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Abstract

Abstract
Over the last decade there has been growing environmental concern regarding
microplastics. Despite the continued and increasing inputs of plastics into the environment,
studies reveal lower than expected concentrations in surface waters. More recently reports
have emerged documenting high concentrations of microplastics on the deep seafloor,
indicating this may be a sink for microplastic pollution, however the residence times and
distribution of microplastics within the deep ocean remains relatively poorly studied. The
long-term fate of microplastics is considered using a repeat monitoring site located >2000
m deep in the Rockall Trough, North East Atlantic Ocean. The hypothesis that
microplastics are present within this ecosystem is tested and their historical occurrence
over different time-scales is investigated. Potential sources of the microplastics and their
distribution pathways are considered with reverse Lagrangian hydrodynamic models.
Firstly, due to the wide variety of methods used to isolate microplastics from
environmental samples, a validation of a density-independent oil based method for
sediment samples was undertaken and a rapid and non-destructive enzymatic appropriate
for biota was developed. The results of this thesis indicate the potential for the widespread
presence of microplastics within the deep sea ecosystem. Comparable quantities were
enumerated from each of the matrices sampled (sediment, water and benthic invertebrates)
as found in their nearshore counterparts. The chronology of plastics was investigated using
sediment cores and an archival collection of invertebrates, the results of which alluded to
the long-term occurrence of microplastics at this locality. Model simulations indicated that
microplastics are exported relatively rapidly and therefore ocean-based sources may have a
greater contribution to the overall load found on the deep seafloor than land-based inputs.
Complex interactions between abiotic and biotic factors influence the transport of
microplastics and their distribution within environmental reservoirs. The investigative
work presented suggests that microplastics are a long-term and prevalent pollutant within
the Rockall Trough deep sea ecosystem.
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Chapter 1: General introduction

1. General introduction

1.1 Introduction to plastics
The term plastic applies to a wide range of materials and according to the International
Organization of Standardisation is defined as a “material which contains, as an essential
ingredient, a high molecular weight polymer and which, at some stage in its processing
into finished products, can be shaped by flow” (International Organization for
Standardization 2013). Synthetic polymers are typically prepared by polymerisation of
monomers, such as ethylene and propylene, derived from oil and gas. Plastics are usually
made by the addition of various chemical additives (Thompson, Swan, et al. 2009) such as
flame retardants, thermal stabilisers and ultraviolet (UV) stabilisers to enhance
performance; or colour and lustre additives to improve their appearance (Andrady and Neal
2009). Plastics are incredibly versatile materials, being lightweight, inexpensive, strong,
durable, and corrosion-resistant and having high thermal and electrical insulation
properties. This versatility has allowed for their widespread application, making plastics
one of the most widely used materials worldwide. Owing to these aforementioned
properties, plastics are resistant to degradation and as a result they can accumulate if they
enter the environment. Plastic waste is now so ubiquitous (Lebreton and Andrady 2019)
that it has been suggested as a geological indicator of the proposed Anthropocene era
(Zalasiewicz et al. 2016). Additionally, concern is growing over the environmental impact
of plastics. Recently plastic waste has joined other anthropogenic perturbations, such as
climate change, ocean acidification and ozone depletion, as a ‘planetary boundary threat’; a
classification reserved for environmental threats so major that they are capable of altering
the earth’s normal functioning at a global scale (Galloway and Lewis 2016, Galloway et al.
2017, Villarrubia-Gómez et al. 2017).

1.2 Overview of plastic manufacture and development
The first modern synthetic plastic, ‘Bakelite’, was produced in 1907 and this ‘wonder
product’ paved the way for the development of inexpensive manufacturing techniques of a
range of plastics (Thompson, Swan, et al. 2009). Since the mass production of plastics in
the 1940s - 50s the use of plastic has dramatically increased and plastic production has
increased continuously for more than 50 years (Hammer et al. 2012). Global annual
1
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production of plastics has grown each year, from 1.5 million tons in 1950 (PlasticsEurope
2011) to now in excess of 400 million tons in 2016 (PlasticsEurope 2017) (Figure 1.1).
The development of plastic polymers has allowed for a number of technological and
medical advances, including developments observed in aviation, building materials and
energy saving (Andrady and Neal 2009). Plastics are widely used in food packaging,
helping to reduce food waste (Mullan 2002); as well as delivering a number of health
benefits, such as providing clean drinking water supplies. Approximately 42 % of plastic
resin is used in packaging, predominantly composed of the polymers polyethylene (PE),
polypropylene (PP) and polyethylene terephthalate (PET) (Geyer et al. 2017).
Furthermore, over 40 million tons of plastic were converted into textile fibre (mainly nylon
(PA), polyester and acrylics) worldwide for use in clothing manufacture in 2009 alone
(Oerlikon 2009, Lithner et al. 2011). Now the average consumer encounters plastic on a
daily basis in the packaging of food and drinks, in household items, such as toothbrushes,
pens and clothing. It is no wonder that this period in time has been termed ‘the plastic age’
(Thompson, Swan, et al. 2009).
While the societal benefits of plastics are far reaching (Andrady and Neal 2009), increasing
environmental concern is mounting. Plastics are relatively inexpensive to produce and so
provide limited economic incentives to reuse making them the fastest growing material of
waste. Approximately 50 % of all plastics currently used are for single-use applications
(Gouin et al. 2011) which are items disposed of within one year of manufacture (Geyer et
al. 2017) and plastic accounts for 10 % of the municipal waste generated worldwide
(Barnes et al. 2009). Low recovery rates and improper disposal of plastic waste has led to
their accumulation in the environment with plastics comprising up to 80 % of total marine
litter (Derraik 2002, Ramirez-Llodra et al. 2010). In 2010 alone, an estimated 2.75 x 1011
kg of plastic waste was generated from 192 coastal countries, with 4.8 x 109 to 12.7 x 109
kg of this entering the ocean (Jambeck et al. 2015). By the end of 2015 the mass of all
plastic waste ever generated was calculated to be 5,800 million tons, of which polyester,
polyamide and acrylic fibres accounted for 700 million tons (Geyer et al. 2017). Around 60
% of this (4,900 million tons) is estimated to be accumulating in landfills or the natural
environment (Geyer et al. 2017), a figure which is projected to increase into the future
(Lebreton and Andrady 2019).
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Figure 1.1. The annual global polymer resin and fibre production (million metric tons)
from 1950 to 2016 (Data from PlasticsEurope, 2016; Geyer, Jambeck and Law, 2017).

As plastics have only been mass-produced for around 60 years, their longevity and the
range of impacts on the environment are not fully known. The majority of manufactured
plastics do not biodegrade, therefore will persist for at least decades if not centuries or
millennia (Barnes et al. 2009, Hopewell et al. 2009). The growing amount of litter is a
concern and directives have been implemented in an attempt to tackle this issue; the
Marine Strategy Framework Directive (MSFD) adopted in 2008, states all European
members must develop activities to achieve ‘good environmental status’ by 2020 (Galgani
et al. 2010, Zarfl et al. 2011). Directive 2010/447/EU of the MSFD specifically refers to
the management of human activities and identifies plastics in the marine and coastal
environment as a target area (The European Parliament and The Council 2002).

1.3 Degradation of plastics
Once in the environment plastics do not readily break down, instead they fragment, under
the influence of different environmental processes. The degradation of plastics can broadly
be classified according to the agency causing it (Andrady 2011):
a) Thermal degradation; the action of high temperatures, this is found in industrial
activities and is not an environmental degradation mechanism
3
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b) Hydrolysis; the reaction with water
c) Thermo-oxidative

degradation;

slow

oxidative

breakdown

at

moderate

temperatures
d) Photodegradation; the action of light
e) Biodegradation; involves the action of living organisms, usually microbes
Degradation depend on physical factors, such as UV radiation, oxygen levels, temperature
and mechanical action; as such, rates will vary widely between landfill, terrestrial and
marine environments (Kyrikou and Briassoulis 2007, Hopewell et al. 2009). Degradation
by UV radiation is an efficient mechanism in plastics exposed to air; however, the
attenuation of UV radiation in seawater is very rapid and light-induced reactions cannot
happen deeper than the photic zone (Andrady 2015). While in surface waters, experimental
studies have found polyethylene films oxidise causing a decrease to their tensile strength
and alterations to the polymer density (Karlsson et al. 2018).
As a result of environmental exposure plastics develop a brittle outer layer which is prone
to cracking and fragmentation and in this way produce microplastics (Andrady 2011). This
process is on-going, with the fragments becoming increasingly small over time (Doyle et
al. 2011). The shape of the plastic particle can affect the weathering process with smaller
cubic microplastics having a greater propensity to fragment than parallelepipeds (ter Halle
et al. 2016). Understanding the longevity of plastics in the environment is challenging and
factors such as the variable rates of weathering, different polymer type and associated
chemical additives and other environmental processes further confound this (GESAMP
2015). Currently, methodologies to determine the age or duration of outdoor exposure of
plastics collected from field samples are lacking, making it difficult to investigate the
degradation dynamics of plastics (GESAMP 2015).

1.4 Microplastics
Small plastic particles were first reported in the environment as early as the 1970s
(Carpenter and Smith Jr 1972, Carpenter et al. 1972), but it was only since the turn of the
21st Century that increased scientific focus was given to smaller sized plastics. Since its
introduction to the literature in 2004 (Thompson et al. 2004), the term ‘microplastic’ has
been widely used to describe plastic items smaller than 5 mm in size (Thompson et al.
2004, Moore 2008) and more recently a lower size limit of 1 µm has been applied to this
4
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classification (Arthur et al. 2009), yet there is still ambiguity and a lack of consensus over
the terminology used (Hartmann et al. 2019).
Microplastics can broadly be divided into two categories describing their origin; primary
and secondary. Primary microplastics are intentionally manufactured to be of a small size
for direct use. For example, as exfoliants/scrubbers in cosmetics and industrial abrasives
(Leslie 2014), plastic beads used in medicines as a drug vector (Patel et al. 2009) or as
precursors for the production of other plastic products. Polyethylene plastic ‘scrubbers’,
less than 1 mm in size, were first identified as being a potential, and minor, source of
microplastic pollution in the 1990s (Zitko and Hanlon 1991, Gregory 1996). At this time
plastic ‘scrubbers’ were mainly confined to industrial use, however these went on to
become widely available in consumer products (Fendall and Sewell 2009, Amec Foster
Wheeler 2017) replacing natural exfoliating material (such as pumice and walnut husks
etc.) in a range of industrial and domestic hand, body and facial cleansers (Derraik 2002,
Fendall and Sewell 2009). The quantities of microplastics used in cosmetic products varies
widely (Fendall and Sewell 2009, Leslie 2014, Napper et al. 2015). Napper et al. (2015)
found a single 150 ml bottle of face wash contained 11.47 g of PE beads. Based on US
market data from 2009, Gouin et al. (2011) calculated ~300 million American citizens
used a total of 261 t of liquid hand soap and shower gels, equating to a per capita
consumption of 2.4 mg polyethylene microbeads per day. In Europe, plastic microbead
consumption in personal care products equates to 8 g per capita per year (Sundt et al.
2014). The United Nations Environmental Programme (UNEP) has recognised this source
of microplastics as an issue of global concern (UNEP 2015) and legislation has been
implemented in Scotland to remove wash-off microbeads from personal care products
(Scottish Statutory Instruments 2018) and a draft legislation has been drawn up for
England (Draft Statutory Instruments 2017). A proposal for a European-wide reduction or
ban on microbeads in personal care products and other single use plastics has also been
proposed (EU Commission 2018a, 2018b). While this action will see a reduction in a
superfluous source of environmental pollution, plastic microbeads may only dominate on a
local scale, such as in wastewater effluent (Mani et al. 2015), overall these primary
microplastics only make up around 0.1 - 0.3 % of microplastics in the natural environment
(Huffer et al. 2017).
Of greater environmental concern are secondary microplastics. These arise from the
fragmentation of larger plastic items into micro- and nano- sized particles. This can occur
after disposal or during the use phase of the plastic product such as from textiles or the
5
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emerging sources of paint chips derived from boats or road paint (Hall et al. 2015, Horton,
Svendsen, et al. 2017, Steer et al. 2017) or the abrasion of car tyres (GESAMP 2015,
Horton, Svendsen, et al. 2017).
Textile fibres, shed from synthetic clothing during their wear and when washing, are
considered to be a pervasive form of microplastics (Habib et al. 1998, Browne et al. 2011).
A number of experiments have attempted to quantify the release of fibres during
laundering; Browne et al. (2011) recorded > 100 synthetic fibres per litre of water while
Napper and Thompson (2016) estimated over 700,000 fibres could be released during an
average 6 kg wash of acrylic fabrics. The extent to which textiles shed fibres has been
shown to vary according to a number of textile properties, including the type of yarn, and
the fabric weave (knitted, woven; dense or open) (Hernandez et al. 2017). Additionally,
washing properties such as the temperature, type of detergent and use of fabric softener can
also influence the likelihood of fibres pilling and shedding (Chiweshe and Crews 2000).
These fibres enter waste water treatment works, where a large proportion may be removed
during the various treatment stages. One study found up to 98.4 % of the fibres were
removed, however due to the sheer volume of fibres entering in the influent, an estimated
65 million fibres may still be released into the aquatic environment daily (Murphy et al.
2016).

1.5 The global distribution of marine plastics
Data on worldwide distribution of marine plastics are incomplete; quantities of plastics are
highly variable in time and space even when considering small spatial scales (Ballent et al.
2012). What is acknowledged is that plastic pollution is so pervasive that it is now found in
every ocean, including those formally thought of as pristine such as the Southern and
Arctic Oceans (Barnes and Milner 2005, Barnes et al. 2010, Provencher et al. 2010, Lusher
et al. 2015). Microplastics have been identified throughout the environment, including in
surface waters (reviewed in Lusher 2015), the water column (Lattin et al. 2004, Kanhai et
al. 2018), marine sediments (reviewed in Galgani et al. 2015), estuaries (Browne et al.
2010, Sadri and Thompson 2014), rivers and lakes (Free et al. 2014, Horton, Svendsen, et
al. 2017, Wang et al. 2018, Windsor et al. 2019), terrestrial environments including soil
(Rillig et al. 2017, de Souza Machado et al. 2018) and in atmospheric fallout from both
indoor and outdoor environments (Dris et al. 2016, 2017).
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The global abundance of plastic litter is not well documented. One study however,
estimated the minimum quantity of floating plastics (> 0.33 mm in size) in the world’s
oceans to be 0.24 million metric tonnes, equating to 5.25 trillion particles; of this,
microplastics account for 92 % by number and 13 % by weight of all plastic particles
(Eriksen et al. 2014). This of course does not take into account plastics on the seabed,
stranded on beaches or those particles smaller than 0.33 mm in size, which contribute the
majority of the total abundance of microplastics (Song et al. 2014).

1.5.1

Surface waters

The majority of plastics entering the marine environment are buoyant and are subject to
dispersal by wind and ocean currents. As such, monitoring of microplastics has primarily
occurred in surface waters, giving reasonable global coverage (reviewed in Burns and
Boxall 2018). A global study compared microplastic concentrations across all five ocean
basins, and interestingly found higher concentrations in open ocean environments than
along the coast (Barrows et al. 2018).
Five large scale regions have been identified where floating debris accumulates, which
correspond to each of the subtropical gyres located at either side of the equator, roughly
between 20° and 40° latitude in the Northern and Southern Hemispheres (Law et al. 2010,
2014, Lebreton et al. 2012, Eriksen et al. 2013, 2014, Cózar et al. 2014). Water converges
in these zones partly due to Ekman transport where the flow of water is perpendicular to
the wind. As a result water spiralling towards the centre of the gyre is drawn downwards,
leaving the buoyant low-density plastics behind thereby concentrating debris (van Sebille
2015). Ocean gyres have coined the name ‘ocean garbage patches’ due to their
accumulation of marine debris with densities between 100 - 1000 pieces km-2 (Ballent et
al. 2012). Moore et al. (2001) reported that while the abundance of plankton was five times
higher than the abundance of plastic, the mass of plastic was six times higher than that of
plankton in the North Pacific Subtropical Gyre (NPSG), indicating microplastics to be a
major pollutant in these regions.
Studies assessing microplastics in the ocean gyres have yielded conflicting results
regarding the quantity, distribution and fate of plastics in the open ocean. Goldstein et al.
(2012) reported an increase of two orders of magnitude in the median concentration of
plastic between 1972 -1987 and 1999 - 2010 in the NPSG. While Law et al. (2010) found
no significant changes in the quantity of plastic in the North Atlantic Subtropical Gyre
7
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between 1986 - 2008, despite the increase in plastic production over the last few decades.
These discrepancies may be due to differing methods used to sample, separate and quantify
microplastics from water samples; the different approaches and particle tracking models
used when modelling surface microplastic abundance and distribution; or due to other
factors, such as the removal effects from surface layers (due to sinking, ingestion by
organisms or targeted clean-up operations). Concern has been raised about the detrimental
effects of garbage patches on marine life; however, ocean gyres represent regions of low
nutrient levels and support a relatively low diversity and abundance of life. It is
hypothesised that plastics closer to the coastline may pose a greater risk to marine fauna
than in ocean gyres (van Sebille 2015).

1.5.2

The seafloor

Despite plastics being originally buoyant, a number of processes, including biofouling,
waterlogging, coagulation with organic materials and incorporation into faecal pellets
following consumption and subsequent egestion, will all influence the transport of plastics
to the seafloor (Barnes et al. 2009, Lobelle and Cunliffe 2011, Cole et al. 2016, Porter et
al. 2018, Summers et al. 2018). Plastics have been found on the seabed of all seas and
oceans across the planet, however macro-debris is still rare in the Southern Ocean (Barnes
et al. 2009). Currently, plastic and particularly microplastic abundance and distribution on
the seafloor is a data deficient area, likely due to the logistics, increased resources, money
and time associated with sampling in deeper waters. Few studies have conducted detailed
valuations of seabed debris densities (Galil et al. 1995, Watters et al. 2010, Maes et al.
2018) and even fewer have focussed on depths > 1500 m (Van Cauwenberghe et al. 2013,
Fischer et al. 2015), however litter has been reported on the seafloor at > 5000 m depth
(Miyake et al. 2011), highlighting the ubiquity of this pollutant. The deep sea floor
presents an emerging area of concern as these sediments may be the ultimate sink for
plastic pollution (Woodall et al. 2014, Bergmann et al. 2017, Peng et al. 2018).

1.6 Ingestion of microplastics by marine organisms
There is increasing concern about the environmental impacts of microplastics. Owing to
their small size and presence throughout pelagic and benthic environments, the primary
concern arises from their ingestion by an array of organisms (Betts 2008, Thompson,
Moore, et al. 2009). Indeed, microplastics have been shown to be readily ingested along
8
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with prey items (e.g. Lee et al. 2013, Hall et al. 2015, Gonçalves et al. 2018). The growth
of biofilms on the surface of plastics may increase their likelihood of being consumed
through the secretion of exopolymeric substances and aggregation of organic matter.
Additionally ‘infochemicals’ such as dimethylsulfide (DMS) are produced by
phytoplankton, these provide cues which drive foraging cascades across multiple trophic
levels (Charlson et al. 1987). Empirical studies found that microplastics can acquire DMS
signatures which can enhance their uptake by seabirds (Savoca et al. 2016) and copepods
(Procter et al. 2019).
Microplastics pose risks to organisms across the full spectrum of biological organisation,
from subcellular and cellular through to individuals, populations and ecosystems
(Galloway et al. 2017). Most simply, fragments may block feeding appendages or hinder
the passage of food through the intestinal tract (Wright, Thompson, et al. 2013), this may
cause physical damage or false-satiation resulting in reduced food uptake (Derraik 2002).
Over recent years the number of laboratory experiments to elucidate the ecotoxicological
effects of microplastics to biota have substantially increased. These studies have primarily
considered marine invertebrates and fishes (reviewed in de Sá et al. 2018) and show that
microplastic ingestion rarely causes mortality and only few document significant impacts
on survival rate (Galloway et al. 2017). Those studies which do document mortality use
microplastics exposures greatly exceeding environmental concentrations (Oliveira et al.
2013, Rist et al. 2016).
What is clear is that chronic exposure to microplastics can yield sub-lethal effects in many
species. Sub-cellular oxidative stress responses to ingested polystyrene beads are reported
in mussels (Paul-pont et al. 2016) and worms (Browne et al. 2013). Ingested microplastics
have also been shown the potential to translocate into the circulatory system in mussels
(Browne et al. 2008). Numerous studies report reduced feeding capacity when exposed to
microplastics, which can result in reductions in: growth and reproduction rates in copepods
(Cole et al. 2015); nutritional state and growth in lugworms (Welden and Cowie 2016);
growth rate in slipper limpets (Lo and Chan 2018); the development of Daphnia
(Ogonowski et al. 2016) and energy reserves in shore crab and lugworms (Wright, Rowe,
et al. 2013, Watts et al. 2015). Furthermore Sussarellu et al. (2016) showed that the
fertility and fecundity of Pacific oysters were impaired as a result of energetic depletion
caused by microplastic consumption. During their eight-week exposure to polystyrene,
sperm motility, oocyte numbers and oocyte size were reduced, and after fertilisation, larval
yield and growth were also significantly reduced (Sussarellu et al. 2016). Similar impacts
9
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to reproduction have been documented in other invertebrate species (Lee et al. 2013, Cole
et al. 2015, Jeong et al. 2016) and such impacts may cause population-level effects,
however this is a matter for further investigation.
Understanding the environmental implications of microplastics and the risks posed are
complicated as impacts are not always evident. Certain invertebrates, such as urchin larvae
(Kaposi et al. 2014), isopods (Hämer et al. 2014), amphipods (Bruck and Ford 2018) and
mussels (Santana et al. 2018) show no adverse effects as a result of microplastic ingestion.
Also, closely related species can exhibit different responses to microplastics ingestion
(Jaikumar et al. 2018, Reichert et al. 2018). Impacts may therefore be context and/or
species specific. More work is required to establish ecotoxicological effects on a range of
taxa and populations, and to further investigate the trophic transference of microplastics
through the food web (Farrell and Nelson 2013, Setälä et al. 2014, Nelms et al. 2018,
Welden et al. 2018).

1.7 Modelling the distribution of plastics
The behaviour and ultimate fate of macro- and micro- plastics in the marine environment
are still largely unknown. The distribution of plastics may be influenced by ocean currents,
turbulent mixing of surface waters, resuspension from sediments and intrinsic properties of
the plastics (Lusher 2015). Computational modelling offers a tool to help explore these
knowledge gaps and consider the global distribution, residence times, convergence zones
and ecological consequences of plastics (Ballent et al. 2013, Paris et al. 2013) and provide
valuable information to guide monitoring and clean-up operations and to evaluate their
effectiveness.
Oceanographic modelling has been widely used to understand the transport and potential
sources of floating marine plastics (e.g. Martinez et al. 2009, Lebreton et al. 2012,
Neumann et al. 2014, Hardesty et al. 2017). To achieve this, Lagrangian numerical
modelling is an increasingly popular approach (Paris et al. 2013). Lagrangian models
consider the trajectories of large numbers of simulated particles and how these interact
with hydrodynamic data, such as ocean currents, and environmental factors over time and
space (Paris et al. 2013). Much of the plastic debris in surface waters are derived from
consumer plastics with densities less than 0.956 g cm-3 which is lower than the density of
seawater (1.027 g cm-3) (Kukulka et al. 2012) (Table 1.1). Buoyant particles can float
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passively at the ocean surface, where they are subjected to mixing in the sea surface
boundary layer by ocean currents (Enders et al. 2015). Simulating the two-dimensional
movements of plastics identifies five main accumulation zones corresponding to the
subtropical gyres (Maximenko et al. 2012), which are supported by observations (Lebreton
et al. 2012).
While understanding the distribution of larger plastic items is of importance, perhaps of
more environmental relevance is elucidating the distribution of microplastics, given their
prevalence in marine systems (van Sebille, Wilcox, et al. 2015). Using a global-scale
model, Eriksen et al. (2014) estimated between 7,000 to 35,000 metric tons of
microplastics were present in surface waters; much less than expected based on estimated
inputs (Jambeck et al. 2015) and empirical data (Cózar et al. 2014, Law et al. 2014). This
finding was further supported by subsequent work (van Sebille, Wilcox, et al. 2015).
While it is possible that such discrepancies arise due to under sampling of large areas of
the global ocean, it may also indicate that microplastics do not remain in surface waters,
but are redistributed through the water column and to the benthos.
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Table 1.1. The densities of plastic polymers along with their contribution to European market production in 2016 (PlasticsEurope 2017) and applications.
Densities are taken from Crawford & Quinn (2017) with additional data (*) from Sundt et al. (2014)
Density (g/cm -3)

Application

(part of PS)

0.01 - 0.05

Building insulation, cups & expanded packaging

Polypropylene (PP)

19.3

0.88 - 0.91

Food packaging, bottle caps, strapping, rope

Low density Polyethylene (LDPE)

17.5

0.91 - 0.94

Food trays, film and containers, carrier bags, fishing gear

High-density Polyethylene (HDPE)

12.3

0.94 - 0.97

Carrier bags, food packaging, milk bottles, toys.

-

0.94

Car tyres, roofing felt

Plastic type

Percentage of
production 2016

Expanded Polystyrene (EPS)*

Styrene Butadiene Rubber (SBR)
Seawater
Acrylonitrile Butadiene Styrene (ABS)

~1.02
-

1.03 - 1.11

Electronics, car interiors and hub caps

6.7

1.04 - 1.09

Containers, plastic cups, eyeglasses frames

-

1.09 - 1.20

Paints, packaging

~1

1.13 - 1.15

Fishing nets/ropes, textiles, carpets

-

1.15 - 1.20

Electronics, power cables/housings, spectacle lenses

Polyurethane (PUR)*

7.5

1.20

Insulation

Polyethylene terephthalate (PET)

7.4

1.30 - 1.40

Bottles, food packaging (trays, films)

Polyester resin and glass fibres*

-

>1.35

Textiles, leisure boats

10.0

1.38 - 1.50

Window frames, cable insulation, pipes, buoys

-

2.10 - 2.30

Personal care products, non-stick coatings

Polystyrene (PS)
Acrylic*
Polyamide (PA)
Polycarbonate (PC)

Polyvinyl chloride (PVC)
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1.7.1

The sinking of microplastics and modelling their three-dimensional
distribution

To fully understand microplastic distribution it is clear that three-dimensional modelling is
required. The vertical distribution of plastics is governed by wind-induced turbulence such
as breaking surface waves, bubble injection and Langmuir circulations (Kukulka et al.
2012) and a number of intrinsic factors, including the microplastic size, shape and density
(Ballent et al. 2012). Large plastic particles have been found to be virtually unaffected by
turbulent mixing and 96.5 % remained in the top surface metre. Small microplastics of 100
μm and 10 μm in size also have their maximum concentration in the top layers, however
this only accounted for 4.6 % and 1.5 %, respectively, of the total microplastic abundance
in the model simulation (Enders et al. 2015). A clear size difference is observed in the
vertical distribution of plastics, where small microplastics have a short residence time in
the surface layer. Microplastic mass decreases faster than particle abundance, implying a
size-selective loss that preferentially removes microplastics from surface waters (Cózar et
al. 2014, Reisser et al. 2015). Buoyancy is related to item volume while biofouling of an
item is related to its surface area, as such, small particles (which have a large surface area
to volume ratio) will sink sooner than larger objects (Ryan 2015a), supporting the
hypothesis that the deep sea could be a sink for microplastics (Woodall et al. 2014).
Sinking rates of marine plastics vary considerably, ranging from 10 - 150 m/d (McDonnell
and Buesseler 2010). Most often sinking is linked to density, with denser particles being
transported downwards rapidly and less dense particles remaining at the surface. Plastics
undergo weathering when exposed to environmental conditions, which alters the surface
characteristics from smooth to rough and brittle with numerous cracks and pits. The
hydrophobic surfaces of plastics adsorb organic molecules (Lobelle and Cunliffe 2011,
Oberbeckmann et al. 2016) which create a matrix to which microbes can attach, a process
known as biofouling (Zettler et al. 2013). Biofilms can start to grow on plastic particles in
seawater within hours (Lobelle and Cunliffe 2011). Processes such as biofouling and
incorporation into marine aggregates can influence a particles buoyancy (Barnes and
Milner 2005, Fazey and Ryan 2016, Kooi et al. 2017) and its vertical movements. Small
plastic particles have been shown experimentally to lose buoyancy faster than larger items
and so sink more readily (Fazey and Ryan 2016). Micro-aggregates, such as decaying
biological matter known as marine snow, are estimated to have sinking rates in the range of
1 - ~350 m/d. Microplastics can be incorporated into marine aggregates which would
constitute a vertical pathway for microplastics through the water column transporting even
13

Chapter 1: General introduction
low density microplastics (such as PE and PP) out of the surface layers (Long et al. 2015,
Zhao et al. 2017, Porter et al. 2018). By extrapolating these sinking rates it is possible that
the vertical movement of microplastics could be increased, reaching some deep-sea
locations within a couple of days through to several years. Cellular organisms, such as
bacteria and phytoplankton, extrude exopolymeric substances consisting largely of longchained polysaccharides that form chains. These chains can link to form gels, mucilage and
slime aggregates, and may either trap microplastics in the water column or encourage
aggregation if the exopolymer-producing bacteria are on the microplastic surface
(Galloway et al. 2017, Summers et al. 2018). Additionally vertical pathways may arise
from the incorporation of microplastics into faecal material, following the ingestion and
subsequent egestion of plastic particles (Cole et al. 2013). All of these aforementioned
processes can act on an ocean wide scale potentially leading to the acceleration of
microplastic sinking rates of up to hundreds of meters per day (Enders et al. 2015, Kooi et
al. 2017) and thus help drive the removal of microplastics from the sea surface.

1.8 The deep sea
The deep sea is defined as the portion of the ocean deeper than 200 m and lying off the
continental shelf (Gage and Tylor 1991). The deep seabed is vast, accounting for more
than half the Earth’s solid surface (Gage 1991); yet it still remains one of the least explored
areas of the planet. It was not until the 1960s that the high biodiversity present in the deep
sea was recognised and efforts to quantify it were made (Hessler and Sanders 1967,
Sanders and Hessler 1969). The expansion of technological capabilities over the last few
decades has allowed for the effective mapping of regions of the deep sea (Diaz et al. 2004)
revealing extensive and diverse habitats of conservation and economic value (Snelgrove
and Smith 2002, Howell 2010, Thurber et al. 2014). The sheer size and inaccessibility of
the deep ocean has limited direct human impacts, yet the deep sea faces a number of
anthropogenic threats. Along with the improvement of technical capabilities has come
increased pressure in the form of deep-sea fisheries (Roberts 2002, Puig et al. 2012, Clarke
et al. 2015), oil and gas exploration/extraction (Kemp and Stephen 2005, Davies et al.
2007), mining for aggregates such as precious metals and mineral deposits (Halfer and
Fujita 2007, Van Dover 2011, Leduc et al. 2015), dumping of materials such as sewage
sludge, radioactive waste and munitions (Ahnert and Borowski 2000) and plastic pollution
(Schlining et al. 2013, Woodall, Robinson, et al. 2015, Peng et al. 2018).
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The deep sea supports one of the highest levels of biodiversity on Earth (Snelgrove and
Smith 2002, Ramirez-Llodra et al. 2010, Wei et al. 2010, Serpetti et al. 2013). Many of the
animals which inhabit these depths have slow reproductive strategies (Bergstad 1990, Horn
et al. 1998, Roberts 2002) making them particularly vulnerable to human impacts.
Furthermore, the deep sea provides a number of valuable ecosystem services (Armstrong et
al. 2012, Thurber et al. 2014). Current pressures imposed on the deep sea have the
potential to disrupt these systems and alter the biological assemblages present. Plastics
have only been present in the environment for the last 70 years, as such there are many
fundamental questions remaining (Bonanno and Orlando-bonaca 2018). It is therefore
important to gather evidence to understand the role of the deep seafloor in the long-term
accumulation of plastic debris, how this may impact the benthic communities and to ensure
appropriate management and conservation measures are established.

