehlmann et al., 2009). Plasticizers have been shown to have negative
impacts on the hormonal systems of invertebrates, fish and amphibians (Oehlmann et al.,
2009). Lithner et al. (2009) tested the effect of plastic consumer item leachates, of which
the polyvinyl chloride and polyurethane leachates were most toxic to the freshwater
arthropod, Daphnia magna. Conclusive evidence for the transfer of associated hazardous
compounds from plastics to organisms is lacking, but several studies have suggested
correlations between plastics ingestion and compromised physiological function (e.g.
Teuten et al., 2009; Wright et al., 2013; Syberg et al., 2015).

Microplastic loads in the Danube River have been shown to be on the same order of
magnitude by count as fauna of the same size (Lechner et al., 2014), suggesting that the
scale of microplastics pollution may be sufficient to fundamentally alter trophic systems
of tributaries and larger water bodies by imitating food sources of organisms in the lowest
trophic levels. Microplastics may also be facilitating changes in microbial communities,
acting as non-stationary colonization surface habitats for bacteria or other organisms
adhering to the plastics (e.g. Ye & Andrady, 1991; Zettler et al., 2013; Harrison et al.,
2014; McCormick et al., 2014; Nauendorf et al., 2016).

Plastics may be classified as carcinogenic, hormone disrupting, or toxic, due to
manufacture from hazardous derivatives and/or additives such as polybrominated
diphenyl ethers (PBDES) i.e., flame-retardants (Lithner et al., 2011; Rochman, Lewison,
et al., 2014) or because of the adsorption of environmental pollutants such as persistent
organic pollutants and trace metals such as Pb and Cd (Browne et al., 2013; Rochman,
Hentschel, & Teh, 2014). However, there is no conclusive evidence that adsorbed toxins

are transferred to an organism upon ingestion. Some studies suggest that ingestion of
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plastic particles leads to the disruption of the physiological systems of organisms
(Browne et al., 2013; VVan Cauwenberghe et al., 2015). In the case that toxins are
transferred to the tissues of organisms, there is the possibility that plastics facilitate
bioaccumulation of associated pollutants in higher trophic level organisms.

Overall, while research pertaining to the ecological implications of microplastics is still
ongoing and there are many questions still to be answered, there is sufficient evidence
that microplastics contamination of aquatic environments needs to be stemmed in order to
protect the quality of these systems which are valued for the ecological, recreational and

commercial services that they provide.

2.5 Methodologies commonly used in studies of
microplastics in sediments

251 Collection methods

Methods for the collection of submerged and exposed sediments for the investigation of
microplastics contamination have varied across studies. Surveys of macrodebris lying on
seafloor or river bed sediments are commonly conducted by bottom trawling and diving
(in submersibles, scuba or snorkeling), video taken by autonomous underwater vehicles
(Spengler & Costa, 2008; Mordecai et al., 2011) and by wading in shallow waters
(Hoellein et al., 2014). Surveys of macrodebris in exposed beach and riparian sediments
are traditionally conducted by transect or quadrat surveys (e.g. Hoellein et al., 2014;
McCormick et al., 2014; Hoellein et al., 2015) although newer methods have
incorporated webcam imagery (Kataoka et al., 2012). Collection of microplastics
deposited in exposed sediments has involved transect (e.g. Liebezeit & Dubaish, 2012;
Moreira et al., 2015), quadrat (e.g. Turra et al., 2014) and core sampling (Carson et al.,
2011; Claessens et al., 2011) or a combination of techniques (Zbyszewski and Corcoran,
2011; Zbyszewski et al., 2014; Corcoran et al., 2015). Investigation of microplastics in
submerged sediments or of particles <1 mm in size, however, requires retrieval of
sediment for laboratory analysis. In the literature, submerged sediments have been
collected with box cores (Corcoran et al., 2015), van Veen grabs (Browne et al., 2011,

Claessens et al., 2011) and Peterson and Petite Ponar grabs (Castafieda et al., 2014).
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2.5.2 Sample processing methods