1.8.1

Macroplastic litter in the deep sea

The first anthropogenic litter reaching the deep sea dates back to the eighteenth century
where burnt charcoal (clinker) from ships was discarded overboard sinking to the seabed
(Ramirez-Llodra et al. 2013), but as early as the mid-1970s fishing trawlers document
plastic sheets in their nets (Holmström 1975). Despite these observations, the deep sea has
remained an area largely ‘out of sight, out of mind’; as deep-sea litter is not obviously
visible to people, the scale and potential impacts of this pollutant have been overlooked.
The high cost and technical difficulties associated with surveying the seafloor at bathyal
and abyssal depths has hindered research in the deep sea.
What is known about plastic debris in the deep sea has focused on larger plastics, being
surveyed most commonly by deep-sea trawls (Spengler and Costa 2008, Ramirez-Llodra et
al. 2013), video surveys/libraries, submersibles (Watters et al. 2010), remotely operated
vehicles (Galgani et al. 2000) or combinations of these (Pham et al. 2014, Fischer et al.
2015, Woodall, Robinson, et al. 2015). Large plastic litter was recorded at high densities
on the seabed (Keller et al. 2010) down to the maximum survey depth of 3000 m in the
Mediterranean basin (Ramirez-Llodra et al. 2013) and to 5000 m in the waters off Japan
(Miyake et al. 2011). Macroplastics have been identified on different bathymetric features,
including seamounts, banks and ridges in the Indian and Atlantic Ocean (Woodall,
Robinson, et al. 2015). A European survey found macroplastics at all 32 sites surveyed
across the north-eastern Atlantic, Arctic Ocean and Mediterranean Sea at depths of 35 15

Chapter 1: General introduction
4500 m between the years 1999 - 2011 (Pham et al. 2014). The ubiquity of plastic was
further highlighted by the recent macro-analysis by Chiba et al. (2018), who recorded more
than 1130 large plastic items on the seafloor in the Atlantic, Pacific and Indian Oceans
from deep-sea photographs and videos collected between the years 1983 - 2017.
The distribution of plastic litter is patchy, with a number of environmental and
anthropogenic factors influencing litter distribution and abundance (Schlining et al. 2013,
Pham et al. 2014, Naranjo-Elizondo and Cortés 2018); however this heterogeneity also
reflects survey efforts, which have tended to concentrate on seamounts, trenches or
submarine canyons. Plastics have been shown to accumulate in certain deep-sea features;
Galgani et al. (2000) was the first to report marine litter accumulating in submarine
canyons, attributing this to the stable condition and decreased water movements at depth.
Since then other studies have supported the notion that submarine canyons act as
accumulation zones for marine litter including plastics (Mordecai et al. 2011, Schlining et
al. 2013) and can act as conduits for debris transport from coastal to deep-sea habitats
(Ballent et al. 2013). Near-shore canyons accumulate higher quantities compared to
offshore canyons (Pham et al. 2014) likely due to their relative proximity to inhabited
areas. Schlining et al. (2013) found that more rugose areas of Monterey Bay canyon had
greater litter densities than less rugose regions. These are important considerations when
extrapolating data as both over or under estimates can occur when making larger scale
assessments depending to the area surveyed. Presently, the impacts of marine litter on
deep-sea fauna are not well understood. Trenches and submarine canyons accumulate
nutrients (Fischer et al. 2015) meaning they are often rich in fauna increasing the potential
for litter-fauna interactions. Associations between fauna and plastic have been observed in
Monterey Bay submarine canyon (Schlining et al. 2013) and the Kuril-Kamchatka trench
(Fischer et al. 2015). Sessile organisms, such as sea anemones, tunicates, feather stars and
other encrusting invertebrates are reported to colonise plastic debris, and mobile organisms
may use plastic as a refuge (Watters et al. 2010, Miyake et al. 2011, Schlining et al. 2013).

1.8.2

Microplastics in the deep sea

The study of microplastic pollution of the deep sea ecosystem represents an area of
emerging investigation. It was not until 2013 that the first study documented the presence
of microplastics in deep ocean sediments (Van Cauwenberghe et al. 2013) and subsequent
research has quantified high abundances in deep sediments relative to coastal sediments;
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leading to researchers hypothesising that the seafloor is a sink for microplastic pollution.
As with larger litter, submarine canyons have been hypothesised as a conduit to facilitate
the transport of microplastic downslope (Ballent et al. 2013). This has been supported by
observational data which found greater quantities of fibres were exported to deep
sediments than were retained in coastal areas (Sanchez-Vidal et al. 2018).
Woodall et al. (2014) reported up to four orders of magnitude more microplastics in deepsea sediments than in heavily polluted surface waters. Fischer et al. (2015) found
concentrations of microplastics (2020 particles m-2) in sediments up to 5766 m deep in the
Kuril-Kamchatka Trench greatly exceeded concentrations found in coastal sediments; for
example this is more than double the concentration reported in coastal sediments from
Malta (>1000 particles m-2) (Turner and Holmes 2011). Recently a thorough analysis of
deep Arctic sediments (2340 - 5570 m deep) reported the highest concentrations of
microplastics measured to date; up to 6595 microplastics kg-1 were reported, with 78 % of
the particles ≤ 25 µm in size (Bergmann et al. 2017).
While some advances have been made in our understanding of the prevalence of
microplastics in deep-sea sediments, by comparison data regarding the quantities in deep
waters and ingested by deep-sea fauna are lagging. In the Mediterranean, benthopelagic
fishes have been shown to ingest microplastics (Cartes et al. 2016), however the authors
deemed there to be negligible weights present to cause a population-level effect. The deep
water decapod, Arsteus antennatus, was also found to have internalised microplastics with
obvious tangled fibres forming ‘microplastic balls’ near the gastric mill (Carreras-Colom et
al. 2018). Benthic invertebrates from the Atlantic and Indian Oceans have been identified
to ingest microplastics (Taylor et al. 2016) however the authors only examined one
individual per species thus preventing the quantification of ingestion levels. Recently it has
been shown that even amphipods inhabiting the deepest regions on the planet, the hadal
trenches, have ingested microplastics (Jamieson et al. 2019), where between 50 – 100 % of
individuals examined contained microplastics.
Data on the abundance of microplastics in deep waters are even more scarce. Kanhai et al.
(2018) sampled in the Arctic Ocean and found microplastic concentrations to vary
according to depth with between 0 – 7.5 microplastics m-3 isolated, however there was no
statistically significant correlation. A general increase was observed between microplastics
abundance and increasing depth in the Mariana trench (Peng et al. 2018), where bottom
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water concentrations ranged from between 2.06 to 11.43 microplastics between the depth
2673 and 10903 m respectively.
It is clear that the distribution, quantities and accumulation rates of microplastics along
with the potential impacts posed to communities in the deep sea are currently data deficient
areas requiring further investigation. It is only through assessing the prevalence of
microplastics in the deep sea that the long-term fate of plastic pollution in the world’s
oceans can start to be understood. Table 1.2 - Table 1.4 summarise the current status of
knowledge on the abundance of microplastic pollution in different environmental matrices.
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Table 1.2. Summary of the published data quantifying microplastic pollution of deep sediments.
Location
* Belgium continental shelf

Depth (m)

Microplastic concentration
a

Depth not given

97.2 MP ± 18.6 kg-1

* Porcupine abyssal plain, North Atlantic Ocean

4842

b

40 MP m-2

* Nile Deep Sea Fan, Mediterranean Sea

1176

b

40 MP m-2

North East Atlantic

1400 - 2000

South West Indian Ocean

900 - 1000

Mediterranean

300 - 1300

Subpolar North Atlantic

c

Reference
Claessens et al. 2011
Van Cauwenberghe et al. 2013
Van Cauwenberghe et al. 2013

-1

120 - 800 MP L

Woodall et al. 2014

c

28 - 80 MP L-1

Woodall et al. 2014

c

200 - 700 MP L-1

Woodall et al. 2014

1000 - 2000

c

200 - 300 MP L-1

Woodall et al. 2014

Kuril-Kamchatka Trench, North West Pacific Ocean

4869 - 5766

60 - 2000 MP m-2

Fischer et al. 2015

Southwest Sumatran

503 - 1963

0 - 0.06 MP cm-3

Cordova and Wahyudi 2016

Arctic Ocean
Cantabrian Sea

-1

2340 - 5570

42 - 6595 MP kg
c

2000

Bergmann et al. 2017

200 MP L-1

Sanchez-Vidal et al. 2018

Catalan Sea, Mediterranean

281 - 2222

c

0 – 400 MP L-1

Sanchez-Vidal et al. 2018

Alboran Sea, Mediterranean

248 - 1857

c

0 - 400 MP L-1

Sanchez-Vidal et al. 2018

Levantine Sea, Mediterranean

1615 - 3500

100 – 300 MP L-1

Sanchez-Vidal et al. 2018

Mariana Trench

5108 - 10908

* Rockall Trough, North Atlantic Ocean
* Indicates sediment was reported as dry weight values
a
Mean value ± standard deviation

2223 - 2230
b

c

200 – 2000 MP L-1
a

Peng et al. 2018
-1

18 ± 10 – 51 ± 44 MP kg

This thesis

Estimated from data reported as number of microplastics in 25 cm3 sediment
c
Converted from data reported as number of microplastics in 50 ml of sediment
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Table 1.3. Summary of the published data quantifying microplastic pollution in deep waters.
Location
Arctic Ocean
Rockall Trough, North Atlantic Ocean

Depth (m)

Microplastic concentration

Reference

1001 - 4369

0 - 104 MP m-3

Kanhai et al. 2016

1200 - 2227

66.7 - 70.8 MP m-3

This thesis, (Courtene-Jones, Quinn, Gary,
et al. 2017)

Mariana Trench

2673 - 10908

-1

2.06 – 13.51 MP L

Peng et al. 2018

Table 1.4. Summary of published data assessing microplastics ingestion by deep-sea organisms.
Species

Habitat

Depth (m)

Location

Microplastic

Reference

concentration
Myctophiformes
Lampris sp.

Mesopelagic

200 – 800

North Pacific Subtropical Gyre

Mesopelagic

100 – 400

Central North Pacific

0 – 2 MP per fish
a

2.3 ± 1.6 – 5.8 ± 3.9

a

100 – 400

Central North Pacific

Various fish

Pelagic /

300 - 850

Ionian Sea, East Mediterranean

species

Benthic

Invertebrate

Benthic

334 - 1783

Mid-Atlantic and Southwest

Presence of fibres

Indian Oceans

reported

species

Choy and Drazen 2013

MP per fish
Mesopelagic

Alepisaurus ferox

Davison and Asch 2011

a

2.7 ± 2 MP per fish

Choy and Drazen 2013

1.3 ± 0.2 MP per fish

Anastasopoulou et al. 2013

Taylor et al. 2016
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Ophiomusium

Benthic

2200

lymani
Hymenaster

1.15 ± 0.28 MP g-1

Ocean
Benthic

2200

pellucidus
Colus jeffreysianus

b

Rockall Trough, North Atlantic

Quinn, Gary, et al. 2017)
b

Rockall Trough, North Atlantic

1.58 ± 0.45 MP g-1

Ocean
Benthic

2200

b

0.68 ± 0.04 MP g-1

Ocean
Mesopelagic

620 - 1870

Mediterranean Sea

Various fish

Mesopelagic

300 - 650

Northwest Atlantic Ocean

Pelagic

280

Northwest Greenland shelf, Arctic

This thesis, (Courtene-Jones,
Quinn, Gary, et al. 2017)

Rockall Trough, North Atlantic

Aristeus antennatus

This thesis, (Courtene-Jones,

This thesis, (Courtene-Jones,
Quinn, Gary, et al. 2017)

c

14.29 ± 1.58 MP g-1

Carreras-Colom et al. 2018

1.8 MP per fish

Wieczorek et al. 2018

a

1.1 ± 0.3 MP per fish

Morgana et al. 2018

a

0.9 ± 0.4 – 3.3 ± 0.7

Jamieson et al. 2019

species
Boregadus saida
Lysianassoidea
amphipod species
a

Ocean
Hadalpelagic

7014 -

Hadal trenches in the Pacific

10890

Ocean

MP per individual

Mean value ± standard deviation
Mean value ± Standard error. Microplastic abundance normalised by gram of wet weight tissue
c
Mean values ± standard deviation, based on total organism weight.
b
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1.9 Study area: The Rockall Trough
1.9.1

Historical exploration of the Rockall Trough

The Rockall Trough has long been a place for deep-sea research, with early expeditions on
board H.M.S. Lightening and H.M.S. Porcupine in 1868 and 1869 (Thomson 1873). Since
then much work has been carried out to understand the geology, oceanography and biology
of the region (England and Hobbs 1997, Gage 2001, Gordon 2003, Sherwin et al. 2012,
Holliday et al. 2015).
More recently, in 1973 Professor John Gage and colleagues from the Scottish Marine
Biological Association (now called the Scottish Association for Marine Science)
established a permanent sampling station, known as ‘Gage Station M’. This lies at a depth
of 2200 m in the central region of the Rockall Trough to the east of Anton Dohrn seamount
(Figure 1.2). The site was primarily used to better understand the invertebrate communities
inhabiting this area.

Figure 1.2. Map of the North East Atlantic Ocean showing the major bathymetric features
of the region. The location of the long-term deep sea monitoring site, ‘Gage Station M’, is
indicated by the green triangle, and lies to the east of Anton Dohrn Seamount (ADS) in the
Rockall Trough. To the north, the Wyville Thomson Ridge (WTR) is shown.
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1.9.2

The bathymetry and hydrography of the region

The Rockall Trough is a channel located to the west of the United Kingdom and Republic
of Ireland (Figure 1.2). This deep bathymetric feature is bounded to the east by the
Porcupine Bank and the continental slopes of Ireland and Scotland and to the west by the
Rockall Bank. To the north, the Rockall Trough reaches a depth of 1000 – 1500 m,
bounded by the Wyville-Thomson ridge, while the southernmost extent of the trough
reaches depths of 3000 – 3500 m where it is open to the wider Atlantic Ocean. The distinct
features of the trough, where the northern extent shallows, restricts through-flow of deep
waters and consequently these are trapped and must recirculate within the trough system
(Holliday et al. 2000).
Three water masses typically inhabit the upper waters of the Rockall Trough: Western
North Atlantic Water originating from the North Atlantic Current, Eastern North Atlantic
Water and North Atlantic Water (NAW). These extend from the surface down to a depth of
around 1200 – 1500 m and generally move in a net poleward flow with some recirculation
to the east of Anton Dohrn seamount (Holliday et al. 2000). These waters overlay the cold,
dense water masses originating from the Arctic. Labrador Sea Water (LSW) occupies a
depth range of 1700 – 2200 m in the Rockall Trough (New and Smythe-Wright 2001) and
can be traced from its source in the Labrador Sea. To the north, Norwegian Sea Deep
Water (NSDW) flows southwards and spills over the Wyville-Thomson ridge into the
Rockall Trough. As NSDW is denser than LSW it sinks and moves southwards through the
trough. Little mixing occurs resulting in the formation of a deep salinity maximum below
the LSW, typically at a depth of 2300 and 2500 m (Ellett et al. 1986, Van Aken and
Becker 1996).

1.9.3

Sedimentology

The Rockall Trough is a sediment-starved basin, primarily containing sediments deposited
during the late Quaternary era at the end of the last glaciation (Stoker 1997). Since this
time the input of sediments has been low with present day sediment distribution influenced
by strong bottom currents (Jones et al. 1970, Stoker et al. 1998). The thickest deposits
occur in the eastern Rockall Trough and Hebridean slope and the thinnest on the western
margin (Stoker et al. 1998). Sand is the dominant sediment type between the depths of 700
– 1000 m, whereupon the composition changes from silty-mud to mud, with a few rare
gravel patches (Armishaw et al. 1998).
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1.10 Outline of thesis
While knowledge is growing of the ubiquity of microplastics in the natural environment,
this is still data deficient within the deep ocean. Additionally, the time scales over which
microplastics sink through the water column and their persistence on the seafloor are
unknown. To this end, this thesis takes an ecosystem-wide approach to consider the
abundance of microplastics in different environmental reservoirs at Gage Station M,
investigates the historical occurrence of microplastics on the seafloor and their potential
origins.
-

Chapter 2 details the validation and optimisation of two methods to extract
microplastics from fauna and sediment samples. An enzymatic method is
considered to isolate microplastics from the model organism Mytilus edulis without
compromising the integrity of synthetic polymers. This method is subsequently
utilised in Chapters 3 and 4. Validation of an oil based method to isolate
microplastics from sediment (Crichton et al. 2017) is undertaken to determine its
suitability for silt, as found in the Rockall Trough. The resulting optimised method
is applied within Chapter 5.

-

In Chapter 3 quantification and characterisation of microplastics in sub-surface
waters and ingested by deep-sea benthic invertebrates (Hymenaster pellucidus,
Ophiomusium lymani and Colus jeffreysianus) is undertaken. It is hypothesised that
microplastic ingestion will vary as a factor of organism feeding mode and/or their
body size.

-

Utilising ingested microplastics contained within an archival specimen collection
spanning the last four decades (1976 – 2015), a temporal analysis of microplastic
pollution is performed in Chapter 4. The aims are to trace the onset and identify
any trends in microplastic abundance or polymer composition over this time period.

-

Chapter 5 considers the presence of microplastics through the sediment profile. It
is hypothesised that the abundance of microplastics will decrease with increasing
sediment depth, i.e. age of the sediment. Analysis of sediment particle size,
particulate organic carbon and nitrogen content, sediment porosity and water
content are carried out and the relationship between microplastic abundance and
environmental parameters are explored.
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-

In Chapter 6 hydrodynamic computational modelling is utilised to consider the
three-dimensional distribution and potential origins of microplastic particles
residing on the seafloor of Gage Station M. This is achieved through a series of
reverse Lagrangian particle tracking experiments, applying different vertical
velocities to the particles in each scenario.

-

To conclude, Chapter 7 provides an overall summary and discussion of the key
results, along with future directions.
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2. Optimisation and validation of methods for isolating microplastics
from fauna and sediment samples

The enzymatic method to extract microplastics from Mytilus edulis is published:
Courtene-Jones, W. Quinn, B. Murphy, F. Gary, S. F. Narayanaswamy, B. E. (2017)
Optimisation of enzymatic digestion and validation of specimen preservation methods
for the analysis of ingested microplastics, Analytical Methods 9:1437-1445. I am the
lead author of this paper and performed the investigations. Initial digestive efficiencies
were performed by a final year BSc student under BQ’s supervision at the University of
the West of Scotland, as indicated within the text. BEN and BQ assisted with experimental
design and FM with spectroscopic analysis and all co-authors provided comments and edits
to shape the final manuscript.

2.1 Introduction
Since the first observations of plastics in the environment in the 1970s (Carpenter and
Smith Jr 1972) there has been a substantial increase in the investigation into and papers
published on the topic of environmental plastic pollution and within the last decade
particularly focussed on microplastics (Ryan 2015b). Efforts to understand the widespread
extent of microplastics and subsequent environmental harm are ongoing. These
assessments are confounded as current microplastics research suffers inconsistencies due to
the lack of universally accepted methods for sampling, extracting and analysing
microplastics from different environmental matrices. Data generated from these varying
methods is of widely different quality and resolution hampering comparability.
Developments are still needed to develop appropriate and sensitive techniques to extract
microplastics from environmental samples.

2.1.1

Biota

A number of studies have attempted to quantify microplastic ingestion in a range of taxa
(Browne et al. 2008, Farrell and Nelson 2013, Watts et al. 2014, Hall et al. 2015, Van
Cauwenberghe, Claessens, et al. 2015). Of particular interest is determining the ingestion
of microplastics and the associated impacts to commercially important species (De Witte et
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al. 2014, Neves et al. 2015, Sussarellu et al. 2016, Li et al. 2018). For large organisms
(e.g. seabirds, turtles, fish) dissections are appropriate, whereby the location of
microplastics can be identified and the abundance quantified (Duncan et al. 2019, Nelms et
al. 2019); however, for smaller organisms especially invertebrates, techniques to
digest/dissolve whole specimens to enumerate microplastics are most commonly
implemented. Currently the most widely used techniques to extract microplastics from
fauna are based on wet digestion using strong acids or alkalis (Claessens et al. 2013).
While acid and alkaline dissociation are effective in dissolving organic material, they
degrade, discolour or even destroy some pH-sensitive polymers, e.g. polyamide (Claessens
et al. 2013, Cole et al. 2014, Nuelle et al. 2014). These methods may thus lead to under
reporting of microplastic abundance and the loss of some of the constituent polymers.
Indeed a comparison of previously published methods by Dehaut et al. (2016) found that
the commonly used reagents, 65 % nitric acid (Van Cauwenberghe, Claessens, et al. 2015),
10 % potassium hydroxide (Foekema et al. 2013), 4:1 mix of 65 % nitric acid and 65%
perchloric acid solution (De Witte et al. 2014, ICES Advice 2015) and pepsin with
hydrochloric acid (Karl et al. 2014) all caused unacceptable levels of degradation and
destruction of plastic polymers.
Dissociation enzymes offer an alternative method due to their high digestive specificity,
meaning organic material is acted upon leaving synthetic materials intact and unaffected
(Bermejo et al. 2004), thus providing a more sensitive and appropriate way to extract
microplastics from organic matrices. For this reason enzymes have been recommended as a
method to separate microplastics from organic material (Cole et al. 2014, Duis and Coors
2016). The development of an enzymatic method using proteinase-K has been successfully
utilised to extract ingested microplastics from zooplankton rich water samples (Cole et al.
2014). The authors achieved high digestion efficacies (> 97 %) however the method
involved numerous processes (several homogenisation steps, incubation at varying
temperatures), increasing the possibility of sample contamination at each step and took
around three hours per sample; precluding it from large-scale or high throughput
application. However, it is clear that enzyme digestion presents a more accurate method for
extracting microplastics from fauna than acid or alkaline digestion. The development of a
rapid and efficient enzymatic digestion method, more suitable for use by monitoring and
regulatory agencies, warrants further exploration.
While efforts are being made to develop and standardise extraction methods it is also
important to consider the treatment of samples prior to analysis and evaluate what effects
27

Chapter 2: Optimisation & validation of methods
the methods of sample storage may have on microplastics, to ensure comparability
between all stages. Biological samples are usually stored for a period of time between
collection and processing in one of two ways, either by using formaldehyde followed by
ethanol, or by freezing. Fixation of tissues using dilute concentrations of buffered
formaldehyde followed by storage in ethanol is a widely used technique especially for
morphological species identification and community analyses, and microplastics have
successfully been extracted from specimens preserved using this technique (Davison and
Asch 2011, Goldstein et al. 2012, Kaposi et al. 2014, Collard et al. 2015, Hall et al. 2015).
Samples treated with formaldehyde and ethanol can be stored for long periods of time in
cool, dark conditions. More recently freezing at -20°C has been suggested as a preferred
non-destructive preservation method for specimens specifically for the study of
microplastics (Löder and Gerdts 2015, Vandermeersch et al. 2015). While fauna preserved
using both techniques are utilised to assess ingested microplastics, there has been no
investigation as to whether the techniques produce comparable results. Both techniques can
cause changes in the cellular stability and size of specimen tissues (Johnston and Mathias
1993, Frimpong and Henebry 2012), but what effect these techniques may have on
internalised microplastics remains unclear.

2.1.2

Sediment

Sediment, particularly that collected from the littoral region of sandy beaches, is one of the
most common environmental matrices to be assessed for microplastics (Besley et al. 2017,
Hanvey et al. 2017) facilitated by the ease of sample collection. Isolation of microplastics
from sediment is typically performed using density separation techniques followed by
filtration (Hidalgo-ruz et al. 2012, Hanvey et al. 2017). This process exploits the inherent
density differences between microplastic polymers and a brine solution introduced to the
sediment sample. Typical consumer-plastic polymers range from < 0.05 g/cm-3 for
expanded PS to 1.4 g/cm-3 for PET and PVC. By increasing the density of the aqueous
portion, particles which are less dense (plastic polymers) will float and those which are
denser (sediment grains) will sink. In this way microplastics of a range of polymers can be
recovered from the supernatant.
Typically, sodium chloride salt solution is used (density 1.2 g/cm-3) which was developed
in the seminal paper by Thompson et al. (2004); however given the relatively low density
of the solution, not all common polymers are extracted (PVC, PET, PC and PUR). To
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ensure the separation of all polymers from the sediment, a solution of density > 1.45 g/cm-3
has been recommended (Imhof et al. 2012), which have included zinc chloride (1.5-1.7
g/cm-3) (Imhof et al. 2012, Liebezeit and Dubaish 2012), sodium iodide (1.57 g/cm-3)
(Claessens et al. 2013, Dekiff et al. 2014, Nuelle et al. 2014), sodium polytungstate (1.4
g/cm-3) (Corcoran et al. 2009) and zinc bromide (1.7 g/cm-3) (Quinn et al. 2017). These
high-density solutions are suitable for the extraction of most polymers, yielding increased
recovery rates compared to sodium chloride (Quinn et al. 2017). However, while plastics
are extracted more efficiently, other debris or the sediment itself may also float to the
surface. This is particularly apparent with sediments comprised of small grain sizes,
potentially rendering these separation techniques ineffective.
Rather than relying on densities, a recently developed alternative method exploits the
oleophilic properties of plastics to separate them from sediment. The oil extraction
protocol (OEP) (Crichton et al. 2017) introduces canola oil to a sediment sample, causing
any microplastics present to be attracted to the oil and separated in this way. Crichton et al.
(2017) achieved a high recovery rate of plastic polymers from spiked beach sediments
(mean ± SD: 96.2 % ± 2.2 %); around 12.9 % and 27 % higher than density separation
with sodium iodide or calcium chloride respectively. This presents a promising method
requiring further evaluation for the extraction of microplastics from fine grained sediments
(silt/mud) where density separation approaches are inefficient.

2.1.3

Sample contamination

Fibres are the dominant form of microplastics found in environmental samples (Ivar do Sul
and Costa 2014), but these are also found in atmospheric fallout (Dris et al. 2016), and
indoor environments on a range of substrata (Roux et al. 2001, Marnane et al. 2006,
Palmer and Burch 2009, Dris et al. 2017). Thus there is potential for sample contamination
with airborne fibres, artificially inflating the abundance of microplastics and especially
fibres found in the environment (Torre et al. 2016). To overcome this, some studies have
excluded fibres from analysis, however fibres also appear to be a numerous type of
microplastic in the environment (Claessens et al. 2011, Liebezeit and Dubaish 2012,
Obbard et al. 2014, Woodall et al. 2014), meaning if unassessed a potentially important
fraction would be unaccounted for.
Despite the recognised contamination risks few studies have adopted laboratory
precautions or the monitoring of background microfibre levels. Of the 43 papers focussed
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on extracting microplastics from sediments reviewed by Hanvey et al. (2017) only 7
conducted laboratory controls. The implementation of thorough quality assurance/quality
control (QA/QC) framework is needed to ensure the microfibres in environmental samples
are not confounded with post-sampling laboratory contamination.
To reduce the risk of sample contamination a number of forensic science procedures along
with good laboratory practice have been applied in microplastics research (Lusher et al.
2017). Such measures include the preferential use of glassware over plastic consumables,
thorough cleaning of all equipment and laboratory benches with ethanol (Collard et al.
2015, Murphy et al. 2016) or acetone (De Witte et al. 2014) prior to use and ensuring
equipment and samples remain covered when not in use. Individuals working on the
samples should opt for non-synthetic clothing and cotton laboratory coats or coveralls
(Woodall, Gwinnett, et al. 2015). Wherever feasible it has been recommended that analysis
is performed in a laminar flow hood, fume hood or ‘clean room’ where only essential
personnel have access to (Lusher et al. 2017). Additionally, controls to quantify
background contaminants are necessary. Procedural blanks may be used, if done in
sufficient numbers to take into account sample variability, to compare the quantities found
in the blanks with the samples (Fries et al. 2013). Dampened filter papers can be left
uncovered during laboratory work to capture aerial plastics (Thompson et al. 2004,
Browne et al. 2011) and the forensic science Tape Lift Screening (TLS) technique is
employed to detect background microfibre levels on work surfaces (Lowrie and Jackson
1991, De Wael et al. 2008, Jackson and Gwinnett 2013).

2.1.4

Study aims

The broad aims of this work are to develop and validate extraction methods from two
different environmental matrices: fauna (Mytulis edulis) and sediment (silt). M. edulis has a
large geographical distribution and is an important species within the intertidal ecosystem.
Mussels are benthic filter feeders, and draw large volumes of water across their gills, as
such, they are used widely as a bioindicator species (Gupta and Singh 2011, Beyer et al.
2017, Fossi et al. 2017). Furthermore, mussels are widely reported to ingest microplastics
(Browne et al. 2008, Van Cauwenberghe and Janssen 2014, Li et al. 2018), making them
highly suitable for this study. With these considerations in mind, rapid and cost-effective
methods are required by regulatory bodies to screen mussels to monitor microplastics. The
specific aims are as follows.
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i)

To develop and appraise a non-destructive method to extract microplastics from

mussels preserved using different techniques and to assess the effects of preservation
directly on synthetic polymers. Enzymatic digestion using three different dissociation
enzymes (trypsin, collagenase and papain) at a range of concentrations were performed on
wild collected mussels to optimise digestive efficacy and establish the effects on
microplastics.

ii)

It is hypothesised that as the oil extraction protocol is based upon oileophilic

properties of plastics (rather than densities), it will be a superior method compared to
sodium chloride density separation to isolate a range of microplastic polymers from silt.
The OEP is examined and compared to sodium chloride density separation to quantify the
microplastic recovery rate from spiked sediment and the residue of sediment obtained from
each method. It is likely that an oily residue will be left on the microplastics following the
OEP; thus different solvents (99 % v/v concentrations of ethanol, isopropanol and
isohexane), were tested to examine their efficacy of removing the oil residue without
degrading the polymers.

Here two simple, rapid and effective extraction methods are presented with quality
assurance/quality control (QA/QC) measures to reduce potential sample contamination
implemented throughout. Additionally the first efforts are made to examine the effect of
biological specimen preservation on microplastics directly and those internalised by fauna
are made.

2.2 Methods
2.2.1

QA/QC

A number of steps were employed to monitor and reduce potential routes and sources of
contamination. Samples were prepared and analysed in a small separate laboratory which
was embargoed to all non-essential personnel, to minimise the number of people coming
into contact with samples. Air vents were covered to prevent air borne contamination and
the door remained closed for the duration of the experiment. The work benches were
cleaned with 70 % ethanol on non-shedding paper and allowed to dry fully; this was
repeated three times prior to commencing work. Standard non–plastic equipment i.e. glass
and metal, were used wherever possible and consumables were used directly from sterile
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packaging. All apparatus was washed with deionised water prior to use and equipment was
inspected under a dissecting microscope to ensure they were free from contaminants.
Equipment was kept covered with clean aluminium foil when not in use and the samples
were covered wherever possible to minimize exposure risk. Personnel working on the
samples wore natural fibre clothes under a clean 100 % cotton laboratory coat; these were
stored within the laboratory to prevent external fibres from entering the ‘clean room’.
Two further methods were applied to take into account any potential background
contaminants based on recommendations by Murphy et al. (2016). Dampened filter paper
(30 mm diameter, Whatman No. 1) was placed in a clean petri dish to be used to collect
any air borne contaminants, this was left uncovered throughout the laboratory work before
being sealed and labelled for further spectroscopic analysis. Tape lift screening (TLS), a
common procedure in forensic laboratories (Lowrie and Jackson 1991) was used to test for
surface microfibres. After the benches had been cleaned, a 5 cm2 piece of adhesive tape
was cut and placed on the bench surface in three random locations before being placed on
an acetate sheet and examined under a microscope, this process was carried out before and
after the laboratory procedures.

2.2.2

Microplastic reference collection

A microplastic reference library was established by collecting plastics of known polymer
types from everyday items, as identified by the resin identification code (SPI: the plastics
industry trade association 2016). Polymer category 1: PET, category 2: HDPE, category 3:
PVC, category 5: PP and category 6: PS, along with PA were considered here. Small
pieces were obtained using a coffee bean grinder and milling for several minutes until a
small particle size was produced. The fragments were passed through a 0.5 mm mesh sieve
to divide them into two classes: < 0.5 mm and 0.5 - 5.0 mm (Appendix A).

2.2.3

Enzymatic digestion of fauna

2.2.3.1 Mytilus edulis collection
Mussels were collected from two geographical locations on the West coast of Scotland,
UK: the Clyde estuary and Oban Bay (Figure 2.1). Mussels from the Clyde estuary (n =
24) were sampled from Irvine, Largs and Helensburough during August 2015. Mussels
were individually wrapped in aluminium foil and placed in lidded buckets; these were
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frozen at -20°C upon return to the laboratory. Sampling in Oban Bay was conducted at four
locations in December 2015 and February 2016, during each sample period eight mussels
were collected from each location. Specimens were wrapped tightly in aluminium foil,
labelled clearly and placed into separate sealable freezer bags for each location. On return
to the laboratory preservation techniques varied between the collections. For December
2015 samples, mussels (n = 32) were frozen at -20°C, while mussels collected in February
2016 (n = 32) underwent a widely used specimen preservation technique involving
formaldehyde and ethanol. M. edulis were covered with buffered formaldehyde for three
days before being transferred to 70 % ethanol and stored in sealed containers for a further 7
days.

S4
S3
S2
S1

Figure 2.1. Map of the UK and Republic of Ireland showing the sampling locations of
Mytilus edulis on the West coast of Scotland. The Clyde estuary sampling location is
shown by the blue box, and the Oban Bay location by the orange box. The location of the
four Oban Bay sites (S1 - S4) are detailed in the zoomed in panel on the right and Oban
town centre is shown with a red triangle.

2.2.3.2 Digestion efficacies
Three proteinaceous digestive enzymes, trypsin, collagenase and papain, were investigated.
Mussels from the Clyde estuary (n = 24) were removed from the freezer and, while
wrapped in aluminium foil, were allowed to defrost at room temperature for one hour. The
length and width of each mussel was recorded using metal dial callipers. A dilution series
of the digestive enzyme trypsin was prepared by diluting with deionised water to achieve a
dilution series of the following concentrations; 2.5 %, 1.25 %, 0.625 %, 0.3125 %, 0.15 %
and 0.08 %. Six mussels were dissected to remove the soft tissue in separate clean glass
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petri dishes and weighed using an Ohaus Pioneer electronic balance. Each mussel was
quartered and added to a beaker containing 20 ml of each of the six concentrations of
trypsin and were then placed on heated magnetic stirrers to stir gently at 38 - 42°C for 30
minutes. Six pieces of 80 µm mesh gauze were weighed and labelled before filtering the
contents of each beaker through individual pieces of gauze. The gauze was then dried and
weighed again to determine the amount of mussel soft tissue left undigested; this process
was carried out in triplicate. The initial weights of gauze were taken into account before
being used in equation 2.1 to determine the digestive efficiency of each concentration of
trypsin enzyme.
Digestive efficacy =

Pre weight − Post weight
× 100
Pre weight

Equation 2.1

Once the optimum concentration which produced maximum digestive efficacy for the
lowest concentration of trypsin was calculated, the protocol was repeated at this
concentration in triplicate for the dissociation enzymes papain and collagenase to provide
comparative digestive efficiencies, this work was undertaken by final year undergraduate
student, Scott Gibson, as part of his degree project at the University of the West of
Scotland, Paisley.
The effects of specimen preservation method were investigated by digesting freshly
collected mussels and those preserved in formaldehyde for three days followed by ethanol
for 7 days with the optimum concentration of trypsin, these were each carried out in
triplicate.

2.2.3.3 Validation of enzymatic digestion
The length of 30 microplastics of the polymers PET, HDPE, PVC, PP, PS and PA from the
reference collection detailed in section 2.2.2, were recorded using the ocular scale of a
Wild M5 dissecting microscope. Ten microplastic fragments were added to a glass beaker
containing 20 ml of 0.3125 % concentration of trypsin enzyme and placed on a heated
magnetic stirrer for 30 minutes set to stir gently and maintain a temperature between 38 42°C. This was repeated for each polymer type in triplicate. Following enzyme exposure
the contents of the beakers were filtered using separate 80 μm mesh gauze. The
microplastics were recovered, measured using Axiovision V 4.8.2.0 software and their
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physical properties examined under a dissecting microscope; surface appearance was
investigated by Hitachi S4100 Scanning Electron Microscope (SEM) with a 10 kV
accelerating voltage. Microplastic samples were sputter coated with gold prior to SEM
imaging to prevent sample charging.

2.2.3.4 Preservation effects on microplastics
Ten microplastic fragments of the polymers PET, HDPE, PVC, PP, PS and PA from the
reference collection detailed in section 2.2.2, along with monofilament fibres obtained
from orange PA, green PE and blue PE nets stranded as beach debris, were visually
characterised and photographed using a Zeiss photomicroscope with Axiovision V 4.8.2.0
software. These were then transferred to individual glass durhum tubes and were subjected
to different preservation techniques. Five samples were frozen at -20°C for ten days and
the remaining five samples were preserved in 4 % formaldehyde diluted with seawater and
buffered to pH 7.5 with borax (Gage et al. 1980) three days before being transferred into
70 % ethanol for a further seven days. Exposure to formaldehyde for three days was
chosen as this appropriately reflects contact times for specimen preservation. After this
time microplastics were re-photographed using the Zeiss photomicroscope and examined
for any visual decolouration, cracks, fragmentation, embrittlement and any other changes.

2.2.3.5 Preservation effects on microplastics internalised by Mytilus edulis
Oban bay mussels were removed from the freezer and allowed to defrost at room
temperature for one hour while wrapped in aluminium foil. Specimens preserved in
formaldehyde and ethanol were rinsed well using deionised water. The length and width of
each mussel was recorded using metal dial callipers. The entire mussel was dissected from
the shell in a glass petri dish to contain all parts of the soft tissue which was then weighed
using a Sartorius electronic balance. The mussel was quartered and placed into a beaker
containing 25 ml of 0.3125 % concentration trypsin solution. Beakers were placed on a
heated magnetic stirrer set to stir gently at 250 turns per minutes at 38 - 42°C and left to
digest for 30 minutes. The mixture was poured through a 52 µm mesh gauze before being
placed into a covered glass petri dish. The gauze was thoroughly examined three times
under a dissecting microscope and putative microplastics were removed from the gauze
and placed into a small petri dish containing 30 mm filter paper. Petri dishes were kept
covered when not in use to reduce the potential for contamination exposure. Small petri
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dishes were sealed with black electrical tape, labelled and stored for later spectroscopic
analysis.

2.2.3.6 Statistical analyses
To compare the digestion efficacies obtained from the different proteolytic enzymes on the
differently preserved mussels a Kruskal-Wallis H test with a Nemenyi posthoc test was
computed. Measurements of microplastic length of the different polymers taken before and
after the trypsin treatment were compared statistically for size changes using a rank-sign
paired Wilcoxon test.
Microplastic quantities extracted from the wild mussels were normalised by the number of
particles per gram of wet weight (w.w.) of mussel tissue to take into account site-specific
size differences. Paired rank-sign Wilcoxon tests were performed to identify any
preservation technique effects on the types of microplastics and the polymers. Finally, to
examine site-specific differences in microplastic quantities, a Kruskal-Wallis H test was
used followed by a Nemenyi posthoc test. All analyses were performed in R Studio V
0.99.892 (R Core Team 2016) with use of the package PMCMR (Pohlert 2014).

2.2.4

Sediment samples

2.2.4.1 Sediment spiking and preparation
Deep-sea sediment samples, with mean particle size range between 8 - 22 µm (Folk and
Ward method of classification, see section 5.2.4.1 for details) were freeze dried and then
physically homogenised by stirring rapidly with a stainless steel spatula for 30 seconds.
Ten grams of sediment subsamples were placed into separate 100 ml glass beakers and
spiked with 12 microplastic particles < 1 mm in size. The following polymers from the
reference collection (section 2.2.2) were chosen to account for a range of different
densities: PP, HDPE, PVC, PET, PS and polyester fibres. Microplastics were individually
picked under a microscope and distributed throughout the sediment by mixing the sample
for 20 seconds with a stainless steel spatula; each polymer was considered separately.
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2.2.4.2 Sodium chloride density separation
This method is based on widely used density separation protocol first established by
Thompson et al., (2004). A saturated solution of sodium chloride (NaCl) was prepared by
adding 358.9 g of sodium chloride to one litre of deionised water; this was stirred at a rate
of 500 rpm and incubated at 60°C for 18 hours to ensure the salt had dissolved. The
solution was left to cool where upon it was filtered under vacuum on 1.2 µm pore size
glass fibre filters to remove any impurities from the solution.
The 10 g spiked dry sediment sample was placed into a 100 ml glass beaker, to this three
times as much brine solution (30 ml) was added and the contents were mixed on a
magnetic stirring plate set at 300 rpm for three minutes. The solution was left to settle for
30 minutes, allowing for the sediment grains to sink and the microplastics to float or
remain in suspension, during the mixing and settling periods the beaker was covered with
an aluminium foil lid to prevent airborne contamination. A 30 minute settling time is
greater than in other published studies (Mathalon and Hill 2014, Blumenröder et al. 2017,
Quinn et al. 2017), however through observations it was deemed appropriate for the
majority of the silty sediment used in this study to fall out of suspension. To recover the
particles which had accumulated at the surface of the brine solution vacuum suction was
used. A glass Pasteur pipette was connected by a clear silicon tube to a round-bottom two
necked flask, which in turn was connected to a vacuum system. The Pasteur pipette was
moved around the surface of the beaker to collect the liquid and any particles contained
within it. Once all liquid had been suctioned off, the system was flushed through with
deionised water to ensure no microplastics were trapped within the pipette or tubing. The
contents of the round-bottom flask were emptied through a 52 µm mesh gauze held in a
vacuum filtration system. The flask was thoroughly rinsed with deionised water and this
was emptied through the filtration system to ensure no loss of sample. The filter gauze was
transferred to a lidded glass petri dish where it was examined under a dissecting
microscope to identify the spiked microplastics. This process was repeated three times for
each sample as in Thompson et al. (2004), and triplicates were carried out for each of the
six polymer types.

2.2.4.3 Oil extraction protocol
Twenty millilitres of deionised water were added to a 150 ml glass conical flask containing
the 10 g spiked sediment sample and the contents were swirled to create a vortex to
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submerge the sediment. After a two minute settling time 4 ml of canola oil was added to
the sample. The flask was swirled for 30 seconds to ensure the sediment came into contact
with the oil. At this point Crichton et al. (2017) allowed the sediment to settle out and
decanted only the oil and aqueous layers into a separating funnel, however this was not
possible with the fine grained sediment; therefore the entire sediment mixture was poured
into a 100 ml borosilicate glass separating funnel. The conical flask was then rinsed twice
with 25 ml of deionised water to ensure no particles remained on the walls of the flask and
this was decanted into the separating funnel. The separating funnel was mixed vigorously
for 30 seconds and then left to settle for 30 minutes. This length of time was greater than
Crichton et al. (2017) report, however, through observation it was deemed a necessary
length of time for the sediment to settle at the bottom of the funnel.
Following the settling period, the sediment and aqueous layers were released from the
separating funnel into a waste beaker. A further 30 ml of deionised water was added to the
separating funnel and it was shaken vigorously for 30 seconds. This was then left for a
second settling period of 30 minutes before the aqueous layer containing remaining
sediment grains were emptied from the funnel into the waste beaker. The oil layer was
retained and emptied into a filter funnel containing a 52 µm mesh size disc of gauze and
filtered under vacuum filtration. The separating funnel was rinsed twice with 20 ml of 4 %
non-foaming detergent (Alcojet, Sigma-Aldrich) to remove any oil and remaining particles,
this was then emptied through the gauze filter. The gauze was transferred to a lidded glass
petri dish and examined thoroughly under a dissecting microscope to identify the spiked
microplastic. This process was repeated in triplicate for each of the six polymer types to
calculate the recovery rate.

2.2.4.4 Validating the microplastic extraction methods
The recovery rate of the spiked microplastics polymers (described in section 2.2.4.1) were
calculated as in equation 2.2, in the case of NaCl the final number recovered was the sum
of the three extractions pertaining to each sample.

% recovery =

final number of microplastics
x 100
initial number of microplastics

Equation 2.2
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In the process of extracting microplastics from sediments, it is inevitable that some
sediment/organic material will remain in the supernatant along with the microplastics. To
quantify the mass of sediment on the filters the dry weight of each 52 µm mesh gauze filter
was recorded, once the extraction method had been undertaken and the material was
filtered through the gauze filter, this was transferred to an aluminium tray and dried at
60°C for 15 minutes. The filter containing the dry filter cake was weighed again and the
weight of the filter cake determined with equation 2.3.
The difference in recovery rates between the different polymer types and between the
extraction methods were tested for statistical significant with Kruskal-Wallis H tests.

weight of filter cake =

Equation 2.3

weight of filter with sediment − initial weight of filter

2.2.4.5 Removal of oil residue from microplastics
Following the OEP, microplastics may be coated with a thin film of canola oil; therefore
different solvents of varying polarity were tested for their suitability at removing the oil
coating without damaging the integrity of different polymers. Six polymer types: PET, PA,
PS, PE, PVC and PP and three different solvents: 99 % v/v ethanol (polarity index 5.2) 99
% v/v isopropanol (polarity index 4.3) and 99 % v/v isohexane (polarity index 0) were
tested.
Into separate pre-weighed and labelled 10 ml glass lidded jars, 0.00586 – 0.03660 g
(depending on polymer type) of microplastics of each polymer type were weighed out in
quadruplicate and recorded to five decimal places. Each microplastic sample was
transferred into separate 100 ml glass beakers and the internal walls of each jar were
washed with deionised water to make sure no plastics remained. Beakers were covered
with an aluminium foil lid to prevent airborne contamination. To each beaker, 5 ml of
canola oil and 20 ml of deionised water were added and the foil lid placed back on. The
contents were physically agitated for 30 seconds to ensure the microplastics were coated
with oil and were then left to stand for one minute before being vacuum filtered on to
cellulose filter paper with a pore size of 20 - 25 µm. The beaker was washed thoroughly
twice with 20 ml of 4 % concentration Alcojet detergent, emptying this through the filter
paper. A further rinse with deionised water was performed to ensure no microplastics were
39

Chapter 2: Optimisation & validation of methods
adhered to the beaker walls. The filter paper was carefully removed from the Buchner
funnel and placed into a lidded glass petri dish. It was then dried in a drying oven at 50°C
for 30 minutes.
Once dry, the microplastics were carefully transferred from the filter paper back into their
specific glass jars and re-weighed. One replicate was left at this stage (exposure to oil only)
to act as a control. Five millilitres of 99 % ethanol were added to each of the remaining
triplicate samples and the lid placed back onto the jars. The contents were gently shaken
for 10 seconds before being left for 10 minutes whereupon they were shaken again for 10
seconds before being left for a further 10 minutes. After exposure to the solvent, the
contents of the jar were vacuum filtered through separate pre-weighed cellulose filter
papers (pore size 20 - 25 µm); the jar was rinsed thoroughly with deionised water and
emptied through the filter paper to ensure the transfer of all microplastics. Filters were
transferred to separate lidded glass petri dishes and were dried in a drying oven at 50°C for
30 minutes. When fully dry the filter papers containing the microplastics were weighed
again (5 d. p.) and the microplastics were transferred to small petri dishes which were
labelled and sealed. The entire process was repeated using the solvents 99 % isohexane and
99 % isopropanol. All small petri dishes containing microplastics exposed to solvents and
the respective controls were stored for later analysis with Fourier transformation infrared
spectroscopy to determine whether the oil had been successfully removed based on the
resulting transmission spectrum produced.
To determine the effect of the different solvents on the polymers directly, changes in
particle size were assessed. Microplastics were imaged with a Zeiss photomicroscope (n =
3 for each polymer type per solvent) before and after a 20 minute exposure to 99 %
concentration of ethanol, isopropanol and isohexane. The length of microplastics were
measured before and after solvent exposure with ImageJ V 1.51j8 (Rasband 1997) and the
changes in particle size were examined with a paired t-test.

2.2.5

Identification of microplastics

Potential microplastics were identified using infrared spectroscopic methods. In principle
infrared radiation excites various bonds on the surface of the material being sampled thus
producing a unique transmittance spectrum for that material. To analyse microplastics a
Perkin-Elmer Spectrum 100 Fourier Transformation Infrared spectrometer was utilised as
either a stand-alone instrument (FTIR) or coupled to a universal Attenuated Total
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Reflectance accessory (ATR-FTIR) equipped with a diamond detector. The process of data
acquisition varied slightly between the two set-ups.
For FTIR analysis samples were placed onto gold coated glass slides. The FTIR
microscope was used in transmission mode and infrared radiation in the wavenumbers 600
- 4000 cm-1 were used; which correspond to the expected wavelength range for infrared
(700 – 1 nm). Each spectra produced was the average from 16 co-added scans and was
corrected against a background scan carried out prior to each sample. A variable aperture
size was used and the spectral resolution was 4 cm-1.
In the case of the ATR-FTIR, samples were placed directly onto the crystal on the ATR
top-plate and the compression tower was screwed into place to apply pressure to the
sample. Each spectrum acquired was the average of four high resolution co-added scans,
corrected against a background scan collected prior to each sample. Analysis was
performed in the wavenumber range 600 - 4000 cm-1 with a spectral resolution of 4 cm-1.
All spectra were visualised in OMNIC 9.2.98 (Thermo Fisher Scientific Inc.) with use of
the inbuilt ‘Hummel polymer’ library to aid identification. The reference library spectra
represent clean samples not typically found in the environment (Appendix B). Additional
references were generated from plastics from non-typical sources such as beach debris,
consumer products and textiles samples to provide more environmentally relevant samples.
As well as using these libraries (‘Hummel’ and user generated ‘SAMS’), the characteristic
functional group signals were examined visually for each spectrum to confirm the identity
of the materials being assessed.

2.3 Results
2.3.1

Enzymatic digestion of fauna

2.3.1.1 QA/QC
Close inspection of the contamination mitigation procedures revealed that fibres found on
TLS and atmospheric controls were different to those in the mussels. The median number
of fibres on the tape samples was 19, with ranges of between 1 - 18 found before work was
undertaken and 3 - 26 after laboratory experiment had been conducted. The lengths of
fibres ranged from 0.45 - 5.56 mm and were red and blue in colour, reflecting the colour of
the natural fibre clothes worn during laboratory work. Close visual examination of all
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fibres revealed them to be cotton, clearly characterised by the flat, spirally twisted, ribbonlike appearance of the fibres; characteristics absent in man-made fibres (Appendix B);
furthermore, a sub-sample of these were analysed using ATR-FTIR to confirm the material
was cotton; similar results were found by Murphy et al. (2016). The number of fibres were
much lower on atmospheric controls with a median number of 0 (range 0 - 3) being
recorded. Lengths varied from 0.67 - 1.78 mm and all fibres were also identified as cotton.

2.3.1.2 Enzymatic digestion efficacy
The lowest concentration of trypsin with the highest efficiency was 0.3125 %, with a mean
value of 88 % ± 2.52 SD of mussel tissue dissociated for frozen specimens after 30
minutes enzyme exposure. Papain and collagenase both yielded lower digestive efficacies
than trypsin at a concentration of 0.3125 % (Figure 2.2); therefore trypsin was selected to
be used for further experimental procedures. By comparison, mean digestive efficacy using
0.3125 % concentration trypsin was 86 % ± 13.89 SD and 78 % ± 9.45 SD for fresh
mussels and those preserved by formaldehyde followed by storage in ethanol respectively.
There was no statistical difference in digestive efficacy between the different enzymes or
specimen preservation prior to digestion (H = 5.4681, df = 4, p = 0.2425). Trypsin was
effective at reducing the mussel soft tissue for all preservation methods, the majority of the
residue which was left undigested consisted of a transparent film of gelatinous material, in
which microplastics and fragments of other materials (such as shell and sand grains) were
visible. In some samples the adductor muscles and mantle skirt were only partially
digested, these were examined carefully to remove any microplastics from the surface.
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Figure 2.2. Digestive efficacy of the three dissociation enzymes: trypsin, collagenase and
papain all at 0.3125 % concentration on differently preserved mussel specimens (n = 3).
Thick black lines represent median values, boxes depict the first and third quartiles and the
whiskers illustrate the interquartile range.

2.3.1.3 Effect of enzymatic digestion on microplastics
There were no changes in the overall observed particle shape when examining the
microplastics under the microscope (illuminated with LED light). Also, there were no
significant differences in size for any of the polymers investigated (PET: Z = 62.5, p =
0.0709; PE: Z = 12.5, p = 0.7498; PP: Z = 47, p = 0.5531; PS: Z = 12, p = 0.7963; PVC: Z
= 48, p = 0.0368; PA: Z = 41, p = 0.9043) following enzymatic digestion (Figure 2.3).
SEM surface images of microplastics showed little differences in surface appearance after
enzyme digestion with 0.3125 % trypsin (Figure 2.4).
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Figure 2.3. Mean microplastic size for a range of polymers before and after enzymatic
digestion with 0.3125% trypsin (n = 30). Error bars denote standard deviation.
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Control

Post-exposure sample 1

Post-exposure sample 2

Figure 2.4. SEM images of polyethylene fibres exposed and not exposed (control) to
enzymatic digestion with 0.3125 % trypsin. Scale bars indicate 250µm in the top row
(image magnification is x 100) and 50µm in the bottom row (image magnification x 500 at
60° tilt).

2.3.1.4 Identification of microplastics internalised by Mytilus edulis
A total of 634 potential microplastic samples were collected and analysed using ATRFTIR spectroscopy. Of these, 393 were identified as synthetic from their percentage
transmittance spectra, 122 were identified as organic material (sand, calcium carbonate,
cellulose etc.), 12 items were not able to be identified based on their percentage
transmittance spectra and the remaining items did not give a usable spectral reading. Of the
items that were positively identified as being microplastic, the dominant polymer was
polyamide (n = 287, 73 %), other polymers present were a co-polymer of polyamide and
cellulose (n = 94, 24 %) and PET (n = 12, 3 %) (Figure 2.5a). The majority of
microplastics were blue and red fibres (n = 339), accounting for 86 % of the total
microplastics identified; fragments (n = 22), films (n = 30) and beads (n = 1) were also
recorded in lower abundances (Figure 2.5b). The median length of microplastics extracted
from the mussels was 1.22 mm, however lengths ranged from 0.2 – 10.67 mm.
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Figure 2.5. (a) Constituent polymers and (b) shapes of microplastics isolated from Oban
Bay mussels (n = 64) as identified using ATR-FTIR spectroscopy.

2.3.1.5 Comparison and effects of preservation techniques
For all polymers investigated there was no difference in visual appearance
(discolourisation, cracking, cavities, embrittlement) or any significant differences in the
length of the microplastic after either preservation technique for any of the polymers tested
(V = 510, p = 0.3073).
While the quantities of microplastics varied between individual mussels and between sites
(Figure 2.6a); there was no significant effect of preservation technique on the overall
number of microplastics/g of w.w. mussel tissue (V = 370, p = 0.5707) or on the mean
number of microplastics/g of w.w. mussel for each site (V = 7, p = 0.625). Furthermore
there was no significant difference between preservation techniques on the type of polymer
(polyamide: V = 408, p = 0.2451; polyamide and cellulose copolymer: V = 199, p =
0.3419; PET: V = 20, p = 0.2664).
When considering the type of microplastics, there was no effect of preservation technique
on the overall number of fibres/g detected (V = 237, p = 0.1348) between mussels, or on
the mean number of each type of microplastic/g between sites (Figure 2.6b) (fibres: V = 2,
p = 0.375; fragments: V = 8, p = 0.375; film: V = 6, p = 0.1814). Beads were insufficient in
number to undertake the test.
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Figure 2.6. Mean number of microplastics per gram of w.w. mussel tissue (a) across
sampling locations, and (b) classified by shape for each of the two sample preservation
techniques. Error bars denote standard deviation.

2.3.1.6 Abundance of microplastics in wild M. edulis
In total, 97 % of individuals from Oban bay contained one or more microplastic.
Significant differences were identified between the abundance of microplastics between
sites (H = 25.0, df = 3, p = < 0.001) (Figure 2.7). Mussels at site 1 had the lowest mean
abundance (1.05 ± 0.68 SD microplastics/g), which was significantly less than at site 2 (p =
< 0.001), site 3 (p = < 0.001) and site 4 (p = 0.001). The other three locations had very
similar quantities, however site 3 had marginally more than site 2 or 4 (4.32 ± 3.03 SD
microplastics/g). A large degree of variation is observed between individual mussels at
each site, denoted by the large standard errors.
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Figure 2.7. The mean abundance of microplastics/g w.w. tissue internalised by M. edulis
at different sampling locations in Oban bay, error bars show standard deviation and
letters signify statistical differences between the locations.

2.3.2

Sediment

2.3.2.1 Comparison of extraction methods
Microplastic recovery varied between methods and polymers (Figure 2.8). The OEP had
the greatest recoveries, ranging from (mean ± SD) 75 ± 22 % for HDPE to 92 ± 8 % for
PET. NaCl yielded much lower recovery rates of between (mean ± SD) 3 ± 5 % for both
PS and polyester, to a maximum of 75 ± 8 % for HDPE. There were no significant
differences between the recovery rates of the different polymers for the OEP method (H =
4.473, df = 5, p = 0.4835); however significant differences were observed between
polymer recoveries for the NaCl method (H = 14.44, df = 5, p = 0.013). This was explained
by significantly lower recovery rates of PS compared to PVC (p = 0.041), PP (p = 0.008)
and HDPE (p = 0.002); and significantly lower recovery of polyester compared to PP (p =
0.008), HDPE (p = 0.002) and PVC (p = 0.041).
When comparing the recovery rates of the different polymers types between methods, there
were significant differences in the recovery of PS (H = 4.0909, df = 1, p = 0.0431),
polyester (H = 3.9706, df = 1, p = 0.0463), PVC (H = 3.9706, df = 1, p = 0.0463) and PET
(H = 3.8571, df = 1, p = 0.04953) between the two extraction methods.
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Figure 2.8. Mean percentage recovery of the six microplastic polymer types between the
oil extraction protocol (OEP: solid coloured bars) and sodium chloride method (NaCl:
hatched coloured bars) (n = 12). Polymer densities are indicated by the colours; green
depicts low density polymers (0.88 - 0.94 g cm-3), yellow indicates medium density (1.04 g
cm-3) and red indicates high density polymers (1.30 - 1.50 g cm-3). Error bars show
standard deviation and the star indicates significant differences (at the 0.05 level) between
the groups depicted.

It was observed that little sediment and organic material was collected on the filter in the
OEP, while a much greater quantity was observed with NaCl (Figure 2.8); indeed the mean
dry weight of the filter cakes obtained with NaCl (mean ± SD: 0.48 ± 0.39 g) was a little
over five times the weight of those of the OEP (mean ± SD: 0.095 ± 0.016 g) (Figure 2.9).
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Figure 2.9. Photographs of typical filters from the (a) NaCl method and (b) OEP
illustrating the filter cake of sediment between the two methods. (c) Mean dry weight of
sediment retained on the 52 µm mesh filter for each of the two methods: sodium chloride
(NaCl) and oil extraction protocol (OEP) (n = 3), error bars denote standard deviation.

2.3.2.2 Removal of oil residue from microplastic surface
Microplastic samples were found to increase in mass following exposure to oil (Figure
2.10) demonstrating that the oil did indeed coat and remain on the surface of the
microplastics. Observation showed that following the addition of canola oil the particles
clumped together and adhered to the forceps.
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Figure 2.10. Mean increase in microplastic mass following exposure to canola oil for each
polymer type examined (n = 9).The error bars denote standard deviation.

The particles coated with oil were then exposed to various solvents to test the efficiency of
these at removing the oil. A slight mass reduction was observed in all polymers treated
with isohexane and isopropanol, while three polymers (PA, PP and PVC) all increased in
mass following exposure to ethanol (Figure 2.11).
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Figure 2.11. Mean change in the mass of microplastic particles (n = 3) of differing
polymers types coated with canola oil residue following exposure to different solvents.
Error bars show standard deviation.
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When further investigating the effect of each solvent directly on microplastic polymers
many were observed to decrease in diameter (Figure 2.12). The most noticeable changes
occurred when using the solvent isopropanol, which caused all polymers except PE to
reduce in their mean diameter. PVC and PA both had a decrease in their mean diameter
following isohexane exposure. Of note is following exposure to isohexane all of the
triplicate PE samples fragmented as soon as they were touched with forceps, hence why
data are missing for this treatment. Ethanol caused a slight decrease in the mean diameter
of PP and PA particles. These decreases in particle diameter were not statistically
significant however (t = 1.2212, df = 48, p = 0.228).
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Figure 2.12. Mean change in the diameter (mm) of microplastics (n = 3) of differing
polymers following 20 minute exposure to the three different solvents: ethanol, isohexane
and isopropanol. Error bars show standard deviation.

FTIR was performed on the microplastic particles to confirm whether the different solvents
(at 99 % concentration) removed the canola oil from the particles without altering the
signature of the plastic (Figure 2.13 - Figure 2.18). Spectra for a number of the polymer
types (PE, PP, PS) showed broad peaks in the wavenumber range 3100 - 2800 cm-1, this
region of the infrared spectrum is attributed to C-H bonding of alkanes and aldehydes, and
may indicate the oil had not successfully been fully removed (Figure 2.13, Figure 2.15 and
Figure 2.16). Additional peaks were present in the ranges 2000 cm-1 and the ‘fingerprint’
region 1500 - 1100 cm-1 for PE. A weakening/loss of peak definition was noticed for PP
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following isohexane, isopropanol and for the control treatment; and also for PS following
ethanol and isohexane. The spectral data for PET showed weakening of the peaks for the
control and all treatments except ethanol (Figure 2.14). While such a phenomenon was not
observed for PA or PVC particles, likely due to the fact these particles were relatively thick
and so it was necessary to use ATR-FTIR to obtain the data. Despite slight alterations to
the spectra, the majority of polymers (PP, PA, PS and PET) for all four experiments
treatments were identified as their respective polymer types when a search was performed
to compare their spectrum against the Hummel polymer library.