The separation of microplastics from sediments is often aided with a sort of density
separation, particularly where targeted particles are <1 mm and not identifiable with the
naked eye. Density separation of low-density plastics was conducted using seawater as
the separation fluid at a large scale in the field for large quantities of beach sediment in a
study of the 3-dimensional distribution of pellets > 1mm on beaches in Brazil (Turra et
al., 2014). For high-density plastics, separation mediums of higher densities generally >
1.43 g cm™ are needed (Imhof et al., 2012). Solutions of sodium chloride (Hidalgo-Ruz et
al., 2012), zinc chloride (Imhof et al., 2012; Mathalon & Hill, 2014; Dris, Imhof et al.,
2015), sodium iodine (Claessens et al., 2013) and sodium polytungstate (Corcoran et al.,
2009; Corcoran et al., 2015) have been used. Methods used for removing the supernatant
containing microplastics from the sample are consistently ill-described (Hidalgo-Ruz et
al., 2012). Decanting and removal of floating particles by picking with forceps is likely
less efficient as particles may be missed and stick to the containers walls (Hidalgo-Ruz et
al., 2012). In order to overcome this issue, several devices have been invented to increase
recovery rates in sediment density separation processes. An instrument, named the
Munich Plastic Sediment Separator (MPSS) was developed by Imhof et al. (2012),
achieved a recovery efficiency of 95.5% for microplastics < 1 mm of a range of densities
of 0.8-1.43 g cm™. The separation column was constructed of an aeration column with a
motor-powered stirrer and overlying skimming chamber. Compared to the MPSS, a
simple decanting method for plastic retrieval after stirring and aeration resulted in an
average recovery rate of ~40% by weight for particles <1 mm. A similar column
elutriation technique developed by Claessens et al. (2013) was highly efficient with

recoveries of 100% of microspherules and 98% of fibres.

A review of identification and quantification methods written by Hidalgo-Ruz et al.
(2012) describes methodologies used for marine microplastics. A recent report published
by NOAA outlines sample processing methods for water, sediment bed and beach
samples (Masura et al. 2015). As the study of microplastic pollution develops, many
experiments and publications aim to refine and standardize research methods to address

issues related to sampling and analysis of microplastic. Commonly recognized is the
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necessity of minimizing contamination of samples during laboratory analyses,
particularly by airborne plastic fibres (e.g. Dekiff et al. 2014; Mathalon & Hill 2014).
Recommendations include reducing exposure of samples to air by keeping containers
closed, keeping all tools, surfaces, and containers clean, wearing clothing of natural
fibres, and reducing drafts and excessive exposure from corridors, and conducting

controls for environmental contamination in the laboratory (Woodall et al., 2015).

2.5.3 Quantification methods

The quantification of microplastics separated from sediments is normally conducted
manually using stereomicroscopes (Hidalgo-Ruz et al., 2012). Studies have shown,
however, that visual analysis is not a reliable method for the identification of
microplastics and that spectroscopic analysis is needed for reliable quantification of
microplastics (e.g. Eriksen, Mason et al., 2013; Song et al., 2015). In a study of
microplastics in the surface waters of the Great Lakes, surface electron scanning and
energy dispersive x-ray spectroscopy revealed that on average 20% of the particles
suspected to be plastic by visual identification were in actuality aluminum silicates and
likely fly ash particles (Eriksen, Mason et al., 2013). Song et al. (2015) report that
microplastic fragment quantification was underestimated and fibre quantification was
overestimated using a stereo microscopic analysis compared to Fourier-transform
infrared (FTIR) spectroscopic analysis, suggesting that visual identification of
microplastic samples is not reliable. Synthetic and natural fibers were reported to have
similar appearance, and fragments < 1 mm were often not identified by visual

examination.

2.5.4  Compositional analysis methods

Spectroscopy is a common technique used to determine the types of polymers and
materials present in sediment samples (e.g. Corcoran et al., 2009; Cooper and Corcoran,
2010; Zbyszewski & Corcoran, 2011; Zbyszewski et al., 2014; Frias et al., 2016).
Spectroscopy is the study of the interactions between matter and electromagnetic
radiation. In theory, three types of interaction can be described when a photon encounters

a molecule or other type of particle. The first, termed Rayleigh scattering, is an elastic



28

scattering by which the incoming photon is adsorbed and is emitted with the same
energy. The second, termed Stokes shift, is an inelastic scattering by which the energy of
the incoming photon is decreased because some of the energy is transferred to the
molecule changing its vibrational state. The third type, termed Anti-stokes shift, is also an
inelastic scattering, but where the incoming photon is adsorbed by a molecule which is
already in increased energy vibrational state. The interaction causes the molecule to
return to the normal vibrational state and the vibrational state energy is transferred to the
emitted photon, which, as a result, has a greater energy relative to the incident photon.
The shift in energy, Raman shift, of the incident light is dependent on the vibrational,
rotational and other low frequency modes of the molecule. The second and third types of
interaction are referred to as Raman scattering. Only about 0.001% of incident light
interacting with a particle is scattered inelastically; the majority of the incident light is

scattered elastically.

Raman spectroscopy is an analytical technique in which the Raman, i.e. inelastic,
scattering of light by interaction with a molecule is detected to reveal information about
the structure and properties of the molecule. It can be employed for the identification a
wide variety of organic and inorganic substances and is well-suited to identification of
polymers and other components of plastics. Several studies have used Raman
spectroscopy to aid in the identification of microplastic particles (e.g. Imhof et al., 2012;
Cregut et al., 2014; Lenz et al., 2015).

Modern Raman spectroscopic technique relies on the use of a monochromatic laser,
generally in the near infrared (NIR), visible or near ultraviolet (NUV) range, a filter to
remove the Rayleigh scattered light, and an instrument which detects the incoming
Raman scattered light. The use of a monochromatic laser light source allows for all
Rayleigh scattered light to be completely filtered out and the Raman shift to be accurately
measured relative to the laser light. Several advanced types of analytical instruments
involving Raman spectroscopy have been developed; here two common types which
differ in the methods by which the Raman signal is detected, and which are used in this

study, are further discussed.
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Dispersive Raman is a technique which uses a grating, a device with finely etched
grooves, to spread the Raman scattering spectrum of a sample across the range of
wavelengths making up the spectrum, similar to the way in which a prism sorts incoming
visible light across a larger area, organizing the light rays by wavelength. The Raman
scattered light is detected by a silicon charge coupled detector (CCD) which converts the
electromagnetic radiation into an electrical signal which can be read by a computer and
displayed as a plot. Dispersive Raman spectroscopy is particularly useful for analyzing
small particles, achieved by using in combination with a confocal aperture. Lasers which
emit light in the visible range are used with dispersive Raman spectroscopy, with higher
energies (i.e. shorter wavelengths, blues) giving a stronger signal and also higher

probability of fluorescence (Thermo Fisher Scientific Inc., 2008).

Fourier Transform Raman (FT-Raman) spectroscopy is an alternative technique which
uses much lower laser energies, generally in the near infrared range, in order to overcome
the effect of fluorescence at higher laser energies. In FT-Raman technique a device called
an interferometer is used to convert Raman scattered light into an interferogram signal
during analysis. An interferogram is a pattern formed by the interference of multiple
waves, e.g. Raman scattered electromagnetic light waves. The interferogram is
transferred to an infrared signal by a material which responds to infrared light, such as
Geranium or the semiconductor, indium gallium arsenide (InGaAs). The resulting
electrical signal of the interferogram is converted to the Raman spectrum using the

Fourier Transform algorithm (Thermo Fisher Scientific Inc. 2008).