Figure 2.13. The overlaid FTIR percentage transmission data plotted against wavenumber
(cm-1) for polyethylene particles following different experimental treatments. The control is
shown in red, isohexane in yellow, isopropanol in blue and ethanol in green
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Figure 2.14. The overlaid FTIR percentage transmission data plotted against wavenumber
(cm-1) for PET particles following different experimental treatments. The control is shown
in red, isohexane in purple, isopropanol in blue and ethanol in yellow.

Figure 2.15. The overlaid FTIR percentage transmission data plotted against wavenumber
(cm-1) for polypropylene particles following different experimental treatments. The control
is shown in red, isohexane in green, isopropanol in black and ethanol in dark blue.
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Figure 2.16. The overlaid FTIR percentage transmission data plotted against wavenumber
(cm-1) for non-expanded polystyrene particles following different experimental treatments.
The control is shown in red, isohexane in yellow, isopropanol in bright blue and ethanol in
dark blue.

Figure 2.17. The overlaid ATR-FTIR percentage transmission data plotted against
wavenumber (cm-1) for PVC particles following different experimental treatments. The
control is shown in red, isohexane in purple, isopropanol in blue and ethanol in yellow.
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Figure 2.18. The overlaid ATR-FTIR percentage transmission data plotted against
wavenumber (cm-1) for polyamide particles following different experimental treatments.
The control is shown in red, isohexane in yellow, isopropanol in green and ethanol in blue.

2.4 Discussion
2.4.1

Biota

Here an assessment on the application of enzymatic digestion to extract microplastics from
faunal tissue and evaluate the validity of different preservation methods is presented at a
time when concerted efforts are being made to standardise operating procedures. The
results show that the use of freezing, or formaldehyde followed by ethanol as a specimen
preservation technique does not cause significant differences in the enumeration of
microplastics from fauna, or cause any degradation to microplastic polymers. Furthermore,
trypsin gave suitable digestive efficiency of biological material without impacting
microplastics, thus yielding an appropriate, time and cost effective method for
microplastics extraction from biota.

2.4.1.1 Enzymatic digestion to isolate microplastics
Digestion efficacies did not differ significantly between the three enzymes trialled in this
study or between the preservation methods. Trypsin yielded an efficacy of 88 % ± 2.52 %
(mean ± SD) for frozen mussels at a concentration of 0.3125 %; this was 12 % and 16 %
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greater than collagenase and papain respectively at the same concentration, thus trypsin
was preferentially selected for further experimental procedures. The mean digestive
efficacy was comparable between frozen and fresh mussels with 0.3125 % trypsin, while a
slightly lower result was attained from those preserved by formaldehyde and ethanol.
While the digestion efficacy was lower for trypsin than reported by Cole et al. (2014) using
the proteolytic enzyme proteinase-K for zooplankton rich seawater, the efficacy of
different enzymes will vary between species and tissue structures. Mussels were utilised in
this optimisation protocol as they are commonly used as biological indicator species
(Vethaak et al. 2017) and widely studied in terms of microplastic pollution (summerised in
Rezania et al. 2018). Additionally, mussels have particularly dense muscular structures,
such as the adductor muscles and mantle skirt, thus providing a thorough assessment of the
effectiveness of enzyme digestion. While these structures were not completely digested in
all cases, it is unlikely that these regions would accumulate microplastics internally;
trypsin was effective at dissociating the majority of soft tissue including respiratory,
digestive and reproductive structures where it is assumed microplastics may be retained.
More recently a method utilising a series of enzymes (protease, cellulose and chitinase) has
been developed to purify zooplankton rich seawater (Löder et al. 2017). While this method
reduces the volume of organic material by 98.3 % it involved numerous steps and takes up
to 16 days complete. A more rapid alternative involves Corolase, which has been shown to
achieve a near 100 % digestion efficiency when used on M. edulis after 1 – 12 hours,
depending on the size of the individual (Catarino et al. 2016). It is important to note that
the tryspin method was developed with use by regulatory agencies in mind, which require
methods for high sample-throughout. The slight reduction in digestive efficacy is therefore
compensated for by a rapid processing time.
Close examination and SEM imaging of the microplastics revealed that a concentration of
0.3125 % trypsin caused no detrimental impacts to a range of polymers; while it was not
possible to test the susceptibility of all polymers to enzyme digestion, a range of polymer
sensitivities have been considered, and from the results obtained it is unlikely that other
synthetic polymeric materials would be degraded by a 30 minute exposure to a low
concentration of trypsin. The trypsin enzyme method developed and optimised here while
not dissociating all soft tissue, is shown to produce reliable data and presents a balance
between cost, duration of experimental procedure and digestive efficacy with the aim of its
widespread use by research laboratories and by monitoring and regulatory bodies, where
these factors play an important role in the selection of protocols.
57

Chapter 2: Optimisation & validation of methods
2.4.1.2 Microplastic pollution of wild mussels
Quantification of microplastic internalised by wild blue mussels in the Oban area, West
Scotland, show abundances to vary widely between individuals and significantly between
sites even over a relatively small geographic location (less than a 2 km stretch of
coastline). This could be due to inter-individual variability between the filtration rate of
mussels, which can vary widely according to the health and age of the mussel (Ward and
Shumway 2004, Riisgard et al. 2012), or it may indicate the heterogeneous distribution of
microplastics in the marine environment. Microplastic ingestion in blue mussels have been
studied widely in the laboratory setting (Browne et al. 2008, von Moos et al. 2012, Bråte et
al. 2018). Assessment of field collected individuals is needed to establish baseline levels
within wild populations. Of the Oban mussels studied, 97 % were found to contain
microplastics; the incidence rate is slightly higher than that documented in Nephrops
norvegicus sampled from the Clyde Sea (Welden and Cowie 2016), however these
differences could be attributed to different feeding modes and life histories (Setälä et al.
2015, Scherer et al. 2017) not just ambient concentrations of microplastics.
Enzyme digestion of wild collected mussels were filtered through a 52 µm mesh, while an
80 µm mesh was used to calculate digestion efficacy, the smaller mesh size was chosen
here to retain a greater number of ingested microplastics and ensure a wide size range was
captured for analysis. On average the Oban mussels contained between 1.05 ± 0.66 SD to a
maximum of 4.44 ± 3.03 SD microplastics/g of mussel tissue depending on sample
location; this is a similar or slightly higher abundance than reported in other areas. A mean
quantity of 3.0 ± 0.9 SE microplastics/g w.w. wild Mytilus spp were enumerated from sites
around the coast of Scotland (Catarino et al. 2018). In Germany wild caught mussels were
found to contain 0.36 ± 0.07 (mean ± SD) microplastics/g (Van Cauwenberghe and
Janssen 2014), whilst the numbers of microfibres (other microplastics types were not
considered) found in mussels along a stretch of the Belgian coastline ranged between 0.26
- 0.51 fibres/g (De Witte et al. 2014). Compared to other published works, these results are
in the same order as those found in highly environmentally polluted areas of China, where
Li et al. (2016) report 3.3 items/g. These data do not necessarily signify that Oban is a
more polluted area, but may serve to highlight discrepancies within the microplastic
extraction methods employed. Van Cauwenberghe and Janssen (2014), De Witte et al.
(2014) and Li et al. (2016) used acid digestion methods to dissociate microplastics from
the faunal tissues (nitric acid, nitric and perchloric acid, and hydrogen peroxide
respectively). These are aggressive techniques which have been found to have detrimental
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impacts on certain plastic polymers (Claessens et al. 2013, Cole et al. 2014,
Vandermeersch et al. 2015) which are not observed when using enzymatic digestion (Cole
et al. 2014, Catarino et al. 2016). Therefore, the use of acid/alkali may result in the
underestimation of microplastics in organisms.

The majority of the microplastics isolated from wild mussels in Oban were identified as
polyamide fibres, this polymer has a wide application including in the manufacture of
netting and rope used by the maritime sector (Cook 2001, McLaren 2006). Oban is a busy
maritime town, with passenger ferry terminals, sightseeing boat trips, a fishing industry
operating from the town and marinas, mussel and fish farms and water treatment works all
in close proximity and thus all being potential sources of plastic pollution. Sample
locations were all within a 2 km stretch of coastline, with Site 1 being located in the town
of Oban, and Site 4 the furthest North. Mussels collected at Site 2 were located at an
outflow pipe from a waste water treatment works and were expected to contain high levels
of microplastics due to fibres in water discharge (Murphy et al. 2016); however, similar
quantities were extracted from mussels at the other sites. Mussels at Site 1 were found to
have the lowest microplastic load, which is somewhat surprising as this location is central
within the town and is closest to the harbour. This data serves to highlight the
heterogeneous distribution of marine microplastics even over small geographic scales.
Fibres are predominantly reported from a range of environmental samples such as
sediment, water and ice (Browne et al. 2011, Liebezeit and Dubaish 2012, Claessens et al.
2013, Desforges et al. 2014, Woodall et al. 2014) and are ubiquitously found in the
everyday environment (Roux et al. 2001, Marnane et al. 2006, Palmer and Burch 2009,
Jones and Coyle 2011). Contamination is extremely hard to eliminate even under highly
controlled conditions (Woodall, Gwinnett, et al. 2015, Torre et al. 2016), however the
implementation of good laboratorial practices, quality control measures and accurate
reporting of background contamination are necessary for quality assurance. Both the
atmospheric and tape lift screening used throughout are common place within forensic
laboratories (Lowrie and Jackson 1991, Wiggins and Nehse 2001, Jackson and Gwinnett
2013), these methods are designed to be robust under the scrutiny of the criminal justice
system and provide thorough controls for the purpose of microplastics research, the
widespread adoption of contamination mitigation measures should be seen as good practise
in this field (Fries et al. 2013, Cole et al. 2014, Lusher et al. 2014, Woodall, Gwinnett, et
al. 2015).
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2.4.1.3 Effects of specimen preservation
Microplastics have been quantified from fauna preserved by freezing (Avio et al. 2015,
Vandermeersch et al. 2015) and by preservation in formaldehyde followed by ethanol
(Murray and Cowie 2011, Kaposi et al. 2014, Collard et al. 2015). Formaldehyde has been
stated as a ‘plastic-friendly’ fixative (Löder and Gerdts 2015) but no direct comparison has
been made between these two preservation methods on their effects on microplastic
polymers. In the present study, using blue mussels as a model organism illustrates that
comparable data is produced from both preservation methods and no impacts to a range of
sizes, shapes or polymers of microplastics are observed. In conclusion, neither preservation
method offers advantages over the other; both are suitable for the study of microplastics.
Establishing the validity of these samples for analysis of microplastic ingestion has
implications for future lines of inquiry. While more recently the freezing of specimens has
been recommended (Löder and Gerdts 2015), this may not always be possible in some
field situations. Additionally, for some soft bodied fauna (e.g. holothurians) or very small
organisms (e.g. polychaetes) freezing and subsequent thawing may cause damage to tissues
(Feuchtmayr and Grey 2003), making identification of organisms to species level almost
impossible in most cases and therefore may render this method unsuitable. For most
research facilities, freezing is not appropriate for preserving large collections spanning
over long time scales, due to space requirements and the associated cost of keeping
specimens frozen for any length of time. Most historical specimen collections therefore are
preserved in ethanol after initially fixing tissues with formaldehyde and our data shows the
potential for these archival collections to be retrospectively analysed for microplastic
pollution.

2.4.2

Sediment

2.4.2.1 Comparison of extraction techniques
Two different extraction methods were compared for their efficiency at extracting
microplastic polymers from silt (mean grain size 15.59 ± 2.73 µm as classified by the Folk
and Ward method, see section 5.3.2). The methods exploit different fundamental properties
of the plastics; sodium chloride density separation relies upon differences in particle
densities compared to the introduced saturated brine solution to float microplastics from
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the sediment, while the OEP uses the oleophilic nature of plastics to isolate microplastics
from sediment with the addition of canola oil to the sediment. While the efficiency of both
methods to extract microplastics from coarser grained sediments, typically found on
beaches, have been assessed previously (Crichton et al. 2017, Hanvey et al. 2017), a
validation was necessary for finer grained sediments. The results clearly show that the OEP
yields significantly higher recovery rates than sodium chloride density separation,
especially for the medium and high density polymers tested (PS, PVC and PET). A number
of other brine solutions have been suggested to increase the recovery rate of higher density
polymers (Imhof et al. 2012, Quinn et al. 2017), however this increases the potential for
lighter sediment grains and/or organic material to also float. The mass of sediment retained
on the filter was five times greater for sodium chloride density separation than for the OEP.
Thick filter cakes are disadvantageous as not only does filtering take a longer time, but
they may interfere with the detection of microplastic particles. Therefore, a method which
yields the highest microplastic polymer recoveries and the lowest quantity of sediment on
the filters is beneficial and thus the method of choice for environmental microplastic
studies.

2.4.2.2 Optimisation of the oil extraction protocol
From the results, the OEP is shown to provide an accurate and reliable method to isolate a
range of microplastic polymers typically found in environmental samples; and shows
marked advantages over NaCl density separation when analysing fine grained sediment. A
drawback of the OEP is that microplastics retain an oil residue on their surface as
evidenced by an increase in mass of the microplastics following exposure to canola oil;
which may impede the analysis of the composition of the microplastics. During FTIR
spectroscopy, infrared radiation penetrates the surface of the material being analysed,
therefore any substances or artefacts coating the material may also be detected, or may
interfere with the resulting spectrum. Three different solvents of varying polarity were
tested to determine their efficacy at removing the oil residue without impacting the
polymers. Following exposure to 99 % isohexane and 99 % isopropanol the mass of all the
six polymers decreased (on average by < 0.01 g). Given the mass increase associated with
the oil residue was in the range 0.0005 – 0.013 g, an increase of between 1.89 – 39.58 % of
the original weight (for PVC and PET respectively); this mass reduction can, in part, be
attributed to the successful removal of the residue, however it is possible that these
solvents also degrade the polymers accounting for the remaining mass reduction. Polymers
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treated with 99 % ethanol showed more variable results; the polymers PA, PP and PVC all
increased in mass, in the case of PVC by up to 0.02 g following solvent exposure. These
results could imply that the ethanol did not effectively remove the oil residue from these
particles. Indeed, this is supported by the FTIR results, where spectra obtained for PP and
PS following the ethanol treatment displayed weaker peak signals.
While it is necessary for the solvent to be successful in removing the oil residue, it is
important to ensure that the polymer types are not detrimentally affected during this
process. Following exposure to the highly nonpolar solvent isohexane PVC and PA
showed reductions in size and, more noteworthy, all PE particles fragmented as soon as
they were touched with forceps. Isohexane was thus deemed too destructive and for this
reason was not considered for further application. A minor and not significant reduction in
size (between 0.001 - 0.017 mm) was also observed for PA, PET, PP, PS and PVC
following treatment with isopropanol. Ethanol caused four of the polymers to increase in
size (PET, PE, PS and PVC) and a slight reduction in diameter was noted for PA and PP.
From these results it is not clear whether ethanol or isopropanol produce better results and
the outcomes differ between the polymer types. For this reason, it was concluded that a 1:1
mix of 99 % ethanol and 99 % isopropanol would yield the best results in terms of a)
effective removal of the oil residue, b) not causing major alterations to the size/mass of
particles, and c) enabling the acquisition of clear and identifiable FTIR spectral data.

2.5

Conclusion

Here two rapid and effective methods are presented to isolate microplastics from two
different environmental matrices. The results presented above show that enzymatic
digestion with trypsin and isolation with the OEP offer favourable methods to extract
microplastics compared to acid/alkali digestions or density separation; and do not cause
damage to the polymeric material. The implementation of QA/QC procedures is of
paramount importance in microplastics research and their application is recommended to
form a routine aspect of studies.
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3. Quantification and characterisation of microplastics in subsurface
water and ingested by benthic invertebrates

This chapter is a reformatted and extended version of the published paper:
Courtene-Jones, W. Quinn, B. Gary, S. F. Mogg, A. O. M. Narayanaswamy, B. E.
(2017) Microplastic pollution identified in deep-sea water and ingested by benthic
invertebrates in the Rockall Trough, North Atlantic Ocean, Environmental Pollution,
231:271-280. I was lead author on the paper and conducted sample analysis and
identification. AOMM performed the photogrammetry reconstruction. All co-authors
provided inputs and comments to shape the final manuscript.

3.1. Introduction
Plastic debris is a pervasive anthropogenic pollutant found extensively in the aquatic
environment worldwide (Hammer et al. 2012, Cózar et al. 2014). As a major source of
marine pollution, plastic debris meets ocean health index criteria and has been recognized
as a global threat, joining other marine stressors such as climate change, ocean
acidification, overfishing and habitat destruction (Halpern et al. 2012, Amaral-Zettler et al.
2015). The majority of plastic items manufactured have single-use applications
(Thompson, Swan, et al. 2009) with as much as 4.8 x 109 to 12.7 x 109 kg of plastic
estimated to have entered the ocean in 2010 alone (Jambeck et al. 2015). The progressive
fragmentation of plastic objects into ever smaller and more numerous pieces should lead to
the gradual increase of microplastics (Andrady 2011, Cózar et al. 2014, ter Halle et al.
2016), however an estimated 2.7 x 108 kg is afloat in surface waters (Eriksen et al. 2014),
indicating major discrepancies especially when considering microplastic particles (Cózar et
al. 2014, Eriksen et al. 2014).
Microplastics, defined here as particles between 1 µm and 5 mm in diameter (Arthur et al.
2009), are of particular environmental concern as they are a similar size to prey items and
sediment grains and are therefore bioavailable to a wide diversity of organisms. Ingestion
is reported in numerous species with documented impacts ranging from lethal to sub-lethal,
for example false satiation, altered feeding and reproduction rates (Browne et al. 2008,
Murray and Cowie 2011, Wright, Rowe, et al. 2013, Cole et al. 2015, Welden and Cowie
2016). Trophic transfer of microplastics has also been observed (Farrell and Nelson 2013,
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Setälä et al. 2014, Watts et al. 2014, Nelms et al. 2018) and small particles have been
shown to translocate within the bodies of crabs and mussels (Browne et al. 2008, Farrell
and Nelson 2013). Consequently, microplastics potentially have a greater toxicological
effect than larger plastic items. The high surface area to volume ratio means small particles
have a greater area over which to absorb environmental contaminants than their larger
counterparts. Many of these organic pollutants are hydrophobic meaning that they may
accumulate in the plastic (Mato et al. 2001, Rios et al. 2007, Bakir et al. 2014), however
the effect of plastic co-contaminants on biota is not yet clear (Koelmans 2015). Conflicting
data also exists as to whether the propensity for microplastic ingestion is related to an
organisms feeding mode, body mass or life stage (Setälä et al. 2015, Pazos et al. 2017,
Bour et al. 2018, McNeish et al. 2018). As such, further work is required to understand the
factors which might be involved in the ingestion of microplastics by different species and
the ecotoxicological effects.
The long-term fate and ‘lifecycle’ of microplastics in the marine environment is poorly
understood. Distribution is influenced by abiotic (ocean currents, physical shearing,
fragmentation and natural sinking (GESAMP 2015)) and biotic factors (such as fouling
(Fazey and Ryan 2016), consumption and incorporation in faecal material (Cole et al.
2016), and settling detritus (Long et al. 2015)). These provide vertical transport pathways
for microplastics from the sea surface to the benthos, thus it is hypothesized that
microplastics are sequestered in the deep sea. There is a severe paucity of knowledge
regarding microplastic pollution in the deep sea. However within the last few years
microplastics have been documented in deep sediments in regions of the Mediterranean
Sea, and the Arctic, Atlantic, Pacific and Indian Oceans (Van Cauwenberghe et al. 2013,
Woodall et al. 2014, Fischer et al. 2015, Bergmann et al. 2017). More recently,
microplastics have been isolated from deep-sea invertebrates (Taylor et al. 2016, CarrerasColom et al. 2018), but still little is known about the abundance of microplastics within the
deep water column.

3.1.1. Study aims
This study aims to provide a thorough assessment and quantification of microplastic
ingestion by deep-sea benthic invertebrates displaying different feeding modes and
presents the first quantification of microplastic pollution in bathypelagic water. To test the
hypothesis that microplastics are present at a regularly monitored deep-sea site in the
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Rockall Trough, north east Atlantic Ocean, benthic fauna and water samples were collected
from a depth of 1200 - 2200 m. Samples were analysed to i) determine whether
microplastics occur in this remote deep-sea location, ii) characterise and quantify the
microplastics present and iii) elucidate whether ingestion varies as a function of feeding
mode or mass of the organism.

3.2. Method
3.2.1. Sampling location
The Rockall Trough is situated to the west of Scotland, UK. The monitoring site, 'Gage
Station M’, is located in the Rockall Trough (57.300°N, -10.383°W) near the foot of Anton
Dohrn seamount at a depth of 2200 m (Figure 3.1). During the 2016 research cruise
DY052 aboard R.R.S. Discovery, four epibenthic sled tows to sample benthic invertebrates
and one Conductivity, Temperature, Depth (CTD) cast for bottom water (2227 m) were
undertaken. In 2017 one CTD deployment was performed during the research cruise
DY078-79 aboard R.R.S. Discovery, to sample at two water depths; 2195 m and 1200 m.
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Figure 3.1. Map showing the location of CTD water sampling locations (blue circles, n =
2) and epibenthic sled trawls (red tracks, n = 4) around the repeat monitoring site ‘Gage
Station M’ illustrated by the green triangle. Area within the dashed line box is shown in
more detail in the following panel. Bathymetry is contoured at 500 m intervals from depths
of 500 m to 3500 m (MATLAB R2015b using GEBCO_2014 bathymetry).

3.2.2. Field methods
3.2.2.1. On board QA/QC
QA/QC procedures were designed and employed at all stages to reduce the potential for
sample contamination. Standard non-plastic equipment such as metal and glass were used
as much as possible and all equipment was cleaned thoroughly by wiping with 70 %
ethanol on non-shedding paper three times prior to use. Ships water supplies were fitted
with a mesh cartridge filter to remove contaminants, these were tested for efficiency priorand post- sampling by running water through an 80 µm filter for two hours and examining
these under the microscope. Prior to work commencing and between each sled haul the
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deck was washed down with the ship’s fire hose. The number of people working on
samples was kept to a minimum. The same personal protective equipment was worn for the
duration of sampling and stored separately. Sample fibres from clothing, along with any
potential contaminants from the research vessel such as ropes, piping, mesh screens etc.
were taken to be analysed alongside the deep-sea samples.

3.2.2.2. Deep-sea benthic sampling
Two Woods Hole Oceanographic Institution-pattern epibenthic sleds, rigged with main and
extension nets of mesh size 0.5 mm were used to obtain samples following historical
methods. The sleds were deployed individually down to the seafloor with the doors open
and trawled along the seabed for ~60 minutes before the sled doors closed, using a pre-set
timer mechanism, and the net hauled slowly to the surface. During trawls the ship speed
was maintained at one knot. Once on-board the net was opened and material was emptied
into clean lidded plastic buckets, before being washed over stacked sieves of mesh sizes 4
mm, 0.5 mm and 0.42 mm. Handling and exposure time of organisms was kept to a
minimum. Macrofauna retained on the 4 mm sieve were individually wrapped in
aluminium foil, placed in lidded buckets separated by taxonomic groups and frozen at 20°C to be utilized in this study.

3.2.2.3. Deep-sea water sampling
Water sampling was conducted using a Sea-Bird 24-way CTD system with stainless steel
frame. Each of the 24 niskin bottles collect a volume of 10 L of seawater. In 2016,
following the safe operating guidelines of the research vessel, 240 litres of water were
collected 7 m above the seabed at a depth of 2227 m. During the 2017 cruise, again under
the safe operating limits, half (n = 12) of the niskin bottles were fired at a maximum depth
of 2195 m, resulting in the collection of 110 litres of sweater (as one of the bottles failed to
seal). Due to the bathymetry of the Rockall Trough, whereby the sides lie at a depth of
1200 m, the remaining 12 niskin bottles were fired in mid-water at this depth (1200 m),
collecting 120 litres of seawater.
On deck prior to sampling, the spigot of each niskin bottle was cleaned by rinsing it
thoroughly with deionised water and all water filters and hosing were examined carefully
to ensure they were free from contaminants. Niskin bottles were systematically sampled by
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running the entire volume of water through an 80 µm mesh filter until water flow
completely ceased. This process varied slightly between years, in 2016, all the niskin
bottles from the depth of 2227 m were filtered on just four different filters, while in 2017
each 10 L niskin bottle was filtered on separate 80 µm mesh filters. In all cases, the
sampling was carried out by one individual who remained downwind of the filter
throughout. Upon completion, filters were placed in a separate clean petri dish, sealed with
tape and labelled for analysis once back in the laboratory.

3.2.3. Laboratory methods
3.2.3.1. Laboratory QA/QC
Strict laboratory QA/QC procedures were followed as detailed in section 2.2.1.

3.2.3.2. Inspection of deep-sea water filters
The 80 µm mesh filters were transferred to individual lidded glass petri dishes. Each filter
was systematically and thoroughly examined under a dissecting microscope (Wild M5);
any potential microplastics were removed using forceps and transferred to a small petri
dish containing a 30 mm diameter of filter paper (Whatman No. 1). The samples remained
covered when not in use to reduce airborne contamination.

3.2.3.3. Enzymatic digestion of deep-sea macroinvertebrates
Fauna > 4 mm in size were identified to species level in covered glass petri dishes;
individuals of Ophiomusium lymani (n = 40), Hymenaster pellucidus (n = 19) and Colus
jeffreysianus (n = 7) were used for microplastics analysis (Figure 3.2).
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Figure 3.2. The three deep-sea benthic macroinvertebrate species (a) Hymenaster
pellucidus, (b) Ophiomusium lymani and (c) Colus jeffreysianus examined for
microplastic ingestion.

Specimens were removed from the freezer and allowed to defrost whilst still wrapped in
aluminium foil for 45 minutes. The length of the central disc (H. pellucidus and O.
lymani), or the shell (C. jeffreysianus) were measured with metal dial calipers and the mass
of the entire specimen was recorded (Sartorius electronic balance) to four decimal places.
Specimens were rinsed thoroughly in a flow of deionised water prior to dissection.
Dissections varied slightly between species; for O. lymani the central disc was opened in a
clean glass petri dish and all tissue was removed from the exoskeleton. For H. pellucidus
the central disc was opened along with each of the five arms and the tissue was dissected
from the body cavity. The shell of C. jeffreysianus was crushed by applying pressure and
the complete tissue mass was removed. For all species the soft tissue was weighed using a
Sartorius electronic balance and enzymatically digested with 0.3125 % trypsin for 25
minutes, following the optimised method detailed in section 2.2.3.5.

3.2.4. Microplastic identification
The length of each microplastic particle was measured using the ocular scale of a Wild M5
dissecting microscope and colours were determined visually when illuminated under the
LED light of the microscope. Potential microplastics obtained from the water sampling
conducted in 2016 and extracted from fauna, along with putative contaminants from the
ship and laboratory QA/QC procedures were identified using ATR-FTIR spectroscopy. For
those microplastics isolated from water samples taken in 2017 along with the putative
contaminants, FTIR spectroscopy was used. For details of these analyses see section 2.2.5.
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3.2.5. Scanning Electron Microscope imaging
A sub-sample of the confirmed microplastic fibres extracted from deep-sea water
(polyester n = 6) and invertebrates (polyester and acrylic n = 8), along with pristine acrylic
and polyester fibres obtained from known textile samples (n = 2) were sputter coated with
gold-palladium and imaged using a JOEL JSM-6390 SEM with a 20kV electron
accelerating velocity. A series of SEM images, ensuring an overlap of ~80 % between
each, were taken of each fibre.

3.2.6. Three-dimensional fibre reconstruction and surface area quantification
Three-dimensional reconstructions of the fibres were rendered using Agisoft Photoscan
Professional V1.2.6 photogrammetry software (Agisoft LLC). The software produces highresolution three-dimensional surface models, from which surface area quantification can be
achieved as described in Burns et al., (2015). To summarise, SEM images are uploaded to
the software and aligned using in-built algorithms to detect features which overlap among
sequential images. From this geometrical projective matrices were developed from the
camera positions and orientations and a three-dimensional sparse point cloud from the
projection and intersection of pixels from the images was generated. Next, the built in
algorithm constructs a high quality dense point cloud from which a three-dimensional
continuous polygonal mesh representing the object surface is produced. This mesh surface
is triangulated and rendered with the imagery to create a textured digital surface model for
each fibre. The known xyz values for each fibre were input to the software to scale the
reconstructions. Surface area quantifications were performed for each modelled fibre using
the surface information tool in ArcGIS.
As fibres visually appeared twisted and flattened, estimates of baseline surface area were
calculated for each of the fibres by multiplying length by width, thus assuming particles
were analogous to smooth rectangles (Appendix C). These calculations provide an
estimation of surface area for each specific sized particle and surface areas are reported as
a ratio relative to the baseline.

3.2.7. Statistical analyses
All datasets were tested for normality using the Shapiro-Wilk normality test and for
homogeneity of variance with the Fligner-Killeen test, these were found not to meet the
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criteria for parametric statistics. To examine microplastic surface areas, a Wilcoxon rank
sum test was used to compare baseline to measured surface areas for the deep sea (fauna
and water) and pristine fibres. All statistical analyses was performed in RStudio V
0.99.892 (R Core Team 2016) with use of the PMCMR (Pohlert 2014), dunn.test (Dinno
2017) VIF (Lin 2015) and AER (Kleiber and Zeileis 2017) libraries.

3.2.7.1. Analyses of microplastic in water samples
The number of microplastics isolated from subsurface waters were standardising by the
volume of water sampled, yielding a concentration of microplastics per litre of water
sampled at each depth. Due to methodological differences utilised between the two
research cruises, the sample from 2227 m could not be included in further analyses.
Wilcoxon rank sum tests were performed to investigate differences in a) overall
concentration of microplastics per litre and b) concentration per litre of different polymer
types between the depths 1200 m and 2195 m.

3.2.7.2. Analyses of ingested microplastics
To assess ingested microplastic abundance, analysis was performed both using the raw
microplastic abundance data and after normalising microplastic quantities by the wet
weight (w.w.) tissue mass of individuals. Kruskal-Wallis H tests were performed on each
of these raw and normalised datasets to investigate differences between species, with
subsequent posthoc analysis with a Dunn’s test.
Generalized linear modeling (GLM) was conducted to relate the response variable (the
number of ingested microplastics) to the five factors (organism mass, length, tissue mass,
feeding mode and species). Log transformations of organism mass, tissue mass and length
were undertaken and the Poisson distribution was used since the response variable was
count data. Prior to running the model, collinearity was checked using the Pearson
correlation coefficient (indicated by values > 0.6 (Zuur et al. 2010) and the variance
inflation factor (VIF); by sequentially removing the variable with the highest value, until
all remaining VIFs were below the suggested value of 2 (Zuur et al. 2010)). Those
variables found to be collinear were not included in the model. Models with and without
interaction effects between all variables were considered and optimisation was achieved by
sequentially removing the least significant variable or interaction term (determined by the
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highest p-value). Model over-dispersion was tested using the dispersion test in the AER
package and by calculating the residual deviance of the model divided by the degrees of
freedom.

3.3. Results
3.3.1. QA/QC
No microplastics were identified on the filters fitted to the ships water supply. When
analysed with ATR-FTIR spectroscopy none of the potential contaminants sampled from
the ship (ropes, filters, clothing) or laboratory (sterile consumable packaging, clothing) had
spectra which matched that of material found in deep water or invertebrate samples.
Laboratory controls yielded similar results; of the five fibres found on the atmospheric
controls all were identified as cellulose. The number of fibres on TLS varied from a mean
of 6.56 ± 2.60 SD particles prior to laboratory work commencing, to 10.22 ± 4.18 particles
after all laboratory work was undertaken. All fibres were blue, red or white and identified
as cellulose/cotton with a distinctive ribbon like morphology when examined under the
microscope.