The measured light intensities are plotted against the wavenumber, commonly in units of
cm which indicate the energy difference between the laser light and the Raman scattered
light. The resulting substance specific spectrum is the cumulative energy intensity
detected for each wavenumber, i.e. the energy distribution of inelastic light scattered by
the sample upon illumination with a monochromatic laser. The energy intensity which is
relative to the amount of material present (Thermo Fisher Scientific Inc. 2008), is

arbitrary and is commonly unlabeled or labeled with ‘Raman intensity’.
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Another type of spectroscopy commonly used to analyze synthetic polymers is Fourier
transform infrared (FTIR) spectroscopy. It is an analytical procedure in which a
substance can be identified from the unique absorbance or emission spectrum of infrared
radiation across a large range of wavelengths that is transmitted through a sample. It is
useful in the identification of polymers as it can provide information about the molecular
structure of the material as well as about the level of oxidation of the material (Loder &
Gerdts, 2015). Comparison of the fingerprint region of the infrared spectrum to spectra of
known materials allows for the identification of the polymer, whereas higher frequencies
of the infrared spectrum signal functional group vibrations through which the presence of

certain types of photo-oxidation products can be identified (Cooper, 2012).

Raman spectroscopy is useful for the analysis of microplastics, however, there are several
limiting factors. Analysis can be completed without sample preparation or contact with
the sample, allowing for preservation of the sample. Run times range from as little as
several seconds to several minutes, with longer run times improving the resolution of the
spectra. In addition, thick materials can be analyzed as the technique does not rely on the
penetration of light through the sample, as in infrared spectroscopy (Lenz et al., 2015).
Conversely, thin particles may give poor spectra due to lack of volume and low Raman
scattering signal. Technological advancements have allowed for laser spot sizes of < 1
um allowing for very small particles of plastic and fibres to be analyzed; however,
instruments with larger spot sizes limit the size of particles measured. Symmetric, non-
polar bonds produce stronger Raman scattering than polar bonds, which are better

analyzed with FTIR spectroscopy.

Limitations of Raman spectroscopy arise for fluorescent materials, as the intensity of
fluorescent light emitted upon illumination with laser light is often much higher than the
Raman scattered light, masking the spectrum of the other substances in the material
(Fredericks, 2012). (Lenz et al., 2015) reported the effect of pigment additives on the
Raman spectra of variously colored particles of industrially supplied ABS plastic.
Whereas blue, black and white colored particles had spectra similar to pure ABS, the
spectra of red and yellow particles were strongly masked to a degree at which the spectra

could not be positively identified. Other additives, such as black carbon in rubbers and



31

titanium dioxide as a mineral filler and UV-degradation inhibitor were encountered. In
these examples, the fillers did not effect signal quality but ability to match materials to
those with known spectra was negatively affected as additional peaks were present and
could potential obscure peaks needed to confidently identify a polymer. Dark colored
materials also pose challenges as such materials absorb much of the light energy of the
laser, and often have the tendency to combust even at very low laser power (Lenz et al.,
2015).

Song et al. (2015) reported negative effects on FT-IR spectrum quality of microplastics
from weathering and surface contaminations, and Lenz et al. (2015) reported similar
effects in Raman analysis. Biofouling and adherence of mineral particles to the surfaces
of microplastic particles, particularly of those with textured surfaces, has been regularly
mentioned in the literature (e.g. Artham et al., 2009; Reisser et al., 2014). Lenz et al.
(2015) show that the presence of biological organic matter on the surface of a particle
masked the Raman spectrum particularly in the fingerprinting region, hindering spectral
analysis, matching and polymer identification, and suggesting the importance of taking
measures to clean particles before analysis and to use uncoated spots on particles for

compositional identification.