3.3.2. Identification of microplastics in deep-sea water
A total of 78 potential microplastics were analysed from 240 L of water sampled from a
depth of 2227 m; 22 % (n = 17) of which were positively identified as synthetic, 36 % (n =
28) as cellulose and 42 % (n = 33) yielded unclear spectra. From the water depths 1200 m
and 2195 m, a total of 39 and 36 putative microplastics were isolated respectively. The
majority of particles were identified as natural (cellulosic) fibres (n = 27, 69 % from 1200
m; n = 20, 56 % from 2195 m). From the depths 1200 m and 2195 m, 21 % (n = 8) and 33
% (n = 12) were confirmed as synthetic polymers respectively. Example microplastics
isolated are shown in Figure 3.3. The remaining items yielded unusable spectroscopic data
(10 % from 1200m and 11% from 2195 m).
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Figure 3.3. Example microplastics fibres isolated from deep water samples

The greatest concentration of microplastics was found at the intermediate water depth
(2195 m), where 0.1091 microplastics/litre were isolated (equating to 109.1 microplastics
m-3). The lowest concentration of microplastics was identified at 1200 m depth (0.0667
microplastics/litre, 66.7 microplastics m-3), and the deepest sampling depth, 2227 m had a
concentration of 0.0708 synthetic microplastics/litre (equating to 70.8 particles m-3)
(Figure 3.4). Where direct comparisons were possible, there were no statistical difference
in microplastics concentration per litre between the depth 1200 m and 2195 m (W = 60.5, p
= 0.7325)

Concentration of
microplastics/l

0.30
0.25
0.20
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Water depth (m)
Figure 3.4 The concentration of microplastics per litre of water sampled from the depths
1200 m, 2195 m and 2227 m at Gage Station M. Error bars show standard deviations,
methodological differences precluded these from the 2227 m sample.

All microplastics were monofilament fibres apart from one fragment which was isolated
from the water sampled at 2195 m deep; this was identified as PAN. In total five polymer
types were identified; polyester comprised the majority of microplastics identified and was
present at all sampling depths as were polyamide fibres. Acrylic fibres were only identified
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at the deepest sampling depth (Figure 3.5). The only polymer type present in high enough
abundance to perform statistical analysis was polyester, the concentration of which was
found not to significantly differ between the depths 1200 m and 2195 m (W = 3, p =

Concentration of microplastics/litre

0.3397).
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Figure 3.5. The concentration of polymer types per litre isolated from three water depths.
Error bars show standard deviations; these are absent from the 2227 m sample due to
methodological differences and from other depths where only a single particle of each
polymer were found.

The size distributions of the particles isolated from each water depth varied. The size
distributions for microplastics from the upper two sampling depths (1200 m and 2195 m)
were comprised mainly of smaller particles. The particles found within the water column at
a depth of 1200 m were all < 3.5 mm in size, while a greater proportion of the
microplastics in the deepest water (2227 m) had a larger size compared to other sampling
depths (Figure 3.6). However, it is important to note that due to the mesh size of the filters
and the limitations of spectroscopic analysis of small particles, the abundance of
microplastics in the lowest size class (0 - 0.5 mm) may be under-reported.
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Figure 3.6. The size distribution of microplastics isolated from the different water depths.
Particle sizes are grouped into 0.5 mm intervals and the dotted line indicates the upper
size classification for a ‘microplastic’.

3.3.3. Identification of microplastics in deep-sea invertebrates
3.3.3.1. Microplastic characterisation
A total of 359 potential microplastics were extracted from three benthic macroinvertebrate
species (n = 66 individuals), of which 45 were identified as synthetic from their specific
transmission spectra, 165 were identified as cellulose and the remaining 149 did not
produce usable spectral data. A total of nine polymers were identified, of which acrylic
was most abundant (Figure 3.7). The majority of synthetic material were monofilament
fibres (n = 39, 87 %) and the remaining items were fragments (n = 6, 13 %). Items were
predominantly blue and red in colour (n = 9, each accounting for 42 % of the total),
however black, green, orange, transparent and multi-coloured items were also identified
(examples are shown in Figure 3.8).
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a)

b)
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17%

23%

15%
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3%
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15%

Figure 3.7. The proportion, as a percentage, and polymer composition of a) fragments (n
= 6) and b) fibres (n = 39) extracted from the three species of invertebrates.

Figure 3.8. Examples of microplastic fibres isolated from benthic invertebrates

Particle length ranged from a maximum of 6.25 mm recorded for a PAN fibre to a
minimum of 0.023 mm for an acrylic fragment, both ingested by separate O. lymani
individuals. The most abundant size class was 0.5 - 1.0 mm in length, and the total number
of particles within the range less than 1.5 mm in size outnumbered the sum of all other
particles combined (Figure 3.9). Overall mean particle length was 1.191 ± 0.0756 mm
across all species. There are however challenges in detecting particles < 50 µm due to the
size filters used and the limitations arising from FTIR spectroscopy for these small sized
particles, meaning the abundance of particles in the lower size class may not be accurately
captured here.
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Figure 3.9. Size distribution of plastic particles isolated from macroinvertebrates. Particle
sizes are grouped into 0.5 mm intervals; dotted line indicates the upper size classification
for a ‘microplastic’.

3.3.3.2. Interspecific variation in microplastics ingestion
Ingested microplastic quantities varied between individuals and species; H. pellucidus had
the highest incidence of ingestion (Equation 3.1) with 74 % of individuals found to contain
microplastics. O. lymani had the next highest incidence of ingestion (40 %) and C.
jeffreysianus the lowest (29 %) however this may be an artefact of the species sample
sizes.
𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒 𝑜𝑓 𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 =

Equation 3.1

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙𝑠 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 ≥ 1 𝑚𝑖𝑐𝑟𝑜𝑝𝑙𝑎𝑠𝑡𝑖𝑐
× 100
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙𝑠 𝑎𝑛𝑎𝑙𝑦𝑠𝑒𝑑

Considering those individuals from which microplastics were extracted, O. lymani ingested
the greatest number of polymer types and H. pellucidus contained the greatest overall
abundance with a mean of 1.582 ± 0.448 SE microplastics/g w.w. tissue (Table 3.1). There
were significant differences between the number of microplastics ingested between species
(H = 9.7988, df = 2, p = 0.007) explained by a highly significant difference between O.
lymani and H. pellucidus (Dunn’s test p = 0.002) and between H. pellucidus and C.
jeffreysianus (Dunn’s test p = 0.009). The standardized number of microplastics per gram
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of tissue also differed significantly between species (H = 7.0629, df = 2, p = 0.0293), again
explained by differences between O. lymani and H. pellucidus (Dunn’s test p = 0.010) and
between H. pellucidus and C. jeffreysianus (Dunn’s test p = 0.016) (Figure 3.10).

a, b

b

a

Figure 3.10. The number of microplastics ingested by each of the invertebrate species.
Thick black line indicates median value, boxes depict the first and third quartiles and the
whiskers show the interquartile range. Outliers are shown by the open point and letters
denotes significant differences between species groups.
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Table 3.1. Summary of biological information, the incidence of ingestion, mean abundance
of microplastics per gram of wet weight tissue (Mean MP/g w.w. tissue) and the number of
unique polymer types ingested by each of the three benthic invertebrate species.
Species

Incidence Specimen Tissue
of

mass (g)

ingestion
Ophiomusium

40 %

lymani

Feeding mode

mass

Mean MP/g

N.

w.w. tissue

polymers

9

(g)
4.296 -

0.532 –

Deposit feeder/

1.153 ±

7.050

2.503

facultative predator

0.278 SE

(Iken et al. 2001)
Hymenaster

74 %

pellucidus

0.691 –

0.267 -

Predator: benthic

1.582 ±

12.533

3.441

invertebrates and

0.448 SE

6

planktonic fallout
(Wagstaff et al. 2014)
Colus
jeffreysianus

29 %

3.129 –

1.385 –

Predator: burrowing

0.678 ±

6.980

3.076

amphipods and bivalves

0.044 SE

2

(Kosyan 2007)

Unsurprisingly, mass and tissue mass were found to be correlated (r(64) = 0.841, p = <
0.0001) and VIF values > 5 indicated strong correlation between the variables length and
weight thus were not included in the generalized linear model. Consequently the variables
species, feeding mode and tissue mass were retained and considered in relation to the
response variable (the number of microplastics) in the GLM. Models with and without
interaction effects between all variables (species, feeding mode, tissue mass) were
considered, however including interaction terms were found to have a negligible effect on
the GLM (based on model Akaike information criteria (AIC) scores) and so were not
included within the model. The final GLM included species and the log of tissue mass as
an offset of the response variable, the number of microplastics ingested (equation 3.2). The
model, with a Poisson distribution was found to be slightly over-dispersed, thus a quasiPoisson distribution was applied to the final model to account for the over-dispersion.
𝑔𝑙𝑚 = 𝑀𝑃 ~ 𝑜𝑓𝑓𝑠𝑒𝑡(𝑙𝑜𝑔(𝑡𝑖𝑠𝑠𝑢𝑒 𝑚𝑎𝑠𝑠))
+ 𝑆𝑝𝑒𝑐𝑖𝑒𝑠, 𝑓𝑎𝑚𝑖𝑙𝑦 = 𝑞𝑢𝑎𝑠𝑖𝑝𝑜𝑖𝑠𝑠𝑜𝑛

Equation 3.2
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The GLM results (Table 3.2) identified that the number of microplastics ingested was
related to species and not to the other factors (mass, length or feeding mode). The GLM
indicated a significant negative relationship (p = 0.0376) between ingested microplastics
and C. jeffreysianus, indeed this species had a factor of 1.94 less microplastics compared to
the other species. It must be noted however that sample sizes were small, with only two C.
jeffreysianus individuals with internalised microplastics. A positive relationship was found
between O. lymani and the number of microplastics ingested and the model predicted a
factor of 1 times more than in C. jeffreysianus, however this result was not significant (p =
0.2949). The number of microplastics ingested by H. pellucidus was greater, by a factor of
1.67, for a given tissue weight; this positive relationship was significant at the 0.1 level (p
= 0.0845).
Table 3.2. Model output from the GLM with quasi-Poisson distribution
Parameter

Estimate Std. Error

t value

P value

(Intercept)

-1.9368

0.9119

-2.124

0.0376

Species: O. lymani

1.0079

0.9543

1.056

0.2949

Species: H. pellucidus

1.6692

0.9524

1.753

0.0845

3.3.4. Visualisation of microplastics and quantification of surface area
SEM imaging revealed microplastics extracted from deep-sea invertebrates and water to be
degraded, with much cracking, pitting, fraying and flaking apparent on the microplastic
(Figure 3.11) surface, producing a highly rugose exterior. By comparison, pristine fibres
appeared to have a relatively smooth, uniform surface structure (Figure 3.12 and Figure
3.13). These discrepancies were corroborated by the quantification of fibre surface area.
The mean ratio of measured surface area relative to the baseline for pristine fibres was
1.792 ± 0.415 SE. Surface area ratios for fibres extracted from deep-sea samples were
more than double that of pristine microplastics; 4.157 ± 0.921 SE and 4.331 ± 1.247 SE for
fibres extracted from invertebrates and deep-sea water respectively, this was significantly
different from baseline values (V(15) = 12, p = 0.0021). Baseline surface area values were
calculated for a rectangular object as fibres appeared elongated and flattened.
Acknowledgment is made that baseline values are only estimates, and fibres are assumed
to be analogous to rectangles, however cross-checking these results by computing the ratio
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of surface area derived from a rectangular object to that of half a cylinder results in π / 2
which is consistent with the values obtained for the pristine fibres. Therefore, no difference
was found if baseline values were calculated for a rectangle or half cylinder.
a)

b)
Groove

Linear
fractures
20 µm

c)

Pits

20 µm
20 µm

Figure 3.11. Example of the surface features on microplastic fibres isolated from
environmental samples. Features such as a) linear fractures, b) grooves and c) pits are
illustrated.
a)

b)

c)

Figure 3.12. Magnified SEM images of (a) a pristine fibre and fibres extracted from (b)
Ophiomusium lymani and (c) deep-sea water.
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Pristine

Ingested

Deep
water

Figure 3.13. SEM images of pristine fibres and those isolated from deep-sea water and
benthic macroinvertebrates. Fibres from the deep sea show visible surface cracking,
pitting, flaking and fragmentation when compared to pristine fibres which are smooth and
uniform in appearance.
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3.4. Discussion
The presence of microplastics in deep-sea water and three species from the benthic
invertebrate community is clearly demonstrated here, providing further evidence for the
widespread distribution of anthropogenic microplastics in the marine environment.

3.4.1. Microplastics in deep water
Here, baseline quantifications of microplastic pollution at three water depths are presented.
The concentrations of microplastics varied slightly between water depths, from 109.1 66.7 microplastics m-3. Within surface waters of the north east Atlantic Ocean,
microplastics are distributed heterogeneously and concentrations range between 0.02 - >
100 microplastics m-3 (reviewed in Lusher 2015); thus the concentrations reported in the
deep ocean are within the same order as surface waters. While it is possible that
microplastics may have been re-suspended from the sediment during sampling, no
sediment grains were found on any of the mesh filters used, giving confidence that the
microplastics originated from, and being contained within, deep water.
Different sampling methods and spectroscopic analysis prevent direct comparison of the
different water depths. During the 2016 cruise (DY052), water was sampled
opportunistically from a depth of 2227 m; the same water filters were used for multiple 10
L niskin bottles, thus only a total concentration per litre was obtained (and no standard
deviation). The following year separate filters were used for each 10 L niskin sampled
from depths of 2195 m and 1200 m permitting the calculation of mean concentrations and
associated standard deviation. Additionally, different spectroscopic methods were used,
both ATR-FTIR and FTIR use infrared radiation which excites chemical bonds within the
sample to produce a spectrum across different infrared wavelengths from which the
identity of the material can be ascertained. The main variation between these methods
arises from the size of the particles which can be analysed. The lower size limit for FTIR
spectroscopy is ~10 µm, while ATR-FTIR is better suited to particles > 500 µm in size
(Käppler et al. 2015, Löder and Gerdts 2015).
This might be somewhat reflected in the results; while the percentage of particles identified
as synthetic polymers was relatively stable across the water depths (21 - 33 %), the
percentage of unusable spectral data were much higher for the water analysed with ATRFTIR (42 %) compared to those analysed with FTIR (11 % and 10%). These differences
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may also be supported by the size distribution of microplastics. For both of the water
depths analysed with FTIR (1200 m and 2195 m) the greatest proportion of plastics were in
the size category 0.01 – 0.50 mm, while this was one size class larger (0.51 – 1.00 mm) for
the sample analysed with ATR-FTIR (2227 m). Moreover, a greater number of the
confirmed microplastics from 2227 m were larger than 2.51 mm in size, this distribution
was not observed for either of the water depths analysed with FTIR. Other studies have
reported the number of particles to increase with decreasing particle size (Bergmann et al.
2017, Cózar et al. 2017). While data presented here may not adequately capture the
smallest microplastics sizes due to the 80 µm mesh size of the filters used when sampling,
the size frequency distributions and differences observed between the waters depths may
be an artefact of the analysis technique used.
Recently CTD sampling of the water column has been utilised in two other studies; in the
deep Arctic Central Basin (ACB) (Kanhai et al. 2018) and the shallow enclosed Bohai Sea,
western Pacific Ocean (Dai et al. 2018). Within deep waters of the ACB, microplastic
concentrations of between 0 - 104 microplastics m-3 were reported. The majority of
microplastics isolated were fibrous and 78 % were confirmed as polyester/PET (Kanhai et
al. 2018), which corroborates the findings from the Rockall Trough, where similar overall
concentrations were identified and a similar proportion (82 %) were polyester. Unlike in
the present work where PE was isolated, Kanhai et al. (2018) did not identify any
positively buoyant polymers within the water column. Another study identified positively
buoyant polymers on the deep seafloor (Bergmann et al. 2017) indicating that these must
transit through the water column, however over what timescales remains unclear.
This data provides the first snapshot of the microplastic content of deep ocean water,
however the single sampling location and relatively small volumes analysed prevents
substantial conclusions from being made. Additional deep water samples at varying depths
and geographic locations are required to more thoroughly assess the abundance of
microplastics present in the deep ocean and provide more robust estimates of microplastic
concentrations.

3.4.2. Microplastics ingested by deep-sea invertebrates
Microplastics were identified in all three benthic macroinvertebrate species examined in
this study from the phylum Echinodermata and Mollusca. Likewise, Taylor et al. (2016)
reported the presence of microplastics in species of Echinodermata, Arthropoda and
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Cnidaria from the Atlantic and Indian Oceans, however this study considered only single
individuals from each species precluding the quantification of ingested microplastics. In
the present study, proteolytic enzymes were used to digest soft tissue and extract
internalised microplastics without detrimentally impacting the polymers present (CourteneJones, Quinn, Murphy, et al. 2017), allowing for a more detailed investigation of
internalised microplastics. More recent work has quantified ingestion (0.07 ± 0.03 SE and
0.28 ± 0.10 SE microplastics g-1) in benthic macroinvertebrates in the Arctic and sub-arctic
regions (Fang et al. 2018). However, it is important to note the authors classified polymers
based on inbuilt reference libraries and included reconstituted cellulose (cellophane) within
these estimates; this would not normally be included within ‘synthetic polymers’ meaning
the abundance of synthetic microplastics ingested will likely be lower than they report.
The incidence of ingestion and the quantities enumerated from the three deep-sea species
are in the same order as those reported in wild coastal species from a range of taxa
(Foekema et al. 2013, Van Cauwenberghe and Janssen 2014, Van Cauwenberghe,
Claessens, et al. 2015, Murphy et al. 2017, Compa et al. 2018). It is important to note that
while visual sorting found potential microplastics in all individuals except one H.
pellucidus specimen, only a small percentage of particles analysed (12 % for fauna and 22
% for the water sample) were positively identified as synthetic polymers by ATR-FTIR
spectroscopy. Microplastic quantities presented here are therefore likely to be underreported, due to the small size of particles and the challenges associated with current
analytical methods (Löder and Gerdts 2015). Technological developments will allow for
increased accuracy when investigating micro- and nano-sized plastics ingested by wild
fauna.
Microplastic ingestion is demonstrated to vary interspecifically, the predatory sea star H.
pellucidus (Wagstaff et al. 2014) contained the highest median number of microplastics,
significantly more than either O. lymani or C. jeffreysianus. However, the surface deposit
feeder and facultative predator O. lymani (Pearson and Gage 1984, Iken et al. 2001) was
identified to contain the greatest number of polymer types. Habitat (Güven et al. 2017,
Murphy et al. 2017), body size (McGoran et al. 2018) and feeding mode have been shown
to influence microplastic ingestion in fish and invertebrate species (Setälä et al. 2015,
Mizraji et al. 2017, Peters et al. 2017, Bour et al. 2018). Here the effect of feeding mode
on microplastic ingestion was considered through generalized linear modelling.
Interestingly, the GLM revealed that covariates associated with the size of the individual
rather than the feeding mode of the organism, best predicted the differences in the number
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of ingested microplastics. A similar result was identified by Güven et al. (2017) finding no
relationship between microplastic ingestion and trophic index of Mediterranean fish. A
study by Bour et al. (2018) showed that predatory and deposit feeding benthic and
epibenthic organisms (fish and invertebrates) contained higher numbers of ingested
microplastics when compared to filter feeders, however the results of this were not
significant, nor when comparing microplastic ingestion to trophic levels or habitat types. It
is noted, that in the present study the GLM only explained a low percentage of the overall
deviance, as such other factors, potentially not yet considered, such as microplastic
retention times and the egestion capability of organisms, may influence interspecific
microplastic loads. Understanding the factors which may influence microplastic ingestion
is complex and observations from one study cannot simply be generalised across other
species, more work is therefore needed to examine this.
Sampling in the deep sea is inherently more challenging than in shallow waters, limitations
may be imposed by depth, topography and the extra time and expense required to reach
survey locations. Equally in terms of faunal sampling, without the use of a submersible or
remotely operated vehicles it is not possible to target and collect certain species or
individuals. The most common mobile benthic macroinvertebrates in this region belong to
the phyla Echinodermata (Gage and Tylor 1991), and of these the most abundant are the
Ophiuroidea (with high abundances of Ophiomusium lymani at depths exceeding 2000 m)
(Gage 1986). Here novel data are presented, yet the small sample sizes of benthic
invertebrates, particularly for C. jeffreysianus and H. pellucidus prevent robust estimates of
microplastic pollution from being made. This study utilised the maximum number of
samples collected during deep-sea operations in the time available during the DY052
research cruise, and thus makes the first assessment of microplastic pollution in the
Rockall Trough benthic macroinvertebrate community.

3.4.3. Degradation and potential origins of microplastics in the deep Rockall Trough
While it is not possible to accurately establish the age of the microplastics identified in this
study, through close visual inspection it can be inferred that the microplastics extracted
from deep-sea samples were degraded. Surface cracks, pitting, flaking and fragmentation
were all apparent on the fibres; giving mean surface areas significantly different to baseline
values and in excess of double that of pristine fibres. The duration of microplastics in the
environment and the associated degradation has a number of consequences of biological
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concern. As plastic degrades into smaller pieces the chemical and physical characteristics
of the plastic also changes and thereby its availability and potential to impact aquatic
organisms (Mattsson et al. 2015). As plastic fragments to smaller micro-scale and
eventually nano-scale particles the increased surface area to volume ratio provides a
greater surface over which interactions may happen (Mattsson et al. 2015) which can
increase its toxicity (Jeong et al. 2016). For example, persistent organic pollutants (POPs)
may accumulate in microplastics, or as the plastic polymer degrades chemical additives
can breakdown and leach from the plastic (Engler 2012). The increased surface area of
small degraded particles provides a greater area for the establishment of biofilms which
influence sinking velocity (Lobelle and Cunliffe 2011) and provides increased area for the
colonisation of bacteria, including pathogenic species (Zettler et al. 2013, Kirstein et al.
2016). Organic material may interact with the microplastic leading to the formation of a
biomolecular corona (Cedervall et al. 2007, Mattsson et al. 2015) which creates a new
surface around the microplastics. This corona will have a different surface structure from
the microplastic itself and therefore different biological implications on organisms.
The processes affecting the vertical transport of microplastics to the benthos are complex
and not well understood. The quantities identified in deep-sea water by this study, akin to
surface water concentrations indicates diffusive processes distributing microplastics
throughout the water column. The majority of polymers identified had densities greater
than seawater, such as polyester, acrylic and polyamide. Of note, is the presence of the
positively buoyant polymer polyethylene, which has a specific density of 0.91 - 0.94 g cm-3
(Andrady 2015). In addition to intrinsic properties (polymer density, size and shape
(Ballent et al. 2013, Kowalski et al. 2016)), the behaviour of microplastics in the marine
environment are also influenced by biological factors, including biofouling (Lobelle and
Cunliffe 2011, Fazey and Ryan 2016), incorporation into faecal pellets (Cole et al. 2016)
and marine aggregates (Ward and Kach 2009, Long et al. 2015, Porter et al. 2018, Zhao et
al. 2018). These biological processes alter the settling velocity of microplastics by as much
as an order of magnitude (Long et al. 2015, Clark et al. 2016). Furthermore species of
zooplankton undertake diel vertical migrations (Williamson et al. 2011) which could
further redistribute microplastics in the oceans.
A wide diversity of polymer types were identified in this study. These polymers each have
a range of applications including food packaging (PE, polyester), textiles (PA, acrylic,
polyester), fishing ropes (PA), paints and coatings (alkyd resin), engineering plastics
(PAN) and in consumer goods. It cannot be determined whether the microplastics isolated
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in this study arise from the degradation and fragmentation of larger items already located
in the deep ocean, or whether they are transported by physical and biological processes
through the water column to the seafloor.

3.5. Conclusion
This study presents baseline qualitative and quantitative data on the occurrence of
microplastics in two environmental matrices, water and benthic invertebrates, of the
Rockall Trough. It is shown that there are comparative quantities of microplastics in these
deep samples as found in surface waters and coastal species (Foekema et al. 2013, Lusher
et al. 2014, Van Cauwenberghe, Claessens, et al. 2015). While this study focusses on the
north east Atlantic Ocean, it is hypothesized that microplastics are present throughout the
global deep-sea. Further attention and sampling efforts should be directed to the deep
oceans globally to establish the prevalence of microplastic pollution in this remote and still
largely unstudied ecosystem. The deep sea is vulnerable to a number of anthropogenic
pressures (Ahnert and Borowski 2000, Glover and Smith 2003, Puig et al. 2012) and now
microplastic pollution may be added to these threats, raising concern for ongoing
ecosystem functioning. Future steps to address the susceptibility and potential impacts of
microplastic ingestion by deep-sea species assemblages are needed and elucidate spatial
and temporal vertical transport routes by which microplastics enter and are sequestered in
the deep sea.
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4. A multi-decadal analysis of microplastic ingestion by benthic
invertebrates (1976 – 2015)

This chapter is a reformatted and extended version of the published paper:
Courtene-Jones, W. Quinn, B. Ewins, C. Gary, S. F. Narayanaswamy, B. E. (2019)
Consistent microplastic ingestion by deep-sea invertebrates over the last four decades
(1976 - 2015), a study from the North East Atlantic, Environmental Pollution,
244:503-512. I conducted all experimental work and analyses. CE assisted with
spectroscopic identification. I was lead author on the paper which received editorial
comments from all co-authors.

4.1 Introduction
Since the 1940s - 50s there has been a rapid and world-wide increase in plastic production.
The latest data suggest that around 60 % of all plastics ever produced are accumulating in
landfills or in the environment (Geyer et al. 2017). By their very nature, synthetic plastics
are extremely durable (Shah et al. 2008); but under the influence of environmental
exposure, including mechanical forces and/or photochemical processes, plastics fragment
into microplastics and nanoplastics (Gewert et al. 2015, ter Halle et al. 2016). Several
trillion tonnes of plastics are estimated to be afloat in the world’s oceans, with
microplastics constituting around 92 % of this (Eriksen et al. 2014, van Sebille, Wilcox, et
al. 2015).
With the continued and increasing input of plastic to the oceans (Geyer et al. 2017) it
might be expected that surface concentrations would also increase over time, however data
reveal inconsistencies. The North Pacific Subtropical Gyre (NPSG) has been documented
to be accumulating plastics (Goldstein et al. 2012, Lebreton et al. 2018) while no such
trends have been detected in other surface waters (Law et al. 2010, 2014, ter Halle et al.
2016, Beer et al. 2017). Global ocean budgeting identifies large discrepancies between
expected and observed surface quantities (Cózar et al. 2014, Eriksen et al. 2014). A
number of hypotheses may explain these findings. Firstly, the majority of studies employ
surface-towed nets, typically with a mesh size of ~300 µm (Hidalgo-ruz et al. 2012,
Barrows et al. 2017). Due to the continual fragmentation of plastics in the environment it is
possible that a large proportion of small microplastics are not being detected or have now
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fragmented to nano-scale which may be missed by these types of sampling. Secondly,
wind-driven mixing of the surface layers may vertically redistribute microplastics,
resulting in potentially large amounts going unmeasured (Kukulka et al. 2012). Lastly it is
thought that the majority of plastic litter does not remain in surface water but sinks until
ultimately residing on the seafloor.
Recently Koelmans et al. (2017), undertook an entire ocean mass balance study; their
simulations showed that 99.8 % of the plastics which had entered the oceans since 1950
had settled below the ocean surface layer and around 8.5 million tonnes of plastics settle
annually. The sinking of plastic particles is related to their size, density, physical/chemical
properties (Kowalski et al. 2016) and biological interactions. Biofilm formation occurs
rapidly in the environment (Lobelle and Cunliffe 2011, Rummel et al. 2017), altering
particle density and hydrophobicity and in turn increasing the rate of sinking. Microplastics
may form aggregates with phytoplankton (Long et al. 2015) or marine snow (Zhao et al.
2017, Porter et al. 2018), flocculate and adhere to transparent exopolymers (Passow et al.
2001, Engel 2004, Summers et al. 2018) or be incorporated into faecal pellets (Cole et al.
2016, Katija et al. 2017). In most cases these processes act to reduce the buoyancy of
microplastics and thus increase the sinking rate, redistributing microplastics from surface
waters to the ocean floor.
Data quantifying microplastic pollution in the deep sea are sparse; yet those which have,
report microplastics in water (Courtene-Jones, Quinn, Gary, et al. 2017, Kanhai et al.
2018), benthic invertebrates (Taylor et al. 2016, Courtene-Jones, Quinn, Gary, et al. 2017)
and sediments (Van Cauwenberghe et al. 2013, Woodall et al. 2014, Fischer et al. 2015).
Indeed some of the highest concentrations of microplastics reported to date are from deepsea sediments (42 − 6595 microplastics kg-1) (Bergmann et al. 2017) supporting the
hypothesis that the seafloor may accumulate microplastics. There are some long-term
studies which monitor large marine litter on the seafloor (Galgani et al. 2010, 2013,
Bergmann and Klages 2012, Schlining et al. 2013, Chiba et al. 2018, Maes et al. 2018),
however we are not aware of any such studies for microplastics. These enquiries are
needed to elucidate fundamental questions regarding the behaviour and fate of
microplastics within marine systems.
The Scottish Association for Marine Science (SAMS) has conducted deep-sea research at a
permanent location 2200 m deep in the Rockall Trough since the mid-1970s. Operations
ceased during the period 1995 - 2013 due to a lack of funding; however this collection,
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spanning four decades, represents one of the longest time-series of deep ocean specimens.
Organisms were originally collected largely for the analysis of community structure and
were preserved intact, giving a unique opportunity to study temporal trends in ingested
microplastics. The present study assesses microplastic ingestion over four decades by two
species of benthic echinoderms; Ophiomusium lymani and Hymenaster pellucidus, to
examine long-term trends of microplastic abundance and polymer types. O. lymani is a
benthic deposit feeder and facultative predator (Pearson and Gage 1984, Iken et al. 2001)
while H. pellucidus predates on invertebrates and planktonic fallout; both species are
mobile and feed at the surface of the sediment. Additionally, both species have previously
been reported to ingest microplastics (Courtene-Jones, Quinn, Gary, et al. 2017) making
them suitable for inclusion in this study.

4.1.1. Study aims
The aims of this research are i) to determine whether the first occurrence of microplastic
pollution can be detected in the Rockall Trough, and ii) to examine long-term temporal
trends in overall microplastic abundance and constituent polymer types. Utilising this
unique archival collection, we aim to provide insights regarding the long-term fate of
marine microplastics and their historical occurrence on the deep seafloor.

4.2 Method
4.2.1

Sample locations and species

Deep-sea sampling began at Gage Station M (Figure 4.1) in 1976 and has been conducted
on an annual basis since, except during an 18 year period between the years 1995 to 2013
where no deep-sea operations were undertaken through lack of funding. The primary
sampling method has remained constant throughout the four decades of operation and
entails use of an epibenthic sled (described in section 3.2.2.2). Early sampling (1970s) was
also conducted with an Agassiz trawl, which is similar to the epibenthic sled (and also
utilises a polyamide net), however it is more suitable for the collection of benthic
macro/megafauna (Jamieson et al. 2013). Historic samples were all processed in the same
way, involving the contents of the nets being washed through stacked stainless steel sieves
(mesh sizes 0.42 mm, 0.5 mm and 4 mm) to separate the invertebrates into different size
classes. Each size fraction was transferred to separate lidded buckets and the tissues were
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fixed using 4 % buffered formaldehyde before samples were stored in 70 % ethanol. Upon
return to the laboratory faunal assemblages were identified to species levels and stored
thereafter in 70 % ethanol (Gage et al. 1980) in sealed containers.