Spectral libraries are generated from analysis of pure substances. The spectra of certain
types of polymers have been shown to diverge from those of the unaltered material with
progressive degradation and exposure to UV radiation (Lenz et al., 2015). In the study by
Lenz et al. (2015), PE, PVC, PA and PET plastics were subjected to UV exposure under
air, freshwater and saltwater conditions to investigate Raman spectral changes due to
weathering. PE and PVC polymers were most strongly affected, with decreases in the
intensity of characteristic peaks. In PVC plastics exposed to over 1600 simulated midday
sun hours of UV exposure, the characteristic peaks in the fingerprinting range at 693 and
637 cm (C-Cl bonds) were no longer observable compared to particles exposed to ~700
and fewer simulated midday sun hours, and two additional peaks at 1139 and 1540 cm™
(C=C bonds) appeared.
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Spectroscopic analysis is a time-consuming procedure often requiring sample preparation
of individual particles, scanning, and manual spectral analysis by an expert. In addition,
studies have shown that correct visual identification of plastic particles decreases with
smaller particles (Lenz et al. 2015; Song et al. 2015) Improvements in the automation of
spectral analysis may allow for increased accuracy and greater amounts of particles to be
analyzed in studies of microplastics. Some attempts at improving spectral analysis
efficiency have already been made. FTIR spectrometers coupled with attenuated total
reflectance (ATR) capabilities allows for larger surfaces to be scanned in a single run
(Cooper, 2012). Some studies have used this technique to scan filter papers, on which
microplastics were retained from samples, to determine the presence and types of plastic
present (e.g. Vianello et al., 2013; Song et al., 2015). Another recent study, investigated
the applicability of thermal decomposition to the determination of PE, and its degradation

properties, in environmental solid samples (DUmichen et al., 2015).

In this study, X-ray fluorescence (XRF) is used as an alternative compositional analysis
tool to confirm the presence of chlorides in suspected polyvinyl chloride plastics, as well
as to look for inorganic fillers. XRF is an application which detects the presence of
elements (typically heavier than silicon) in a sample by measuring the fluorescence
energy released when a sample is bombarded by X-rays. XRF has not been used in
microplastics identification studies, as present in the literature however, it has been used
in applications involving plastics, for example in industry for quality control and

manufacturing purposes (Mans et al., 2007) and in forensics (Roux and Lennard 2006).
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Chapter 3

3  Regional setting

The Laurentian Great Lakes are situated on the North American continent across the
Canadian-USA border. The five lakes have a combined watershed of ~770,000 km? and
make up the largest freshwater system in the world (Larson & Schaetzl, 2001). The five
lakes—Superior, Michigan, Huron, Erie, and Ontario—are connected by a series of
rivers, and cover an elevation change of 109 m. As the terminal lake within the system,
Lake Ontario outflows to the North Atlantic Ocean through the St. Lawrence River. Lake

Ontario is the smallest lake by surface area, covering 19000 km?2,

The Great Lakes basins were formed by repeated glacial scouring during the late
Cenozoic (Larson & Schaetzl, 2001). Geological and biological deposits evidence at least
six glacial advances and retreats having occurred between ~10 and 78 ka, during the most
recent, Wisconsonian, glaciation (Richmond & Fullerton, 1986).

3.1 Lake Ontario and the St. Lawrence River

This study focuses on the nearshore, tributary and beach zones of Lake Ontario and the
upper St. Lawrence River along the Canadian shoreline which lies within the province of
Ontario. The working definition for the nearshore zone in this study refers to the coastal
region of the lake where the lake bottom is between 0-25 m below the water surface.
Along the perimeter of Lake Ontario, the nearshore region generally extends <7 km
offshore, making up ~10% of the total area of the lake (Rukavina, 1976). Toronto
Harbour, Humber Bay and Hamilton Harbour, which are focus points in this study, are
within the nearshore zone. The tributary zone, as referred to in this study includes the
benthic and riparian zones of input tributaries, from small coastal streams to large
riverine systems. Tributary sediment investigation was constrained to the near-lake
region (< 10 km from the tributary mouth on the lake) for input streams, however, the
entire direct drainage area of the lake and upper river is included in geographical
investigations of population and industry levels of the region. The upper St. Lawrence
River, from Lake Ontario to the eastern extent of the province of Ontario is ~ 1 km wide
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at the narrowest sections and up to 20 m deep along much of the central axis (Paturi et al.,
2012). The sediments sampled in the St. Lawrence are considered together with the
nearshore samples because of the large scale of the river and the lack of a defined
transition point between the lake and river. The beach environments considered in this

study are constrained to the sandy shoreline on the northwestern shore of the lake.

3.1.1 Geology of the Lake Ontario region

The surficial sediments of the lake are described as mainly glacial deposits and soft
sediments eroded from the surrounding regions (Rukavina, 1976). Post glacial sediments
are primarily sourced from eroding shorelines, as opposed to stream discharge and the
erosion of glacial sediments, based on grain size distribution. Sediments at the west end
of the lake near Hamilton City may be sourced from easterly cross-lake storm events,
whereas sediments in Toronto and Wellington are more likely sourced from shoreline
erosion (Rukavina, 1976). Although the bed-load transport component of stream
discharge was shown to be a negligible factor in sediment supply and transport to the lake
(Ongley, 1973), fine-grained fractions may be attributed to the suspended load of
tributaries (Kemp & Harper, 1976). Silt and clay-sized sediments may also be sourced
from the winnowing, transport and re-deposition of bottom sediments during storm

events, as is suggested to occur in offshore zones (Halfman et al., 2006).
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Sedimentation rates in near shore areas of the western basin of Lake Ontario are
estimated to be ~ 1.7 mm yr based on pollen dating of Ambrosia (Rukavina, 1976).
Alternatively, sediment accumulation rates as calculated from sediment bed thickness and
the age of the lake, are 0.3, 0.4, 0.5 and 0.7 mm yr* at Toronto, Niagara, Wellington and
Hamilton, respectively. Offshore depositional basin sedimentation rates calculated from
210pp dating are between 0.9 - 4.3 mm yr? (0.03 — 0.08 g cm™ yr!) with mixing depths up
to ~50 mm (1 g cm?) (Wong et al., 1995). Similar palynological data for offshore
sedimentation rates based on Ambrosia pollen dating ranged between 0.3 — 2.2 mm yr
(0.009 - 0.1 g cm yr 1) (Kemp & Harper, 1976). Both palynological and radiometric
dating of offshore sediments indicate higher sedimentation rates in the offshore zones

compared to the nearshore depositional zones.

3.1.2 Hydrology of Lake Ontario and the St. Lawrence River

Lake Ontario directly drains an area of approximately 64,000 km?, half of which is within
the province of Ontario. The St. Lawrence River is the sole outflow point of Lake
Ontario, and itself drains an area of ~4900 km? within the province of Ontario. The
primary inflow route to Lake Ontario is the Niagara River which drains Lake Erie and
supplies roughly 50% of the suspended sediment load of Lake Ontario (Kemp & Harper,
1976). The Welland Canal is a shipping corridor between Lakes Erie and Ontario through
which microplastic contamination may spread. The watershed of Lake Ontario is
bounded by the Adirondack Mountains to the east and the Allegheny Plateau to the south.
The Oak Ridges Moraine, which runs parallel to the northern shore between the Niagara
Escarpment to the west and Rice Lake to the east, defines the drainage catchment area of
the north west end of the lake. The Trent River waterway extends ~175 km north of the
central part of the lake. Along the St. Lawrence River, the direct drainage area is confined
to within ~40 km to the north (Fig. 3.1).

Flow influx into the lake constitutes approximately 273 km?® yr, on average as calculated
from a retention time of 6 years and a lake volume of 1640 km3. Lake Ontario outflows
are monitored at the Moses-Saunders Power Dam, regulated by the International St.
Lawrence River Board of Control (ISLRBC). Flow rates ranged between ~5000-9000 m*
st between the years 2011 and 2015 (ISLRBC, 2016a). Seasonal weather variations in
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water levels are dependent on evaporation rates, influxes from Lake Erie through the
Niagara River and regional