Macrobenthic species assemblages in this region are dominated by echinoderms and in
particular Ophiomusium lymani and Hymenaster pellucidus are found in relatively high
abundance (Gage 1986). Both species have previously been identified to ingest
microplastics (Courtene-Jones, Quinn, Gary, et al. 2017) thus for these reasons O. lymani
(n = 90) and H. pellucidus (n = 63) were selected to investigate microplastic loads. The
sampling locations are shown in Figure 4.1. Specimens from the years 1976, 1980, 1985,
1990, 1995, 2013 and 2015 where possible were analysed, with sample sizes varying
slightly between years based on the number of individuals available (details summarised in
Appendix D).
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A.D.S.

Figure 4.1. Map showing the specimen sampling locations around the ‘Gage Station M’
(green triangle) to the east of the Anton Dohrn seamount (A.D.S.) in the Rockall Trough.
The area shown in the hatched box is depicted in the subsequent panel and shows the
sampling locations of O. lymani (black points), H. pellucidus (white points) and both
species (grey points). Bathymetry is contoured at 500 m intervals from depths of 500 m to
3500 m (MATLAB R2015b using GEBCO_2014 bathymetry data).

4.2.2

QA/QC

Well documented laboratory QA/QC procedures were followed as detailed in section 2.2.1.
All scientific equipment (scalpels, forceps, glass beakers, filter manifold etc.) were
covered/wrapped in aluminium foil and examined under the microscope prior to use. All
samples remained covered when not in use to reduce risk of contamination from aerial
sources.
At the time of the initial field sampling campaign the same rigorous contamination
measures implemented today were not enforced. The same equipment (metal epibenthic
sled/Agassiz trawl with a polyamide net (white in colour) Figure 4.2) has been used
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throughout the four decades of deep-sea operations. The net was sampled and analysed
spectroscopically as well as examined closely under the microscope. While historic
contamination at the time of collection cannot be completely ruled out, thorough washing
of each specimen with a flow of deionised water followed by close visual examination
prior to dissection was undertaken to remove any external microplastics which may
confound results. As only microplastics internalised within the organisms’ soft tissues were
assessed the likelihood of contamination arising from sampling are reduced.
a)

b)

Figure 4.2. A sample taken from the epibenthic sled/Agassiz trawl netting was shown to be
white in appearance (a) and the FTIR spectra obtained (b) identifies the material as
polyamide (nylon).

4.2.3

Enzymatic digestion of invertebrates

Specimens of O. lymani and H. pellucidus from each sampling year were removed from
ethanol and the width of the central disc was measured using metal dial calipers.
Individuals were washed thoroughly with a flow of deionised water and placed into clean
lidded glass petri dishes. The exoskeleton was carefully examined under a dissecting
microscope to ensure there were no microplastics present and any found were removed
with forceps. Next, the central disc was dissected and all soft tissue was removed from the
exoskeleton. In the case of H. pellucidus, soft tissue extending into each of the five arms
(part of the digestive and reproductive systems) was also removed. The soft tissue was then
weighed using a Sartorius analytic electronic balance (4 d.p.) before being placed into
separate 100 ml glass beakers which were covered with aluminium foil. Enzymatic
digestions with trypsin were carried out following the protocol outlined in section 2.2.3.5.
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4.2.4

Microplastics identification

The length of each microplastic particle was measured observationally using the ocular
scale of a Wild M5 dissecting microscope colours were determined visually when
illuminated under the LED light of the microscope. Putative microplastics were analysed
with a Perkin-Elmer One FTIR microscope in transmission mode as detailed in section
2.2.5. Background scans were taken between each sample and were automatically
subtracted from the sample’s spectrum. Data were visualised in OMNIC 9 (Thermo Fisher
Scientific Inc.) with use of the inbuilt Hummel polymer library, user generated
‘UWS/SAMS’ library and the Alfred Wegener Institute ‘AWI’ (Primpke et al. 2018) to aid
polymeric identification.

4.2.5

Data analyses

The percentage incidence of ingestion was calculated as the number of individuals that
ingested one or more microplastic particle / total number of dissected individuals x 100
(Equation 3.1). This was calculated for each species and when species were grouped for
each sampling year. To take into account differences in specimen weights, microplastic
ingestion was normalised per gram of w.w. tissue; these data were tested for normal
variance structure using a Shapiro and Levene’s test. Data were subsequently log10
transformed to meet the criteria of normal distribution and homoscedasticity.
Interspecific differences between the numbers of ingested microplastics/g tissue and the
abundance of polymer types ingested were examined by two sample t-test. Polymer
diversity was computed based on Shannon-Weiner (H’) diversity index (log base
transformed data) and species specific and grouped diversity indices were used for
Spearman’s rank correlation test with year. Differences in the abundance of each polymer
type /g tissue between years were compared using the Kruskal-Wallis H test (as data failed
to meet normal variance structure) and where a significant difference was found a post-hoc
Dunn’s test was carried out. As the polymer types PVC-copolymer and PS were only
present during one sampling year these polymers were not included. The polymer
composition and abundance between years was also compared by hierarchical cluster
analysis based on group average linkage of Bray-Curtis similarity of microplastic/g
polymer data. All statistical analyses were performed in R Studio V 0.99.892 (R Core
Team 2016) with the use of the libraries car (John et al. 2017) vegan (Oksanen et al. 2018)
and dunn.test (Dinno 2017).
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4.3 Results
4.3.1

Polymer composition

Eight different polymers were identified (Appendix B); overall, PA and polyester were the
most abundant (Figure 4.3). PVC-copolymer was identified, in this case the spectrum
showed distinct peaks associated with PVC, however additional peaks were also present,
indicating the presence of another polymer (Scott and Penlidis 2017). Three of the polymer
types were ingested by both species, namely PA, polyester and acrylic. Alkyd and PE were
only isolated from O. lymani and PVC-copolymer, PS and PAN were only present in H.
pellucidus. The mean abundance of microplastics/g of each polymer type did not differ
significantly between the two species (t = -1.096, df = 18.72, p = 0.287).
Polymer diversity, measured using the Shannon-Weiner index (Table 4.1), varied between
years and species. When species were grouped, the years 1980 followed by 1985 had the
greatest polymer diversity (H’ 1.367 and 1.225 respectively) and 1990 had the lowest
polymer diversity (H’ 0.534). No correlation was found between polymer diversity and
year (H. pellucidus: rs = - 0.700, p = 0.233; O. lymani: rs = 0.321, p = 0.498; species
grouped: rs = -0.107, p = 0.840). Cluster analysis based on group average linkage of BrayCurtis dissimilarity further illustrates the lack of trend between polymer type and
abundance between years (Figure 4.4).
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Total microplastic abundance
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Figure 4.3. Total abundance of different polymers and particle types ingested by O. lymani
and H. pellucidus (n = 153 individuals) across all years. Fibres are indicated by the solid
filled bars and fragments by the patterned bars. (PAN = polyacrylonitrile, PA =
polyamide, PE = polyethylene, PS = polystyrene, co-PVC = polyvinylchloride-copolymer).
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Figure 4.4. Dendrogram showing the percentage similarity in composition and abundance
of polymers in each sampling year.
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4.3.2

Interspecific and inter-annual microplastic ingestion

Microplastic ingestion varied between species with O. lymani having a higher incidence of
ingestion than H. pellucidus (51 % and 22 % across all years respectively, Table 4.1).
Examining each year separately revealed the highest ingestion occurred in 1995 for O.
lymani (80 %) and in 1985 for H. pellucidus (40 %) and when species were grouped (45
%).
Microplastics were identified in all years and remained at relatively consistent levels
throughout the time series. The abundance of ingested microplastics was between 1.96 ±
0.66 - 4.61 ± 3.62 microplastics/g w.w. (mean ± SD) when species were grouped; and
between 1.96 ± 0.66 – 3.43 ± 1.35 microplastics/g w.w. (mean ± SD) for O. lymani and
0.48 ± 0 - 9.10 ± 4.21 microplastics/g w.w. (mean ± SD) for H. pellucidus (Figure 4.5).
Total abundance of ingested microplastics did not statistically differ between years for
either H. pellucidus (F (1, 14) = 0.195, p = 0.666), O. lymani (F (1, 38) = 0.047, p = 0.83),
or when species were grouped (F (1, 54) = 0.011, p = 0.918). Also, there were no
significant differences in the abundance of the different polymers types/g w.w. tissue

Mean number of microplastics/g

detected between years (Figure 4.6).
14
12
10
8
6
4
2
0
1976

1980

1985

1990

1995

2013

2015

Year

O. lymani

H. pellucidus

Species grouped

Figure 4.5 Mean abundance of microplastics/g of wet weight tissue across the time period
for O. lymani (black line), H. pellucidus (orange line) and when species are grouped (blue
line). Error bars show standard deviation. This plot is a summary of values in presented in
the ‘Mean MP/g w.w. tissue’ column of Table 4.1.
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Table 4.1. Sampling information along with the abundance of microplastics per gram of wet weight tissue (MP/g w.w.), incidence of microplastic
ingestion, polymer diversity (Shannon-Weiner H’) and the total number of unique polymer types ingested by each species and when species were grouped
for each sampling years. Values after ‘±’ represent standard deviation. n/a indicates the absence of individuals within the sampling year.
Year

2015

2013

1995

Species

N individuals
sampled

Mean tissue w.w.
(g)

Incidence of
ingestion

Mean MP/g w.w.
tissue

N polymers

Polymer diversity
(H’)

O. lymani

20

0.547 ± 0.195

30 %

2.57 ± 1.53

3

1.053

H. pellucidus

20

0.773 ± 0.520

20 %

1.27 ± 0.73

2

0.462

Species grouped

40

0.660 ± 0.404

25 %

2.11 ± 1.42

4

1.115

O. lymani

20

0.449 ± 0.168

25 %

2.93 ± 1.34

2

0.692

H. pellucidus

20

0.228 ± 0.173

10 %

9.10 ± 4.21

2

0.597

Species grouped

40

0.338 ± 0.202

18 %

4.61 ± 3.62

2

0.660

O. lymani

10

0.585 ± 0.139

80 %

2.27 ± 0.97

4

1.207

H. pellucidus

3

1.863 ± 0.211

33 %

0.48 ± 0.00

1

0.000

Species grouped

13

0.880 ± 0.579

70 %

2.11 ± 1.07

4

1.197
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2
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n/a
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n/a

n/a
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10

0.476 ± 0.157

30 %

2.48 ± 0.50

2

0.584

O. lymani

10

0.627 ± 0.130

50 %

2.46 ± 1.23

3

0.670

H. pellucidus

10

0.838 ± 0.231

40 %

2.05 ± 1.05

3

1.278

Species grouped

20

0.732 ± 0.212

45 %

2.55 ± 1.59

4

1.225

O. lymani

10

0.346 ± 0.069

50 %

3.43 ± 1.35

3

1.063

H. pellucidus

10

1.039 ± 0.455

30 %

1.36 ± 0.27

4

1.371

Species grouped

20

0.693 ± 0.476

40 %

2.51 ± 1.46

5

1.367
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10

0.484 ± 0.142

40 %

1.96 ± 0.66

2

0.640
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2
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Figure 4.6. Composition and mean abundance of polymers ingested per gram of w.w. soft tissue across years. Error bars show standard deviation and
are absent for those polymers where only a single microplastic was present within the sampling year. (PAN = polyacrylonitrile, PA = polyamide, PE =
polyethylene, PS = polystyrene, co-PVC = polyvinylchloride-copolymer).
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4.3.3

Characterisation of microplastics

FTIR was performed on 470 potential microplastic items; of which 74 were identified as
synthetic polymers, 294 items were natural (cellulose (n = 292)/calcium carbonate (n = 2))
and 102 items yielded low quality and unusable spectral data. Thus, 16 % of items
analysed were confirmed to be microplastics. The majority of plastic items were fibres (n =
70, 95 %) with only a very low number of fragments identified (n = 4, 5 %). A variety of
colours were detected (Figure 4.7) and example microplastics are shown in Appendix E.
Fragments ranged in diameter from a minimum of 0.08 mm to a maximum of 0.67 mm
(mean ± SD: 0.34 mm ± 0.26 mm) and fibres ranged in length from 0.21 mm – 4.90 mm
(mean ± SD: 1.20 mm ± 0.98 mm). All microplastics were less than 5 mm and the size
distributions varied only marginally between years (Figure 4.8).
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multi
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transparent
white

3%
4%

Figure 4.7. The relative proportions, as percentages, of microplastic colours (both fibres
and fragments) extracted from invertebrates
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Figure 4.8. Size frequency distribution of microplastics isolated from benthic invertebrates
between the years 1976 - 2015.
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4.3.4

QA/QC

No particles were found on any of the 22 atmospheric controls performed. The quantities
of microplastics on TLS (n = 22), used to assess background contamination levels, varied;
there were 2.25 fibres ± 1.58 (mean ± SD) after cleaning and prior to commencing
laboratory work, and 3.50 fibres ± 2.27 (mean ± SD) after laboratory work. These fibres
were red, blue and white in colour and identified as cellulose/cotton in their composition
by FTIR analysis. Additionally, none of the ingested fibres were found to match the
characteristics (white polyamide) of the Agassiz/epibenthic sled netting.

4.4 Discussion
4.4.1

Inter-annual microplastic abundance

A consistent abundance of microplastics were identified throughout the entire specimen
series spanning a period of four decades. The present dataset represents a quantification of
historic microplastic ingestion and develops our knowledge of the occurrence of this
pollutant on the deep seafloor. While the number of positively identified microplastics
from each sampling year was relatively low, no trends were observed between the overall
abundance or the polymer types ingested between years, demonstrating not only the
consistent levels of ingested microplastics but that this pollutant likely arrived at the study
site prior to 1976.
Global production and use of synthetic plastics have increased exponentially since their
mass production in the 1950s (Geyer et al. 2017, PlasticsEurope 2017), resulting in an
increase in the flux of plastic waste entering the environment by as much as 120 %
between the years 1975 - 2010 (Jambeck et al. 2015). These decadal trends have been
observed in some surface waters (Thompson et al. 2004, Goldstein et al. 2012, Lebreton et
al. 2018) and in coastal sediments around Belgium between the years 1993 - 2008
(Claessens et al. 2011). It is not well established how long it will take for macroplastics to
fragment into microplastics and subsequently escape surface waters (GESAMP 2015) but
high concentrations of microplastics in marine sediments indicate this as a potential sink
for these small particles (Woodall et al. 2014, Gago et al. 2018). Given the uncertainty
surrounding microplastic deposition rates, it was initially hypothesised that this study may
observe the first occurrence of microplastics on the Rockall Trough seafloor and identify
temporal trends in abundance and/or polymer types using benthic invertebrates as a proxy.
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It was realised that the occurrence of ‘the plastic age’ (Thompson, Swan, et al. 2009)
within the Rockall Trough pre-dates our earliest sample from 1976; sampling was not
undertaken prior to this preventing the analysis of earlier samples. To some degree this
finding is not entirely surprising. Larger plastics have been documented on the seafloor
(100 – 200 m depth) as early as the mid-1970s (Holmström 1975) and recent experimental
and modelling data indicates the relatively rapid transit of microplastics through the water
column (Long et al. 2015, Zhang 2017). Theoretical modelling by Kooi et al. (2017)
showed that microplastics with densities greater than seawater (i.e negatively buoyant)
such as PA, polyester and PVC start to settle immediately and always sink to the seafloor.
For example, a 0.1 mm PVC particle may only take 10 days to sink to a depth of 4000 m
(Kooi et al. 2017). By this rationale most of the plastics entering the oceans since the
1950s may now reside on the seafloor (Koelmans et al. 2017).

4.4.2

The composition of polymers across sampling years

Interestingly no clear trends in overall ingested abundances or polymer abundances were
observed across the time series. There was a slight increase in microplastics in 2013,
however this was not statistically significant. Similar to the results presented here, Beer et
al. (2017) found no trends in the abundance of microplastics ingested by pelagic fish from
the Baltic sea over a 28 year dataset (1987 - 2015), however the authors did not
characterise polymer types preventing comparison with our findings. In fact, the current
study appears to be the first long-term (decadal/multi-decadal) investigation to characterise
microplastic polymers.
A total of eight different polymer types were identified; polymer diversity (H’) remained
relatively stable throughout the time-series, with two polymer types identified in 1976,
1990 and 2013, four polymer types in 1995 and 2015; and a maximum of 5 polymers in
1980 and 1985. Three of the polymers were unique to just one sampling year; PAN in
1980, PVC-copolymer in 1985 and PS in 2015. Acrylic, alkyd and PE were found
sporadically within the time series, and both PA and polyester fibres were present in all
years sampled, with the exception of polyester in 1990. Polyester fibres are documented to
be one of the most prevalent and widespread microplastics in the environment (Browne et
al. 2011). Polyester and polyamide dominate fibre production, with polyester use in the
textile sector seeing an annual growth of 7 % since 1990; this polymer now accounts for
nearly half of the global fibre market (Chemical Economics Handbook 2016, Carr 2017).
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An estimated 600 metric tons of polyester, PA and acrylic fibres have been discarded and
are accumulating in landfill sites or the natural environment (Geyer et al. 2017), in addition
to this up to 0.1 mg fibres/g polyester textile can be shed during washing (Hernandez et al.
2017), providing a source of fibre release to the environment (Murphy et al. 2016).

4.4.3

Potential transport routes to the seafloor

The majority of the polymers identified (polyester, PA, acrylic, alkyd, PAN and PVC) had
densities greater than seawater (Andrady 2011, Crawford and Quinn 2017), corroborating
the findings of other benthic research (Woodall et al. 2014, Bergmann et al. 2017,
Courtene-Jones, Quinn, Gary, et al. 2017) and indicating these polymers likely sink
directly and relatively rapidly to the seafloor, where they are bioavailable to the benthic
community. Positively buoyant microplastics were also isolated; non-expanded PS (1.04
g/cm3 (Crawford and Quinn 2017)), was only present in 2015, and PE which was one of
the lowest density polymers identified in this study (density 0.92 - 0.97 g/cm3 (Crawford
and Quinn 2017)) was recorded post-1980. This may indicate that low density polymers
sink over longer time scales than their high density counterparts. Experimental work
showed PS particles decreased their sinking velocity with increasing salinity (Kowalski et
al. 2016). In natural marine waters the density of seawater typically increases with
increasing depth; in the Rockall Trough seawater potential density (σθ) changes from
around 1.0272 g/cm3 in the surface layer to 1.0278 g/cm3 at 2500 m depth (Holliday et al.
2000). It has been suggested that microplastic particles will remain in suspension when
reaching a depth where water and particle densities are similar (Wang et al. 2016).
However, ocean processes are complex and other factors will influence the sinking of
microplastics. Synthetic polymers vary in their elasticity (Young’s modulus) from around
0.15 GPa for LDPE to 4.5 GPa for polyester (measured at 20°C and atmospheric pressure)
(Ashby and Jones 2006). The increasing pressure associated with depth will cause
microplastics to compress; the depth at which this occurs and the amount of compression
will depend on the specific Young modulus. It is likely that certain microplastic polymers
will compress to a greater degree than the surrounding seawater (2.21 GPa at atmospheric
pressure at 20 °C) (Liley et al. 2007). This will result in the microplastics increasing in
density relative to the surrounding seawater, and in this way facilitate their sinking.
The occurrence of these low density polymers on the seafloor may also be explained by the
hetero-aggregation of small plastic particles with other inorganic material. Coagulation is
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driven by the size, shape and density, along with the surface character of a particle, in turn
influencing the fate of these aggregates in marine systems (Filella 2015). In this study, 95
% of the microplastics isolated were fibres. Particles such as fibres and films have high
surface area to volume ratios and as such have a higher rate of aggregation/biofouling
causing them to sink sooner and over relatively shorter time scales than larger plastic
fragments (Ryan 2015a). Theory predicts that small sized particles will coagulate quickly
(Filella and Buffle 1993) and even buoyant material may be transported to the deep ocean
relatively quickly in this way (Logan and Hunt 1987), offering a mechanism by which
microplastics may be removed from surface waters (Cózar et al. 2014). Furthermore, not
all sources of plastic may be introduced from land or at the ocean surface. Shipping
activity, fishing equipment, offshore industries such as oil and gas and other maritime
activities may introduce microplastics directly into the water column (Browne 2015) or to
the seabed and consequently reduce the time taken for microplastics to be sequestered to
the seafloor. Human influences, such as deep-water bottom trawling can be traced back to
1960s in International waters to the west of Rockall Plateau (Basson et al. 2001), and by
the mid-1980s the Rockall Trough had become the major deep-water bottom trawl fishing
area in the northern north east Atlantic Ocean (Gordon 2003, Heymans et al. 2011). The
deep waters of the Rockall Trough are mainly comprised of Labrador seawater and tend to
be slow moving (Holliday et al. 2000). Waters deeper than 1200 m are constrained due to
the local bathymetry and can only exit via the southern approach of the trough (New and
Smythe-Wright 2001). These factors may promote the accumulation of microplastics
within the Rockall Trough, however further work would be needed to corroborate this.

4.4.4

The quantity of ingested microplastic and the suitability of invertebrates to
measure change

The two species examined have previously been reported to ingest microplastics
(Courtene-Jones, Quinn, Gary, et al. 2017). O. lymani is a surface deposit feeder and
facultative predator on small crustaceans and polychaetes (Pearson and Gage 1984, Iken et
al. 2001), and H. pellucidus predates on small benthic invertebrates and planktonic fallout
(Wagstaff et al. 2014); however despite having different feeding modes and diets these
factors have not been linked to the abundance of microplastic they ingest (Courtene-Jones,
Quinn, Gary, et al. 2017). Additionally, prior work found no detrimental effects to
microplastic polymers when using 4 % formaldehyde as a fixative, followed by storage in
107

Chapter 4: A multi-decadal analysis of microplastic ingestion
70 % ethanol (Courtene-Jones, Quinn, Murphy, et al. 2017), indicating the suitability of
these specimens for this study.
The abundances of microplastics ingested across years (1.96 ± 0.66 – 4.61 ± 3.62
microplastics/g (mean ± SD) depending on sampling year) are within a range comparable
to coastal species (Foekema et al. 2013, Devriese et al. 2015, Van Cauwenberghe,
Claessens, et al. 2015, Li et al. 2016). Sample contamination is a key issue within the field
of microplastics research (Wesch et al. 2017); at the time of sampling the same rigorous
contamination measures put in place today would not have been used. While historic
contamination at the time of collection cannot be completely ruled out, thorough washing
of each specimen with deionised water followed by visual examination prior to dissection
was undertaken, to remove any external microplastics which may confound results. This
study only assesses microplastic levels contained within the internal tissues of these fauna
where the chances for contamination arising from sample collection are minimal. Strict
protocols were followed in the laboratory where samples were dissected and background
controls revealed only low numbers of cellulose fibres were detected, giving confidence to
the results reported here.
Only 16 % of all the putative microplastics analysed were confirmed to be synthetic; thus
the data presented may in fact be an under estimation of ingested quantities. The majority
of particles (63 %) were identified as natural based on their FTIR spectrum despite having
a brightly coloured appearance (primarily blue or red). Other studies have found similar
results, attributing spectra to the semi-synthetic polymer Rayon, which has an almost
identical FTIR spectrum to cellulose (Lusher et al. 2014, 2015, Sadri and Thompson
2014). To conclude whether the material is natural or Rayon would require further analysis
of these particles; thus to prevent confounding our results, all cellulosic fibres (as identified
with FTIR) were discounted from this study.
Microplastics have the potential to be retained and accumulate within the bodies of biota
(GESAMP 2015). Watts et al. (2014) demonstrated that following laboratory exposure
crabs retained microplastics in their tissues for up to 14 days, while Browne et al. (2008)
found microplastics remained in the circulatory system of mussels 48 days after highconcentration exposure. The longest study of its kind evidenced that langoustine retained
microplastic fibres following low-concentration chronic exposure, which were then lost
during moult, a process occurring every 6 - 12 months (Welden and Cowie 2016). With the
exception of these studies little work has been undertaken to determine the retention times,
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clearance rates and associated influencing factors in different organisms. Microplastics
clearly have the potential to remain in the bodies of organisms which have been suggested
as a short-term sink (Güven et al. 2017) however, they may not be retained long term due
to processes of egestion.
Different environmental matrices (sediment/water/fauna) likely store microplastics
differently and while sediment and water may continually accumulate microplastics, it is
possible that organisms may not accumulate microplastics in the same quantities as in their
ambient environment. In fact it has been suggested that there may be a point at which an
organism becomes saturated (Ryan et al. 2009) and does not continue to accumulate
microplastics internally. This may explain why the abundances of ingested microplastics
remains relatively stable in this study, despite the continued inputs of plastics into the
marine environment (Jambeck et al. 2015, Geyer et al. 2017); however this is a matter
requiring further work.

4.4.5

Limitations of the study

The gap in sampling between the years 1995 - 2013 was beyond the control of the present
study. To try and overcome this and enable a more in-depth assessment of microplastic
load post-sampling break, 20 specimens from each species were analysed from the years
2013 and 2015. While the analysis of a complete time-series would be beneficial in
drawing more robust conclusions about microplastic prevalence in the deep sea; the dataset
obtained indicates stability in microplastic abundance across sampling years and additional
sampling is unlikely to reveal substantially different conclusions. Species distribution in
the deep-sea is heterogeneous (Zeppilli et al. 2016) and as such the sample sizes varied
between species and years. O. lymani dominates macrofauna assemblages in this region
(Gage 1986) enabling ≥ 10 individuals to be analysed for microplastics throughout the
time series. H. pellucidus was the next most abundant species collected by the sled trawls
(pers obs.), however specimens were absent during the years 1976 and 1990 preventing
their inclusion in the study and only a low number (n = 3) were present in 1995. It is
possible that the difference in sample numbers may have influenced overall microplastic
abundances or polymer diversity, however these years do not show such reductions, giving
confidence to the results reported. No other macroinvertebrate species occurred in high
enough abundance across the time period to be included within this study. Additional
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species and sample numbers would, of course, strengthen the dataset presented and
facilitate drawing conclusions on the multi-decadal ingestion of microplastics.

4.5 Conclusions
This unique dataset shows the long-term prevalence of microplastic pollution in the deep
sea and documents a relatively stable abundance over the last four decades. Previous
studies from marine systems have tended to provide only a snapshot in time and there is a
lack of quantitative long-term data on microplastic pollution. This study provides one such
assessment and indicates that microplastics may have been present on the seafloor at this
locality prior to 1976. Questions remain regarding the rates of vertical transport and the
dynamic processes influencing the sinking of microplastics to the benthos and we suggest
this as a future priority area. Furthermore, this study shows the merit of accessing archival
specimen collections to determine the historical presence of microplastic pollution. We
would therefore encourage those with access to such repositories to consider their
application within this field to broaden our knowledge of the long-term fate and behaviour
of microplastics within marine systems.
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5. The quantification, characterisation and temporal analysis of
microplastics deposited within sediment cores

5.1 Introduction
5.1.1 Microplastic pollution of sediments
The pollution of sediments with microplastics is a widespread and global phenomenon
(Barnes et al. 2009, Browne et al. 2011). Due to their relative accessibility, beaches have
been most studied in terms of microplastics pollution (reviewed in Van Cauwenberghe,
Devriese, et al. 2015), however microplastics are reported throughout coastal areas
including lagoons and estuaries (Thompson et al. 2004, Claessens et al. 2011, Vianello et
al. 2013, Ling et al. 2017) and subtidal sediments (Alomar et al. 2016, Frere et al. 2017).
More recently studies have emerged which document the presence of microplastics at
bathyal, abyssal and hadal depths (Woodall et al. 2014, Fischer et al. 2015, Bergmann et
al. 2017, Peng et al. 2018, Jamieson et al. 2019). Despite these reports, the global extent
and quantities of microplastics on the seafloor remain largely unknown, especially within
stratified sediments.
Understanding the prevalence of microplastics on the seafloor is necessary not only to
consider their long-term behaviour and explore whether this is a sink for microplastics but
also to understand their bioavailability to the benthic community. Numerous benthic
species are reported to ingest microplastics (Graham and Thompson 2009, Taylor et al.
2016, Courtene-Jones, Quinn, Gary, et al. 2017, Bour et al. 2018), but as yet the ambient
concentrations they are exposed to remain unclear. In the marine environment,
microplastics will likely develop biofilms and aggregate quickly with organic material
(Michels et al. 2018), which modifies the density of those particles and may facilitate their
sinking to the seafloor. Recent experimental work found phytodetrital aggregates entrained
with plastic microbeads were less mobile following deposition to the sediment than those
without such inclusions (Möhlenkamp et al. 2018). This has implications for the transport
and accumulation of microplastics as well potentially increasing the likelihood of them
being ingested along with organic matter by benthic organisms.
Due to the low oxygen levels, cold temperature, lack of UV radiation and often low
energy systems typically found in the deep benthic zone, the breakdown of plastics are
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much slower than compared to the terrestrial environment or sea surface (Andrady 2011),
leading to their accumulation. The sinking rate of microplastics to the seafloor is not well
understood; however the analysis of sediment cores offers a way to assess the long-term
deposition and historical occurrence of microplastics, as has been done with other
pollutants (Bryan and Langston 1992, Van Metre and Mahler 2005, Boonyatumanond et
al. 2007). Indeed, Willis et al. (2017) found a strong temporal trend in microplastic
deposition in cores taken from an urban estuary in Tasmania, where there was an increase
in microplastics between the years 1983 to 2004. A similar observation was found in
coastal sediments from Belgium, where the concentration of microplastics nearly tripled
between 1993 to 2008 (Claessens et al. 2011) and increases in microplastics were
identified over the last ~60 years in cores from Asia (Matsuguma et al. 2017). While the
deep seafloor has been proposed as the final sink for microplastic pollution (Woodall et al.
2014, Bergmann et al. 2017) similar temporal investigations are lagging.

5.1.3

Radiometric dating of sediments

Radionuclides have long been used to estimate the age of sediments and have a wide
application including in the study of sediment dynamics, paleoclimatic conditions and
anthropogenic induced changes (Kirchner 2011). Typically radiocarbon dating is used to
consider events occurring over the last 40, 000 years, while shorter lived isotopes, such as
lead-210 (210Pb) can be used to investigate recent events (within the last 150 years). The
time-scale of mass plastic production aligns well with the resolution obtained from

210

Pb

and therefore can be used to examine the history of microplastics within sediment cores.
210

Pb is a naturally occurring radioactive form of lead, formed from the decay of uranium

in the atmosphere as a by-product of radon gas. After 10 – 40 days

210

Pb falls out of the

210

atmosphere and once in the air-sea interface

Pb is quickly removed onto suspended

particulate matter and is deposited to the seafloor, consequently freshly deposited marine
sediments contain excess (unsupported)

210

Pb (MacKenzie et al. 2011). Sediment

accumulation and burial, with co-contaminant radioactive decay, is assumed to produce a
vertical distribution of
210

210

Pb with a systematic decrease in activity as a function of depth.

Pb has a half-life of 22.3 years, therefore recent chronologies (spanning the last 100 -

150 years) can be inferred from determining the vertical distribution of unsupported

210

Pb

in excess. If the sediment layers are undisturbed, then as the sediment ages, it loses
radioactivity. In reality, the relationship between

210

Pb and depth is confounded by
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sediment mixing processes, including biological activity, i.e. bioturbation, water currents
and sediments slips and slumps, making the dating of sediments challenging.
Caesium-137 (137Cs) and Americium-241 (241Am) are radioactive isotopes derived from
human nuclear activity. These artificially produced radionuclides were introduced to the
environment by atmospheric fallout from nuclear weapons testing and nuclear reactor
accidents. A maximum of

137

Cs and

241

Am is generally observed in the layer of sediment

corresponding to 1963 because of the peak of nuclear weapon testing occurred in the early
1960s (Hong et al. 2011) and can therefore be used to facilitate dating modern sediments.

5.1.3

Study aims

Here the abundance and polymer composition of microplastics through depth-sectioned
sediment cores from Gage Station M is examined with the following aims,
i)

It is hypothesised that there will be a negative trend between microplastic abundance

and sediment age, inferred from the depth within the sediment core. Therefore an
investigation into the abundance and polymer composition of microplastics throughout the
sediment profile is carried out.

ii)

Assess the chronology of the stratified sediment using the radioisotopes

210

Pb, 137Cs

and 241Am, to detect the onset and persistence of microplastics within the deep sea.

iii)

Quantify and compare the surface areas of microplastics extracted from different

sediment depths to examine the degradation of these particles.
iv)

Analyse microplastic concentrations with regards to environmental covariables, such

as sediment grain size, porosity and particulate organic carbon and nitrogen content, in
order to explore the relationship between microplastic deposition and sediment
characteristics.
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5.1. Method
5.2.1. Sampling location
During the 2017 research cruise DY78-79 on-board R.R.S. Discovery, three megacorer
deployments were carried out within the locality of Gage Station M (Table 5.1 and Figure
5.1).
Table 5.1. The location and depth of each of the megacorer deployments during cruise
DY078-79
SAMS Core number

Date of sampling

Latitude (°N)

Longitude (°W)

MG1697

18/05/2017

57° 18.27

10° 22.95

MG1698

18/05/2017

57° 17.88

10° 22.49

MG1699

18/05/2017

57° 17.88

10° 23.40

Figure 5.1. The location of the megacorer deployments (yellow points, n = 3) and the subbottom profiling track (black dotted line) around Gage Station M (green triangle). The
area depicted inside the hatched box is shown in the subsequent panel.
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5.2.2. QA/QC
QA/QC was implemented wherever possible while on board the research cruise. Core
tubes and rubber bungs were rinsed with deionised water prior to their use. The core collar,
stainless steel cutter and spatula used to section the sediment cores were also washed
thoroughly between each sediment section to prevent sample contamination or crosscontamination. Personnel wore nitrile gloves and where possible wore cotton coveralls,
however due to weather limitations sometimes waterproof outwear was required. Samples
of putative contaminants, such as the ropes used on the megacorer, tubes and bungs as well
as clothing were taken to be analysed alongside the microplastics samples. Laboratory
controls undertaken are detailed in section 2.2.1 and were applied throughout to limit
potential microplastic contamination

5.2.3. On board methods
5.2.3.1. Megacorer deployments and sediment processing
An OSIL megacorer was utilised to obtain sediment cores from three sites around Gage
Station M. The megacorer was rigged with six 60 cm long x 10 cm wide internal diameter
core tubes to allow for a 50 % redundancy. Following the guidelines by Narayanaswamy et
al., (2016), the megacorer was deployed at a rate of 0.8 ms-1 until 50 m from the seabed,
upon where the winch rate was slowed to 0.3 ms-1. The megacorer remained on the seabed
for 5 minutes before recovery to allow the core tubes to sink into the sediment. Hauling
rate was limited to 0.2 ms-1 for the first 50 m from the seabed then increased to a rate of 0.6
ms-1 to the surface. Once on deck the core tubes were carefully removed from the
megacorer frame and sealed with pre-cleaned rubber bungs at each end, before being
transferred to wooden stands.
The supernatant water from each of the sediment cores was carefully siphoned off so as not
to disturb any of the underlying sediment, these were passed through separate pre-cleaned
80 µm mesh gauze. The gauze was retained in a sterile sealed petri dish for later analysis.
Cores were slowly extruded from their tubes using a SAMS custom built wooden extruder
and piston. Each core was sliced using a stainless steel cutter at discrete depth intervals;
0.5 cm sections were taken for the uppermost 5 cm of sediment, 1 cm intervals between the
depths of 5 - 10 cm, and 5 cm sections were taken thereafter until the end of the core. The
extrusion of cores can lead to smearing effects at the outer edges (Chant and Cornett 1987),
thus a few millimetres from the edges of each core section were removed with a stainless
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steel spatula to avoid mixing artefacts caused by this process. Sediment horizons were
transferred to labelled clean polyethylene zip lock bags, sealed immediately and frozen at 20°C for later analysis of microplastic concentrations.

5.2.3.2. Seabed characterisation
Sub-bottom profilers are acoustic systems traditionally used to image sediment layers and
rocks beneath the seabed, providing information about the sediment thickness and
stratigraphy. In principle, these instruments work by emitting low frequency sounds which
can penetrate the seabed. Sediment structure is directly observed by measuring the time
elapsed of the received reflection of acoustic energy when it encounters boundaries of
different sediment layers (Anderson et al. 2008).
During the expedition, the sub-bottom echosounder profiling system SBP120 Kongsberg
was used to survey areas around Gage Station M. The echosounder frequency was set to
between 2.5 - 6.5 kHz and was run on burst mode (4 continuous chirps) each with 40 ms
pulse duration for improved resolution. Data was visualised in the complimentary
Kongsberg software package KM SBP OPU V1.5.3.

5.2.4. Laboratory methods
5.2.4.1. Sediment particle size analysis
Sediment samples from core B from each of the three deployments (MG1697, MG1698,
MG1699) were utilised for particle grain size analysis. Sediment was removed from the
freezer and defrosted overnight in a refrigerator at 4°C. Each sample depth (0 – 10 cm) was
physically homogenised for one minute with a clean stainless steel spatula. Next, 5 g wet
weight was subsampled from each of the sediment depths and placed into individual small
sterile zip-lock bags before being re-frozen overnight at -20°C and subsequently freeze
dried.
Subsamples of the freeze dried sediment were transferred to individual falcon tubes. To
this 5 ml of 0.2 % sodium hexametaphosphate (Calgon) dispersant and 20 ml of deionised
water was added to prevent particle coagulation, which would lead to inaccurate gain size
measurements. Samples were mixed thoroughly on a vortex mixer set at 2500 rpm for one
minute. Immediately before particle size analysis the sediment sample was vortex mixed
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again to ensure the distribution of sediment grains throughout the liquid. Grain size
analysis was preformed using a Beckman Coulter LS230 laser diffraction device equipped
with sonicator.
The Coulter LS230 employs polarization intensity differential scattering technology which
utilises three wavelengths of light (450 nm, 600 nm and 900 nm) to sequentially illuminate
the sample. The degree of scattering is measured and by analysing the differences between
the horizontally and vertically scattered light for each wavelength information is gathered
about the size of the particles within the sample. Particles within the size range 0.04 – 2000
µm can be analysed in this way (Beckman Coulter 2005). Analysis was performed in
GRADISTAT V8 software (Blott and Pye 2001) and geometric classification of the
sediment was based on the Folk and Ward method (Folk and Ward 1957).

5.2.4.2. Radiometric dating of sediment cores
Dried sediment samples from core MG1697 B were analysed for
241

210

Pb,

226

Ra,

137

Cs and

Am (Table 5.2) by direct gamma assay at the Environmental Radiometric Facility,

University College London, using an ORTEC HPGe GWL series well-type coaxial low
background intrinsic germanium detector.
at 46.5 keV, and
isotope

214

226

210

Pb was determined via its gamma emissions

Ra by the 295 keV and 352 keV gamma rays emitted by its daughter

Pb following three weeks of storage in sealed containers to allow radioactive

equilibration. The characteristic emissions at 662 keV and 59.5 keV were measured for
137

Cs and

241

Am respectively (Appleby et al. 1986). The absolute efficiencies of the

detector were determined using calibrated sources and sediment samples of known activity.
Corrections were made for the effect of self-absorption of low energy gamma rays within
the sample (Appleby et al. 1992).
Table 5.2. Summary of the different radionuclides assessed in core MG1697 B, their
atomic number, half-life and their source (Lawrie et al. 2000, Du et al. 2012).
Nuclide

Atomic number Half-life (years)

Source

137

Cs

55

30

Human nuclear activity

210

Pb

82

22.3

Uranium decay series

226

Ra

88

1600

Uranium decay series

241

Am

95

432.7

Human nuclear weapons
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5.2.4.3. Analysis of particulate organic carbon and nitrogen
Freeze dried sediment from each of the depth horizons (0 – 10 cm) from core MG1697 B
were placed into separate agate pots and ground for 3 minutes at 350 rpm in a ball mill
grinder. Representative ground subsamples (in the range 25 – 30 mg) were transferred to 2
ml glass ampoule and were weighed to four decimal places. Each of the sample depths
were analysed in triplicate. To each ampoule, 1 ml of sulphurous acid (5 – 6 %) was added
to remove the calcium carbonate portion of the sample. The samples were left to degas for
8 hours and were then stored under vacuum in a desiccator overnight. Following this, the
samples were frozen for four hours before being freeze dried overnight. The contents of
each ampoule were transferred into separate tin capsules, ensuring no sediment remained
on the internal walls of the glass vials.
The samples were then combusted using an EAS Costech 4020 Elemental Combustion
Analyser at 950°C in an oxygen rich atmosphere, which momentarily causes the
temperature to rise to 1600°C. The gas mixture is carried through the oxidation column,
which consists of chromium(III) oxide at the top of the column and silver and cobalt at the
base, on a carrier stream of high purity helium (> 99.99 %) at 1 bar of pressure. The carbon
dioxide and the various nitrogen oxides then pass through a heated (600°C) reduction
column of copper granules, which chemically reduce the nitrogen oxides to pure nitrogen.
Lastly the gas mixture, which now consists of carbon dioxide, nitrogen and water vapour
(from the oxidation of the hydrogen in the organic material), passes through a water trap
containing magnesium perchlorate.
The carrier stream of helium with the carbon dioxide and nitrogen then passes through a 3
m long gas chromatography column, and the two sample derived gases separate out due to
their different flow resistances through the column. Finally, the carrier stream of helium
with the two separated pulses of gas pass through a thermal conductivity detector which
detects the change in thermal conductivity of the sample gas compared to that of the carrier
helium gas, and registers that change as a voltage which is then recorded. The size of the
voltage change is proportional to the amount of gas; which in turn is proportional to the
amount of carbon and nitrogen in the original sample. The total run time per sample is 15
minutes.
The Elemental Combustion Analyser is calibrated by analysing a series of weighed
Acetanilide carbon-nitrogen standards which have a known percentage composition of
carbon and nitrogen. Additionally, a spirulina standard and the medium organic content
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soil standard, B2178, were also run in parallel with the sediment samples to monitor
recovery. The limit of detection was calculated using 3 x 1 SD of the mean of the blank
data.

5.2.4.4. Water content and porosity of the sediment
The volume of water and the percentage water content of each sediment sample were
calculated with equation 5.1 and equation 5.2. The density of water, 1.025 g/cm3, was
derived from CTD measurements from Gage Station M on the DY078-79 cruise. For all
calculations sediment weights are in g, volume of water is in ml and bulk density is in
g/cm3.
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟
=

Equation 5.1

(𝑤𝑒𝑡 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝑑𝑟𝑦 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑤𝑒𝑖𝑔ℎ𝑡)
𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%)
=

Equation 5.2

(𝑤𝑒𝑡 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝑑𝑟𝑦 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑤𝑒𝑖𝑔ℎ𝑡)
𝑤𝑒𝑡 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑤𝑒𝑖𝑔ℎ𝑡

The bulk density of sediment at each depth horizon was calculated using equation 5.3.
These values were then input into equation 5.4 to calculate the porosity of the sediment.
𝐵𝑢𝑙𝑘 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =

𝑤𝑒𝑡 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑤𝑒𝑖𝑔ℎ𝑡
𝑣𝑜𝑙. 𝑜𝑓 𝑐𝑜𝑟𝑒 𝑠𝑒𝑐𝑡𝑖𝑜𝑛

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (𝐹)
=

Equation 5.3

Equation 5.4

𝑣𝑜𝑙. 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟
(𝑣𝑜𝑙. 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 + (𝑑𝑟𝑦 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 / 𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦)

5.2.4.5. Extraction of microplastics from sediment cores
The entire mass of sediment obtained from each depth horizon from the cores A and C
from each of the three megacorer deployments (MG1697, MG1678, MG1699) were
assessed for microplastics. Cores were processed in a random order to prevent bias in this
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extraction phase. Sediment samples were weighed to one decimal place before and after
freeze drying. Microplastics were extracted from the sediment using the oil extraction
protocol (Crichton et al. 2017) as outlined in section 2.2.4.3. Slight modifications were
made to the method to account for the increased sediment masses. Dry sediment weights
ranged from a minimum of 9 g to a maximum of 79.6 g; and samples with a large mass
(>40 g) were divided and two separate extractions were carried out. These subsamples
(maximum of 40 g dry weight) were put into separate 250 ml conical flasks and double the
volume of deionised water was added. For subsamples greater than 25 g dry weight, 7 ml
of canola oil was added, while 5 ml of canola oil was added to sediment (sub)samples
weighing less than 25 g dry weight. The remaining steps of the protocol are as detailed in
section 2.2.4.3.
Once the extraction protocol was complete samples were filtered through individual 52 µm
mesh gauze, the gauze was transferred to lidded glass petri dishes and was examined
thoroughly three times under a dissecting microscope (Wild M5). Potential microplastics
were transferred to a 30 mm petri dish containing a 30 mm disc of filter paper (Whatman
No. 1). To remove the oil residue from the surface of the microplastics a mixture of 99 %
ethanol and 99 % isopropanol in a 1:1 ratio was used. Microplastics specific to each
sample, were transferred to a glass cavity block in which a 5 ml volume of the
ethanol:propanol mixture had been added. This was covered and incubated for 15 minutes,
before the microplastics were recovered from the solvent mixture, and returned to their
specific 30 mm petri dish and sealed for further analysis.

5.2.4.6. Identification of microplastics
The length of each microplastic particle was measured visually using the ocular scale of a
Wild M5 dissecting microscope. The polymeric composition of potential microplastics
were analysed using a Perkin-Elmer FTIR spectroscope as detailed in section 2.2.5.
Putative contaminants from the ship and laboratory QA/QC procedures were also analysed
with FTIR. Spectra were visualised in OMNIC 9 (Thermo Fisher Scientific Inc.) software.
The polymeric identity of the microplastics was determined with use of the inbuilt
Hummel polymer library and the custom-built UWS/SAMS and AWI reference libraries
(Primpke et al. 2018); additionally, the characteristic functional group signals from each
spectra were manually examined.
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5.2.4.7. Scanning Electron Microscopy
A sub-sample of synthetic fibres (n = 3) isolated from each of the depth intervals: 0 - 1 cm;
4 - 5 cm; 7 - 8cm; 9 - 10 cm were imaged with SEM. The microplastics were sputter coated
with gold-palladium and imaged using a JOEL JSM-6390 SEM with a 20 kV electron
accelerating velocity. A series of images were taken of each microplastic, ensuring an 80
% overlap with the previous image taken, which is necessary for subsequent
photogrammetric analysis.

5.2.4.8. Three-dimensional microplastic reconstruction and surface area quantification
Three-dimensional reconstruction of the fibres based on SEM images were performed
using Agisoft Photoscan Professional V1.2.6 photogrammetry software (Agisoft LLC) as
detailed in section 3.2.6. Photogrammetry reconstructions were successful for all three
fibres from the depths 9 – 10 cm, 4 – 5 cm and 0 – 1 cm. Only two of the fibres were
successfully rendered from the depth 7 – 8 cm, despite additional SEM images being taken
to assist in the model alignment. The length and diameter of each fibre were calculated
using ImageJ (Rasband 1997) and were used to calculate the surface areas for a half
cylindrical object with the specific dimensions. These provided ‘baseline’ values for
smooth fibres, which were compared to the measured surface areas derived from
photogrammetry (for further details see section 3.2.6).

5.2.5. Statistical analyses
Due to the lack of standardised methods to report the quantities of microplastics in
sediments, here efforts have been made to report microplastic abundances for a range of
units to facilitate comparison with other published studies. In this study, the confirmed
microplastics were enumerated and normalised by a) the wet weight (MP/g w.w), b) the
dry weight (MP/g d.w.) and c) the volume (MP/cm³) of each sediment horizon.
Data were tested for normality and homogeneity of variance using the Shapiro-Wilk and
Bartlett tests, and were log10 transformed where necessary to meet these criteria. All
analyses were performed in R studio V 1.1.383 (R Core Team 2016), with the use of the
packages ggplot2 (Wichkham and Chang 2016), permute (Simpson et al. 2016), lattice
(Sarkar 2018) and vegan (Oksanen et al. 2018).
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5.2.4.1. Analysis of microplastic abundance and polymer types across depth and the
relationship to environmental variables
To investigate the relationship between sediment depth and the number of microplastics
normalised by wet weight, dry weight and cm3 sediment Pearson’s correlation coefficients
were used. Microplastic sizes were grouped into 0.5 mm intervals and Pearson’s
correlation coefficient was computed to identify if there was a relationship between
microplastics size and abundance.
To investigate differences in the abundance of polymer types across sampling depths a
series of one-way analysis of variance (ANOVA) tests were performed for data normalised
by wet sediment weight and dry sediment weight. Wet weight sediment data for polyester,
PAN and PP were log10 transformed to meet the criteria for the parametric ANOVA.
Considering the data normalised by dry weight; polyester was log10 transformed, however
PAN and PP failed to meet the criteria for parametric statistics, therefore Kruskal-Wallis H
tests were used for these polymer types. Other polymers were not present in sufficient
numbers to perform this analysis.
To consider the relationship between microplastics abundance and environmental data,
namely sediment porosity, POC and PON, a series of person correlation coefficients were
computed.

5.2.4.2. Analysis of polymer diversity
The Shannon-Weiner diversity index (H’) was utilised to compute the diversity of
polymers at different sediment depths (based on MP/g d.w. polymer type data), and the
relationship between the diversity index and sediment depth was then examined with
Pearson’s correlation coefficient. Additionally, hierarchical cluster analysis based on
average group linkage of Bray-Curtis dissimilarity was performed to examine the
similarity between polymer types and their abundance at different sampling depths.

5.2.5.1. Comparison of surface area
Data failed to meet the criteria for parametric statistics, therefore the surface area of each
fibre derived from photogrammetry methods were compared to the baseline surface areas
using a Wilcoxon signed rank test. To explore whether the ratio of observed to baseline
122

Chapter 5: Microplastics deposited within sediment cores
varied across the depths a Kruskal-Wallis H test was used and this relationship was further
investigated with Pearson’s correlation coefficient.

5.3. Results
5.3.1. Seabed character
The sub-bottom profiler revealed relatively consistent parallel horizontal stratification in
the uppermost 40 – 60 m of sediment (Appendix F), which indicates the likely continuous
and homogenous deposition of sediments in this region and the absence of sediment
slumps.

5.3.2. Particle grain size
Using the geometric grain size obtained from the Folk and Ward sediment classification
system, the major sediment type from each of the megacorer deployments was ‘sandy silt’.
Two of the horizons were classified as silt, due to their small particle size; these
correspond to 4.0 - 4.5 cm depth for core MG1697, and the 1.0 - 1.5 cm depth horizon for
core MG1699. Grain size remained relatively consistent throughout the core (Figure 5.2)
and there was little particle size sorting across the depth profile, indicated by sorting values
(σI) of 1.77 – 2.83, where values of > 4 indicate extremely poorly sorted, and < 0.5 indicate
well sorted sediments.
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Figure 5.2 The mean geometric particle size (µm) classified according to the Folk and
Ward method for each sampling station across the depth profile.

5.3.3. Radiometric dating
5.3.3.1.

210

Pb activity

The equilibrium depth of total

210

Pb activity with supported

~5.0 cm of the core MG1697 B. Unsupported
226

Ra activity (as supported

210

210

Pb) from total

210

Pb activity is reached at

Pb activities, calculated by subtracting
210

Pb activity, decline more or less

exponentially with depth in the top 3.0 cm sediments (Figure 5.3) suggesting relatively
uniform sedimentation rates. However, below this depth the decline in activity departs
from the exponential trend, implying changes in the sedimentation rates (Table 5.3).
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Figure 5.3. Fallout radionuclide concentrations through the sediment profile of core
MG1697 B showing (a) total 210Pb and the supported 210Pb as indicated by the red line; and
(b) the unsupported

210

Pb activity through the sediment profile. Error bars show standard

deviation.

5.3.3.2. Artificial fallout radionuclides
Detectable

137

Cs activity was present at a depth of 2.5 cm and a low

241

Am activity was

also detected in the surface sediment, at a depth of 0.5 cm (Figure 5.4). These signals may
be derived from the fallout of atmospheric testing of nuclear weapons which was at its
maximum level in 1963 (Warwick et al. 2001, Hu et al. 2010). There is a mismatch in the
sediment depths from which signals of these artificial radionuclides were detected,
however the peak of 137Cs at a depth of 2.5 cm supports the core chronologies presented in
section 5.3.3.3.
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Figure 5.4. The activity of the fallout radionuclides

137

Cs (solid line) and

241

Am (dotted

line) through the sediment core. Error bar denotes standard deviation.

5.3.3.3. Core Chronology
Irregular changes in unsupported

210

Pb activities of the core precluded the use of the

constant initial concentration (CIC) dating model and instead the 210Pb chronologies were
calculated using the constant rate of

210

Pb supply (CRS) dating model (Appleby and

Oldfield 1978, Appleby 2001). The model assumes that the flux of excess

210

Pb deposited

to the sediment-water interface is constant over time, and that there is no post depositional
mobility of

210

Pb except for physical or biological mixing of sediments (Arias-Ortiz et al.

2018). The CRS chronologies and sedimentation rates are shown in Table 5.3 and Figure
5.5.
The sedimentation rate varied from 0.009 cm y-1, to 0.055 cm y-1, with mass accumulation
rate increasing from 0.007 g cm-2 y-1 in the deeper layers (dated to the 1890s) to a peak of
0.0348 g cm-2 y-1 at a depth of 3.25 cm (dated from the mid-1940s). Through the top 3.25
cm there was little change in sedimentation rates (Table 5.3). Simple calculations based on
the sedimentation rate and the commencement of mass plastic production in the 1940s,
indicates that plastics should only be present to a maximum depth of 4 cm; which is
supported by the 210Pb derived chronologies.
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Table 5.3. The sedimentation rate, mass accumulation rate (MAR) and

210

Pb chronologies

calculated using the CRS dating model of core MG1697 B.
Depth

Dry mass

Date

Age ± SD

MAR

Sedimentation rate

(cm)

(g cm-2)

(AD)

(years)

(g cm-2 yr-1)

(cm yr-1) ± SD (%)

0.00

0

2017

0

0.25

0.1032

2013

4±2

0.0238

0.055 ± 9.8

0.75

0.3248

2003

14 ± 2

0.0218

0.046 ± 10.9

1.25

0.5732

1993

24 ± 2

0.0268

0.050 ± 11.6

1.75

0.8618

1983

34 ± 3

0.0332

0.052 17.0

2.25

1.2082

1972

45 ± 4

0.0311

0.042 ± 22.2

2.75

1.6079

1958

59 ± 6

0.0270

0.035 ± 25.0

3.25

1.9763

1946

71 ± 8

0.0348

0.048 ± 40.2

3.75

2.3305

1931

86 ± 11

0.0166

0.023 ± 43.6

4.25

2.7107

1898

119 ± 25

0.0070

0.009 ± 83.4

20

40
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Age (yr)
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0

Figure 5.5. Radiometric chronology of core MG1697 B, showing the CRS model

210

Pb

dates in years, depicted by the solid line with error bars denoting standard deviation, and
the mass accumulation rate of sediment (g cm-2 y-1) is shown by the dashed line.

5.3.4. Particulate organic carbon and nitrogen
Carbon is buried in sediments in the form of particulate organic carbon (POC), here the
POC profile is typical for that of deep sediments (Suess 1980, Gehlen et al. 1997). The
percentage weight of POC is highest in the surface layers indicating newly deposited
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sediments, thereafter POC decreases with depth before an increase and plateau is observed
between 7 – 10 cm (Figure 5.6). PON decays faster than POC in the environment, and so
values for PON are lower. A more complex pattern is observed where PON enrichment is
noted at depths of 1.5 – 2 cm, and increases steadily deeper than 7 cm (Figure 5.6).

Mean weight (%)
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Figure 5.6. The mean percent by weight of particulate organic carbon (POC) (square
markers) and particulate organic nitrogen (POC) (circular markers) through the sediment
profile (n = 3). Error bars show standard deviation.

5.3.5. Water content and porosity of the sediment
The water content decreases across the depth profile (Figure 5.7a), as expected. Porosity
shows a more irregular pattern, however a general trend of decreasing porosity with
increasing depth is observed (Figure 5.7b), as particles are consolidated.
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a)

b)
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Figure 5.7 a) The water content as a percentage and b) the sediment porosity across the
depth profile.

5.3.6. Quantifying microplastics in the sediment cores
5.3.6.1. Microplastic identification and characterisation
Of the 361 putative microplastics that were analysed with FTIR, 140 were identified as
synthetic polymeric material (39 %), 180 as natural material (50 %), and 16 yielded
unusable spectra (4 %). Additionally, 24 particles (7 %) could not be scanned due to
problems transferring them to the gold slide owing to their small size, or they were lost
(electrostatic charges can cause particles to be repelled from the slides), and one particle
could not be assigned to a material based on its FTIR spectrum.
All microplastics identified were secondary in their origin, either fibres (n = 124, 89 %),
fragments (n = 14, 10 %), or pieces of film (n = 2, 1 %) with no spheroids or pellets
present; examples are shown in Appendix G. The majority of putative microplastic
fragments were identified as calcium carbonate when analysed with FTIR (n = 6, 38 %)
emphasising the challenges and the potential for false-positive results when visually
identifying microplastics.
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A total of 11 synthetic polymers were identified, polyester was the most abundant
constituting 80 % of the polymeric material, followed by polypropylene (6 %) (Figure 5.8).
A number of copolymers were also identified, e.g. co-alkyd, co-ABS and co-polyester,
these materials had distinct spectral peaks corresponding to alkyd, ABS and polyester
respectively, however additional peaks were also present indicating the presence of other
monomer units/polymers, hence their classification as co-polymers (Scott and Penlidis
2017).
1% 1% 1%1% 1%
6%

1%
4%

1%
3%

80%

ABS
co-polyester
PP

co-ABS
PAN
PS

co-Alkyd
PA
PVC

alkyd resin
polyester

Figure 5.8. The overall proportions, as percentages, of microplastic polymers found
throughout the sediment profile (co-ABS = acrylonitrile butadiene styrene copolymer; copolyester = polyester copolymer; ABS = acrylonitrile butadiene styrene; PVC = polyvinyl
chloride; PAN = polyacrylonitrile; co-alkyd = alkyd copolymer; PP = polypropylene; PS
= polystyrene; PA = polyamide)

Microplastic particles ranged in size from 0.06 mm to > 12 mm (Figure 5.9). Smaller
particles sizes were most abundant and 90 % of the confirmed microplastic particles were
smaller than 2.5 mm in diameter. By grouping particle sizes into 0.5 mm intervals, a
significant negative correlation was identified between the abundance of microplastics and
their increasing size (Pearson’s ƿ, r = - 0.778, p = 0.001).
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Figure 5.9. Size distribution of microplastic particles isolated from the sediment cores.
The vertical dashed line indicates the upper limit of the size range for ‘microplastics’.

5.3.5.2. Microplastic abundance across sediment depths
Microplastics were found to be pervasive in all sediment cores and present down to a depth
of 10 cm, the maximum depth examined within this study. However, abundances were
seen to vary slightly between the different sediment depths and according to whether data
were normalised by wet or dry sediment weights (Figure 5.10).
The greatest abundance of microplastic/g w.w. sediment was at a depth of 4.0 – 4.5 cm
(mean ± SD: 0.120 ± 0.044 MP/g w.w.), however this occurred in the top 0.5 cm for dry
weight sediments (mean ± SD: 0.197 ± 0.129 MP/g d.w.) and at a depth of 4 – 4.5 cm
when normalised by volume (mean ± SD: 0.076 ± 0.062 MP/cm-3). Mean abundance was
lowest at a depth of 8 – 9 cm when normalised by wet weight (mean ± SD: 0.014 ± 0.007
MP/g w.w.) dry weight (mean ± SD: 0.197 ± 0.129 MP/g d.w.) and volume (mean ± SD:
0.022 ± 0.012 MP/cm-3). Data are summarised in Table 5.4 and Appendix H.
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Abundance of microplastics/g sediment
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Figure 5.10. The mean abundance of microplastics/g of wet weight (w.w.) sediment (shown
in grey) and dry weight (d.w.) sediment (shown in black) at each depth interval averaged
across all sediment cores (n = 6); error bars show standard deviation

A negative trend was observed between sediment depth and the number of microplastics
isolated (Figure 5.11). This was shown to be significant when microplastic abundance was
normalised by dry weight sediment (Pearson’s ƿ, r = -0.420, p = < 0.001) but not when
normalised by wet weight sediment (Pearson’s ƿ, r = -0.166, p = 0.194) or per cm3 of
sediment (Pearson’s ƿ, r = -0.199, p = 0.118).
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a)

b)

c)

Figure 5.11. The abundance of microplastics a) per g wet weight sediment; b) per g dry
weight sediment and c) by sediment volume (cm3) at each sampling depth. The black line in
each plot illustrates the linear relationship between microplastics and depth. Note that yaxis scales differ in each plot.
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Table 5.4. Quantitative summary of the abundance of microplastics and the polymer
diversity (Shannon-Weiner Index (H’) based on MP/g d.w. data) at each depth interval for
the three core deployments combined. Mean microplastic abundance is normalised by the
sediment wet weight (w.w.), dry weight (d.w.), and volume (cm3). Values after the ± are
standard deviations.
Sediment

Mean MP/g

Mean MP/g

Mean MP/cm³

Polymer

depth (cm)

w.w.

d.w

0.0 - 0.5

0.033 ± 0.016

0.197 ± 0.129

0.066 ± 0.039

1.357

0.5 - 1.0

0.037 ± 0.027

0.110 ± 0.079

0.051 ± 0.036

0.670

1.0 - 1.5

0.026 ± 0.017

0.067 ± 0.047

0.041 ± 0.023

0.552

1.5 - 2.0

0.026 ± 0.016

0.063 ± 0.039

0.041 ± 0.023

0.000

2.0 - 2.5

0.032 ± 0.021

0.072 ± 0.046

0.045 ± 0.024

0.000

2.5 - 3.0

0.024 ± 0.014

0.050 ± 0.030

0.034 ± 0.015

0.690

3.0 - 3.5

0.025 ± 0.008

0.054 ± 0.016

0.041 ± 0.014

0.000

3.5 - 4.0

0.033 ± 0.023

0.070 ± 0.050

0.051 ± 0.029

0.634

4.0 - 4.5

0.051 ± 0.044

0.106 ± 0.090

0.076 ± 0.062

0.630

4.5 - 5.0

0.039 ± 0.020

0.077 ± 0.040

0.057 ± 0.024

1.267

5.0 - 6.0

0.018 ± 0.010

0.038 ± 0.021

0.025 ± 0.013

0.986

6.0 - 7.0

0.035 ± 0.017

0.070 ± 0.033

0.054 ± 0.024

1.055

7.0 - 8.0

0.020 ± 0.009

0.039 ± 0.018

0.032 ± 0.016

1.312

8.0 - 9.0

0.014 ± 0.007

0.025 ± 0.013

0.022 ± 0.012

0.672

9.0 - 10.0

0.025 ± 0.017

0.047 ± 0.033

0.038 ± 0.022

1.009

diversity (H’)

Next assessments of the different polymer types were undertaken; variation was observed
in the relative abundances of microplastic polymers across the sediment depth profile
(Figure 5.12). Polyester was ubiquitous to all sediment depths; however others, such as
ABS, PS and PVC were only contained within a single depth interval (7 - 8 cm, 2.5 - 3 cm,
0 - 0.5 cm, respectively). To further investigate these intra-polymer differences across
sampling depth, analysis of variance was performed. No statistical differences were found
in the abundance of microplastic/g w.w. between sampling depth for polyester (F = 1.16, df
= 14, p = 0.340), PP (F = 0.266, df = 3, p = 0.852) or PAN (F = 13.29, df = 4, p = 0.203).
Next considering abundance of microplastic polymer/g d.w. sediment, again no statistical
differences were identified across sample depth for PP (H = 3.8, df = 3, p = 0.284) or PAN
(H = 4.857, df = 4, p = 0.302). Statistically significant differences were apparent however
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when analysing the abundance of polyester/g d.w. sediment (F = 2.32, df = 14, p = 0.018);
explained by a significant difference between its abundance at 8 - 9 cm and 0 - 0.5 cm
depth (p = 0.002).
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Figure 5.12. The mean abundance of polymer types per gram of dry weight sediment across the sediment profile for all cores (n = 6). Error bars show
standard deviation and the star indicates significant differences (p = ≤ 0.05) between quantities. (co-ABS = acrylonitrile butadiene styrene copolymer;
co-polyester = polyester copolymer; ABS = acrylonitrile butadiene styrene; PVC = polyvinyl chloride; PAN = polyacrylonitrile; co-alkyd = alkyd
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Computing polymer diversities, based on the Shannon Weiner diversity index (H’), for
each dry sediment horizon yielded interesting results (Figure 5.13 and Table 5.4). The
polymer diversity was found to be greatest in the top 0.5 cm of sediment (H’ = 1.357),
however, this data point may be an outlier as overall a positive but not significant trend
was observed in the polymer diversity with increasing depth (Pearson’s ƿ, r = 0.364, p =
0.182).

Figure 5.13. The diversity of polymers, based on the calculated Shannon Weiner diversity
index (H’) calculated from the abundance of microplastics polymers/g d.w. across
sediment depths. The red line shows the linear regression between the two variables.

To further explore these depth-specific difference, hierarchical cluster analysis based on
the average group linkage of Bray Curtis dissimilarity for polymer type and abundance
normalised by sediment dry weight was undertaken (Figure 5.14). The dendrogram shows
that the depth 0 – 0.5 cm is dissimilar from the other sampling depth (< 30% similar to
other groups), which is also supported by the H’ diversity. The depths of 2.5 – 3 cm, 7 - 8
cm and also 8 - 9 cm, do not fall within a cluster, indicating these are distinct and lack
similarity in their polymer composition and abundance to other depths. While little pattern
is observed between the other depths, one cluster showing ~90 % similarity is observed
between the depths 1.5 - 2 cm, 2 - 2.5 cm and 3 - 3.5 cm which is explained by the sole
presence of polyester.
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Figure 5.14. Hierarchical dendrogram, based on the average group linkage of Bray Curtis
dissimilarities, depicting the percentage similarity of polymer composition and abundance
between sediment depths. The shaded box illustrates a grouping with 90 % similarity.

5.3.5.3. Relationship between microplastics abundance and environmental variables
The environmental variables POC, PON and sediment porosity were investigated to
explore their relationship with the abundance of microplastics. No correlation was found
between the abundance of microplastics and PON (Pearson’s ƿ, r = -0.132, p = 0.639) or
POC (Pearson’s ƿ, r = 0.388, p = 0.153). A significant positive relationship was identified
between microplastics abundance and sediment porosity (Pearson’s ƿ r = 0.672, p = 0.006).

5.3.5.4. Quantification of microplastic surface area
SEM imaging showed the microplastics extracted from the sediment had cracks and pits on
their surface (Table 5.5). The measured surface area of the fibres were shown to be
significantly greater than the theoretical baseline values (p = < 0.001). Computing a ratio
between measured and theoretical values indicated that measured surface areas were on
average 1.70 ± 0.90 SD times greater than baseline values and this was more pronounced
for fibres deeper within the core (Figure 5.15). The mean ratio of measured surface area
relative to the baseline for fibres extracted from a depth of 0 – 1 cm was 1.24 ± 0.788 SD,
while this increased to a ratio of 2.487 ± 1.753 for fibres extracted from a depth of 9 – 10
cm. These difference were not found to be significant (H = 3.454, df = 3, p = 0.327), nor
was there a correlation between depth and the surface area ratio (Pearson’s ƿ, r = 0.472, p
= 0.143). It is noted, that baseline values are only estimates and in this case values were
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calculated for a half cylinder, as the fibres appeared cylindrical in the SEM images, rather
than rectangular.

Mean ratio of observed:baseline
surface area
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Figure 5.15. The mean ratio of observed to baseline surface areas for each sediment depth
(n = 3 for all depth except 7 – 8 cm where n = 2). Error bars show standard deviation.
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Table 5.5. SEM images of microplastic fibres isolated from the sediment cores at the depth ranges of 0 - 1 cm, 4 - 5 cm, 7 - 8 and 9 - 10cm.
An 18 kV accelerating velocity and spot size of 52 was used, with variable magnification and working distance (13 – 15) as noted in each picture.
0 – 1 cm

4 – 5 cm

7 – 8 cm

9 - 10 cm
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5.4. Discussion
5.4.1. The distribution of microplastics throughout the sediment profile
Here, microplastics are documented throughout the upper 10 cm of the sediment core
which was the maximum depth investigated in this study. The majority of published
studies have only considered microplastics pollution within the surface of sediments. The
data from the Rockall Trough (0.196 MP g-1 / 196.730 MP kg-1 in the top 0.5 cm) are
similar to those reported in numerous studies of coastal sediments (Claessens et al. 2011,
Clunies-Ross et al. 2016, Frias et al. 2016), but are much lower than quantities in deep
Arctic sediments (up to 6595 MP/kg) (Bergmann et al. 2017), illustrating the
heterogeneous spatial distribution of microplastics. Interestingly, the observed surface area
of microplastics showed a greater departure from the pristine theoretical values with
increasing sediment depth. This may indicate that the microplastics deeper within the
sediment are more degraded than particles in surface layers, and infer they have been
present in the environment for longer periods, however as yet there are no reliable methods
to accurately age plastics from environmental samples.
Enumerated microplastics varied between the sediment horizons and a general negative
trend was identified between the abundance of microplastics and increasing sediment
depth, as hypothesised. This was found to be significant when microplastic abundance was
normalised by dry weight of the sediment horizon. There are limited data on the
distribution of microplastics through sediment cores but these generally corroborate the
findings presented here. Within sediments from the Irish continental shelf, microplastics
were confined within the upper 3.5 ± 0.5 cm, and their abundance decreased over this
depth range (Martin et al. 2017). Matsuguma et al. (2017) also reported a marked decrease
in the abundance of microplastics through core profiles from Asia and Africa, by as much
as a seven - fold decrease from horizons dated from the 1900s as found in the surface layer
dating from the early 2000s. In samples from Malaysia microplastics were isolated from
depths of up to 50 cm while in Thailand the maximum depth was 12 cm (Matsuguma et al.
2017). The maximum burial depth will depend partly on sedimentation rate, which varies
widely between locations.
Based on the sedimentation rate in the North Atlantic including areas of the Rockall
Trough, 4.4 – 6.5 cm kyr-1 (Thomson et al. 2000), microplastics were expected to be
located within the top few centimetres of the sediment core only. This was supported by
the spike in 137Cs activity at ~2.5 cm indicating sediments located shallower than this have
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been deposited within the last 50 years, a timescale similar to the mass production of
plastics.

210

Pb activities persist to a depth of ~4.5 cm, where sediment is estimated to date

from 1898, long before the production of plastics. It was therefore unexpected to find
plastics distributed throughout the core. Some care is needed when interpreting dates
derived from

210

Pb data, as a number of assumptions are made when utilising this method

and dating models (Appleby and Oldfield 1978, Arias-Ortiz et al. 2018), however the dates
generated from the two independent radionuclides (137Cs and
confidence to the data. Unsupported

210

210

Pb) agree, giving

Pb activities declined more or less exponentially

through the uppermost 3.5 cm of sediment, whereupon the signal departed from this
exponential trend. This could indicate a variation in the sedimentation rate as observed in
the data presented above, but also almost certainly indicates the presence of localised
physical/biological mixing (Arias-Ortiz et al. 2018).
It has been estimated that most particles that sink to the seafloor are displaced a few times
by fauna prior to their more or less permanent burial (Wheatcroft 1992). Benthic species
interact with the upper layers of sediment during feeding and movement, and on a global
scale sediment mixing occurs to a depth of 5.75 ± 4.67 cm (Teal et al. 2008). In the Feni
drift, a region of the Rockall Trough to the south-west of Gage Station M, the surface
mixed layer was recorded to a maximum depth of 14 - 16 cm, and to a depth of 17 cm on
Rockall Bank (Thomson et al. 2000). This may be attributed to the presence of large
burrowing species from the taxonomic groups Sipuncula, Echiuria and Aplacophora which
live at depth inside burrows and can contribute to sediment reworking and the drawing
down of organic matter (Hughes et al. 2005). The diverse benthic community at Gage
Station M has long been studied (Gage 1986), here polychaetes are numerically dominant
(Gage et al. 1980, Gage 1986, Davies et al. 2006) and as such bioturbation is a feature of
this region (Howe 1995, Masson et al. 2002); indeed, well-preserved burrows were
observed within some of the sediment cores used in this study. Species of polychaetes,
such as those belonging to the order Echiuria inhabit burrows and feed at the surface of the
sediment while defecate at depth (Haywood and Ryland 1990). The ability of benthic
organisms to transport microplastics through the sediment profiles have been demonstrated
in the laboratory (Näkki et al. 2017), and in the context of the study area offer a plausible
mechanism of vertical transport.
A further explanation for the occurrence of microplastics throughout the core is due to the
sediment regime. The enrichment of POC and PON at a depth of ≥ 7 cm could indicate
changes in the lithology of the region, for example a sediment slip or slump, which would
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cause a sharp alteration in sediment characteristics and the redistribution of materials
contained within them. This process is not supported by the sub-bottom profiler data which
shows clear horizontal stratification, or by the particle size analysis which remains
relatively consistent throughout the profile. Generally locations dominated by fine grained
sediments are areas where there is little effect of bottom currents and therefore limited
sediment transportation, i.e. these regions are relatively static, which is upheld by the wellstudied physical oceanography of the Rockall Trough (Holliday et al. 2015). Furthermore
microplastic abundance has been shown to significantly correlate with fine sediments (63
µm particle size) and negatively correlate with coarse sediments (1000 µm) (Ling et al.
2017).
Porosity is expected to decrease as a function of depth due to the consolidation of sediment
particles (Reimers et al. 1992). While a general decrease is observed over the sediment
core, sediment lying at a depth of 3 cm show a sharp reduction in their porosity and a
gradual increase is observed between 8 to 10 cm. There was a significant positive
relationship between the abundance of microplastics and sediment porosity, such a
relationship was not identified for measures of organic matter (POC, PON). This may
indicate that microplastics can be redistributed by pore waters or between sediment grains
in less consolidated materials. Previously, relationships have been identified between
microplastic abundance and organic matter (Alomar et al. 2016), and with chlorophyll-ɑ
(Bergmann et al. 2017), while in the case of the latter study no association was found with
other environmental parameters (porosity, water depth, POC, phospholipids).
Finally, while utmost care was taken to avoid sample contamination with ambient
microplastics, this could be a further explanation for the presence of microplastics at such
depths. Laboratory controls (TLS and atmospheric) did not show the presence of synthetic
polymers from laboratory procedures and thorough cleaning of sampling equipment was
undertaken on the ship. However, contamination remains one of the most challenging
aspects of microplastics science and is difficult to irrefutably exclude (Wesch et al. 2017).

5.4.2. Polymer composition
Utilising FTIR spectroscopy, a diverse range of synthetic polymers (n = 11) were identified
within the sediment cores (total sediment volume analysed amounted to 4710 cm3 / 3.67
kg). This is somewhat lower than the 18 polymers identified in deep Arctic sediments
(unknown total volume of sediment) (Bergmann et al. 2017), but greater than the five
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synthetic polymers identified from just 290 ml of sediment taken from areas around
Southern Europe (Sanchez-Vidal et al. 2018).
Polyester was ubiquitous to all sampling depths and supports the widespread occurrence of
this polymer in environmental samples (Browne et al. 2011, Sanchez-Vidal et al. 2018).
The majority of polymers were distributed more sporadically through the core, however
PVC was confined only to the uppermost 0.5 cm, and polyamide and polypropylene were
only present deeper than 3.5 cm and 4 cm respectively. Due to the low number of particles
recovered of each polymer type more meaningful data are presented when considering the
entire polymer ‘community’ at each depth interval. Polymer diversity, based on the
Shannon Weiner index (H’), was highest in the uppermost half centimetre of sediment.
This is not surprising, as freshly deposited material collects here, indicated by the higher
POC and PON values. Interestingly, while not significant, there was an overall positive
trend observed between polymer diversity with increasing depth; a pattern not identified in
previous coring studies (Martin et al. 2017, Matsuguma et al. 2017).
The majority of the polymeric material had densities greater than seawater, such as
polyester, PA, PVC, PAN and alkyd resin; these high density polymers are found
extensively within sediments worldwide (Browne et al. 2011, Bergmann et al. 2017). Here,
non-expanded PS (1.04 g cm-3) and ABS (1 - 1.1 g cm-3) which are neutral or only slightly
denser than seawater and also the positively buoyant polymer PP (0.8 g cm -3) were isolated
between 0 and 7 cm depth, however no pattern was found between depth and the buoyant
polymers. The water overlying the sediment cores were sampled to determine the
abundance of microplastics contained within the waters directly above the sediment and
compare the polymer composition to the sediment. However, due to equipment failure
water samples could not be analysed spectroscopically which therefore prohibits the
inclusion of these data within the thesis.

5.4.3. Challenges of standardisation and the reporting of microplastic abundance
Currently there is no standard reporting unit of microplastic quantities. While the majority
of studies (33 %) express numbers of microplastics per gram of dry weight sediment (Gago
et al. 2018), which seems most appropriate given differences between the porosity and
water content of sediment, a wide range of other units are used within the published
literature. These include MP/kg (Blumenröder et al. 2017), MP/g (Alomar et al. 2016),
MP/ 10 g sediment (Mathalon and Hill 2014), MP/cm2 (Imhof et al. 2013), MP/m3 (Sadri
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and Thompson 2014), MP/ml (Ling et al. 2017) and MP/50 ml sediment (Sanchez-Vidal et
al. 2018), indicating the profound challenges when comparing datasets.
In the present study, efforts were made to report data in different units to facilitate their
comparison, however different results were obtained when normalising the number of
microplastics by sediment wet weight, dry weight or by the volume sampled. This is
somewhat unsurprising given the potential for biases associated sediment grain sizes, water
content and sediment porosity between depth horizons. A significant trend was identified
between sediment depth and microplastics when normalised by dry weight, but this was
not significant for wet weight or sediment volume and as such may yield differing
conclusions. To the author’s knowledge no such direct comparison has been made
previously between these three reporting units, and it is demonstrated that awareness is
needed to prevent confounding results and to appropriately interpret other published
studies.
Efforts are being made to standardise and harmonise sampling, processing techniques and
reporting of microplastics in sediments through the collaborative European Joint
Programming Initiative BASEMAN project. In their latest report recommendations were
made to present data normalised by one of the following five units, and wherever possible
authors were encouraged to report multiple units (Frias et al. 2018).
a) Number of microplastics per area (e.g. km-2 / m-2)
b) Number of microplastics per volume (e.g. m-3)
c) Number of microplastics per mass (e.g. kg-1 dry sediment)
d) Mass of microplastics per area (g of microplastics km-2)
e) Mass of microplastics per volume (g of microplastics L-1 / cm-3)
Based on the results obtained in this study, the necessity for accurately considering a
number of different units is apparent and can aid with the comparison with other published
data.

5.5. Conclusion
The seafloor has previously been suggested to accumulate microplastics and published
studies have documented high concentrations on the deep seafloor (Woodall et al. 2014,
Bergmann et al. 2017). While the values reported here for the uppermost sediment horizon
are in the same order as other benthic studies (reviewed in Lusher, 2015) they are generally
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lower than reported in other deep-sea locations (Bergmann et al. 2017, Peng et al. 2018). It
was expected that microplastics would only be found within the top few centimetres of the
sediment, which would reflect the sediment analyses undertaken (137Cs,

210

Pb,

sedimentation rate). However this was not found to be the case and microplastics were
distributed throughout the top 10 cm of the sediment cores investigated. A significant
negative trend was identified between the abundance of microplastics/g d.w. sediment and
depth, while the polymer diversity increased (not significantly) through the profile. The
abundance of microplastics had a significant positive correlation with sediment porosity
but no relationship with the organic matter content (POC, PON).
Questions remain as to how a relatively recent ‘tracer’ i.e. microplastics are present
throughout the core while

210

Pb activities are confined within the first ~5 cm. Analysing

deeper layers of the core (> 10 cm) may yield more information however this was not
possible due to the loss of resolution in deeper sections (sediment was only sliced in 5 cm
intervals). Within the Rockall Trough, bioturbation may play a key role in the distribution
of microplastics to depth and more work is required to elucidate its effect. It is likely that a
combination of local sediment dynamics, bioturbation and other processes potentially not
yet defined may influence the distribution of microplastics, making their transit within
sediments complex to conceptualise, yet a much needed area for further investigation.
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6. Connecting surface to seafloor: Lagrangian modelling of the transit
and distribution of microplastics in the central Rockall Trough

6.1 Introduction
Plastic pollution is widely regarded to be a pervasive pollutant present throughout the
natural environment (Lusher 2015, Horton, Walton, et al. 2017, Peeken et al. 2018). As
evidence of the magnitude and potential impacts of microplastics grows, it is increasingly
important to understand their spatial and temporal distribution in the world’s oceans.
Microplastics arise from a myriad of sources, however major land-based release pathways
have been identified to include wastewater treatment plant effluent and storm water drains
(Murphy et al. 2016, van Wezel et al. 2016). Regardless of its input source, the distribution
of plastics at the sea surface is mainly driven by physical ocean processes, such as Ekman
drift and ocean currents. These processes have led to the accumulation of plastics and other
debris in the five subtropical gyres (Lebreton et al. 2012, Maximenko et al. 2012, van
Sebille, Wilcox, et al. 2015), with an additional plastic accumulation zone hypothesised to
form in the Arctic ocean (Cózar et al. 2017).
Microplastics behave differently compared to macroplastics (Chubarenko et al. 2016),
where small plastic particles have been shown to lose buoyancy faster than larger items
and thus sink more rapidly (Fazey and Ryan 2016). The distribution of small microplastic
particles may therefore be influenced by different physical, chemical and biological
processes (Wang et al. 2016). Microplastics have been recorded within the water column
(Reisser et al. 2015, Kooi et al. 2016, Courtene-Jones, Quinn, Gary, et al. 2017, Kanhai et
al. 2018), deep ocean sediments (Woodall et al. 2014, Fischer et al. 2015, Bergmann et al.
2017) and benthic organisms (Courtene-Jones, Quinn, Gary, et al. 2017, Courtene-Jones et
al. 2019). Due to the logistical and financial challenges associated with sampling and
implementing routine monitoring at depth, data on the spatio-temporal distributions of
microplastics in the deep sea environment is limited relative to that in surface waters.
For many decades oceanographers have studied the movement of ocean currents by using
the passive drift of ships or floats (Swift and Riser 1994) and more recently by utilising
subsurface Argo floats (Lebedev et al. 2007). These observations are inherently
Lagrangian, whereby data are presented as ‘tracks’ through space and time rather than at
stationary points. A Lagrangian perspective can also be adopted within computational
147

Chapter 6: Modelling the transit & distribution of microplastics
modelling. Virtual passive particles can be tracked computationally to investigate their
step-wise movements. Particle trajectories are determined by the simulated velocity field
derived from oceanographic data. In this way, a number of processes, such as water mass
transport and the factors affecting it can be explored through different computational
scenarios. With the development of oceanographic numerical models and computational
capabilities over the last few decades, Lagrangian particle tracking provides a valuable tool
to study the pathways of numerous tracers such as nutrients, and particulates such as
larvae, microbes, icebergs and plastics (to name but a few) in the marine environment over
extended periods of time (reviewed in van Sebille et al. 2018). In particular particle
experiments offer advantages in that the entire trajectory history and particle location can
be stored, offering an approach to study ocean connectivity. Additionally, using stored
ocean velocity field data, particles can be advected backwards in time allowing for the
investigation of where water masses and the tracers contained within these at a particular
location may have originated from. As such, hydrodynamic models offer a means to
explore complex ocean transport processes, residence times and accumulation sites of
simulated microplastics (Kukulka et al. 2012, Maximenko et al. 2012, Ballent et al. 2013)
which can assist in answering questions not possible through sampling efforts alone.
To date, a number of such modelling studies have focussed on assessing the distribution of
plastics confined within the surface waters of the world’s oceans or stranded on beaches
(Martinez et al. 2009, Yoon et al. 2010, Kako et al. 2011, Lebreton et al. 2012,
Maximenko et al. 2012, Potemra 2012). While the majority of plastics are initially
buoyant, it is estimated that 70 % of all plastic debris settles onto the seafloor (Hammer et
al. 2012). Observational data shows high concentrations of microplastics in sediments
globally (reviewed in Galgani et al. 2015), consequently, the integration of threedimensional transport processes within a Lagrangian framework would provide valuable
information when considering the long-term distribution and potential accumulation sites
of marine microplastics. Furthermore, these assessments would also develop our
understanding of the abundance of microplastics in seawater and their behaviour in the
water column which could provide information on their potential interactions with species
assemblages. It is clear that studies of the three-dimensional transport of microplastics are
needed and represent fundamental next steps to decipher their long-term fate in the world’s
oceans.
Microplastic pollution has been identified in the Rockall Trough deep-sea ecosystem
(Courtene-Jones, Quinn, Gary, et al. 2017, Courtene-Jones et al. 2019), but the geographic
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source of the microplastics on the seafloor are not well established. This study considers
where the microplastics residing on the seafloor at the monitoring site Gage Station M in
the Rockall Trough may have originated from. To this end, reverse Lagrangian particle
tracking models are utilised, applying a series of vertical velocities to the particles to take
into account the uncertainty surrounding the sinking rates of microplastics and to
understand the spatial distribution of microplastics under these different transit time
scenarios.

6.2
6.2.1

Method
Description of the VIKING20 hydrographic model

The high-resolution model of the subtropical-subpolar North Atlantic (30° - 80° N) uses
numerical ocean modelling based on the Nucleus for European Modelling of the Ocean
(NEMO) code (version 3.1.1, Madec 2015). The VIKING20 configuration (Böning et al.
2016) uses a global ORCA025 configuration as a base model, and a local grid refinement
embedded in the North Atlantic. In this way, VIKING20 has a distinct focus on the North
Atlantic Ocean providing a useful tool for specific studies in this region. A horizontal
resolution of 0.05° in the North Atlantic is embedded in a 0.25° resolution global
ocean/sea-ice model (ORCA025) via a two-way nesting approach (Debreu et al. 2008).
The nesting enables the two models to be linked and exchange information during the run
time, allowing for the investigation of the effect of increasing resolution in certain regions
and also the remote effect outside of the nested region. The model uses 46 z-levels which
are 6 m thick at the surface to a depth of 1000 m, and 250 m thick thereafter. The
lowermost grid boxes have a partial depth formulation to better reflect bathymetry (Barnier
et al. 2006). VIKING20 has been shown to capture the North Atlantic Current and Gulf
Stream favourably when compared to satellite data, giving a good measure of mean flow
and variability (Baltazar-Soares et al. 2014).
The nesting of VIKING20 within ORCA025 allows for an improved North Atlantic Deep
Water component when compared to the standalone ORCA025 model and deep ocean
water currents are more comparable to observations (Biastoch et al. 2014). The model was
chosen as it offers a higher resolution and a longer time span compared to other North
Atlantic models, such as the Family of Linked Atlantic Model Experiments (FLAME)
model (Böning et al. 2006, Gary et al. 2012, 2014).
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6.2.2

Evaluating the model performance

A potential temperature and salinity plot was constructed to assess the performance of
VIKING20 in relation to observational data, in terms of capturing the different water
profile properties. Observational data derived from CTD casts and mooring buoys were
obtained from the National Oceanographic Data Centre World Ocean Database (Boyer et
al. 2018). Only data from within ± 0.25° in latitude and longitude away from Gage Station
M were considered. VIKING20 was run between the years 1960 to 2009 and model output
was stored in five day time steps. These were averaged to produce 73 time points, with
each being the average value for that specific time step between the years 1960 - 2009.
Data points lying shallower than 500 m deep were also omitted to exclude the seasonally
mixed surface layers. The mean temperature-salinity profile was calculated and a standard
deviation envelope was constructed around this to illustrate the variance. Water density
calculations were performed with the use of the Seawater library V3.3 toolbox (Morgan
and Pender 2010). All data analysis was carried out in MATLAB R2015b.

6.2.3

Modelling microplastics

6.2.3.1 Theoretical consideration of physical and dynamic parameters
The settling velocity of particles may be influenced by a number of physical and dynamic
processes. It is useful to validate what the relative influence of these factors are to ensure
the adequate design of the particle tracking simulations. Calculations were performed to
investigate potential effects of microplastic particle size, polymer density, seawater density
and the drag coefficient may have on sinking velocity using equation 6.1.
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2

𝑢 =

(𝜌𝑠 − 𝜌𝑤 ) 𝑔
𝜌𝑤 𝐶

4
3𝑑

Equation 6.1

Where:
u = sinking velocity
𝜌w = density of seawater
𝜌s = density of microplastic particle
g = gravitational acceleration constant
C = drag coefficient

The calculations were made based on a simplified spherical microplastic with a diameter of
2 x 10-4 m and a density of 1090 kg m-3 based on the specific density of acrylic. Seawater
density was 1024 kg m-3 and the gravitational constant 9.81 m s-1. These variables were
kept constant apart from the parameter being considered which were each assessed in turn.
To consider the effect of microplastic density on the sinking speed of particles when
seawater density, particle diameter and drag coefficient were kept constant, a series of
calculations using equation 6.1 were carried out. The values of microplastic density (𝜌s)
were varied to include a range of polymer densities (Table 6.1).
Table 6.1. The specific densities of synthetic polymers.
Polymer

Specific density (kg m-3)

Polyethylene

910

Expanded polystyrene

1040

Acrylic

1090

Polyamide

1130

Polyurethane

1200

Polyester

1350

PET

Polyethylene terephthalate

1370

PTFE

Polytetrafluoroethylene

2200

Polymer abbreviation
PE
(E)PS

PA
PUR

To account for the variability in seawater density according to different water masses in the
oceans associated with depth, seawater density (𝜌w) was changed to values between 1020 1040 kg m-3 in equation 6.1 to consider its effect on particle sinking speed, while
microplastics density, particle diameter and drag coefficient remained constant.
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The drag coefficient is a dimensionless number, used to consider the interaction between
the shape of an object, its inclination and flow conditions on the force of drag. The drag
coefficient (C) was varied in equation 6.1, to explore the effect on sinking speed, where
particle diameter, seawater density and microplastic density remained constant.
Next the size of the microplastic (d) was considered and sinking speed was calculated
using equation 6.1, for microplastics with diameters between 0.01 x 10-5 m to 5 x 10-3 m,
with the drag coefficient, seawater and microplastics density remaining constant.
Lastly the force of drag (FD) was calculated using equation 6.2, where C is the drag
coefficient (0.7), A is the cross-sectional area of the theoretical 2 x 10-4 m diameter
spherical microplastic, ρ is the density of seawater (1024 kg m-3) and u2 is the squared
sinking velocity for each of the sinking speeds in Table 6.2.
𝐹𝐷 =

1
𝐶𝜌𝐴𝑢2
2

Equation 6.2

6.2.3.2 Microplastic settling velocities
A range of sinking velocities based on those published for marine organic particulate
matter and where possible microplastic particles were chosen (Table 6.2), along with a
control simulation which had no sinking velocity applied.
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Table 6.2. Sinking velocities used in the microplastic settling simulations.
Sinking velocity (m s-1)

Particle type

Reference

4.60 x 10-8

Free 2 µm polystyrene beads

Long et al. 2015

Marine snow 4 - 5 mm in size

Alldredge & Silver 1988

Copepod / euphausiid faecal

Yoon et al. 2001

1.16 x 10

-5

2.30 x 10-4

pellet
4.40 x 10-4

Polystyrene in zooplankton

Cole et al. 2016

faecal pellet
8.70 x 10-4
1.45 x 10-3

Mean velocity of marine

Alldredge & Gotschalk

aggregates

1988

Polystyrene incorporated into

Long et al. 2015

marine aggregate (1.8 mm size)
2.03 x 10-3

Phytodetritus

Turner 2015

2.78 x 10-3

Diatom aggregation

Scharek et al. 1999

Foraminifera sinking

van Sebille et al. 2015

Coccolithophore sinking

Turner 2015

3.47 x 10-3

Marine snow

Berelson 2002

Control

Advection currents only

6.2.3.3 Simulated microplastic releases and analysis
To explore differences in the distribution and transit of microplastic particles to the
monitoring site Gage Station M in the Rockall Trough, a series of reverse trajectory model
simulations were performed. These simulations were performed using the Fortran code
ARIANE (Blanke and Raynaud 1997), which is a particle tracking code dedicated to the
computation of three-dimensional trajectories in a given velocity field, in this case derived
from the VIKING20 circulation model.
Virtual microplastics (hereafter referred to as v-microplastics) were introduced at a depth
of 2373 m from a point source within the latitude range 57.000 °N to 57.660 °N and
longitude range -11.670 °W to -10.650 °W (Figure 6.1). V-microplastic ensembles were
released every five days between the years 2000 to 2004, resulting in 166, 212 particle
trajectories. The positions of these were stored at five-day time-steps over the subsequent
five year simulation; the velocity field data was thus from the years 2000 - 2009. All
variables in each simulation were kept constant except for the particle sinking velocity
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which was altered in each model run to reflect the ten different scenarios (Table 6.2); these
were applied to the v-microplastics as a backwards sinking velocity to take into account the
reverse simulation.

Figure 6.1. Map showing the coordinate grid box (indicated by the red square) from which
microplastic particles were introduced at a depth of 2373 m into the model domain.

To investigate v-microplastic distribution whilst in sinking (transiting through the water
column) and floating (confined in surface waters) phases, once launched the reverse
particle trajectories were tracked from the deep launch depth until reaching a depth
threshold of 6.2 m, where they were then constrained at this depth for the remaining
duration of the five year simulation. The depth of 6.2 m was chosen as VIKING20 has a 6
m thick surface layer (a feature of its 46-vertical layers configuration). Analysis was thus
performed in a two-stage process to examine spatial and temporal distribution of vmicroplastics during vertical transit and once constrained near the ocean surface.
Two-dimensional particle position probability maps were constructed using the particle
trajectory data from the 166, 212 ensemble to visualise the distribution of v-microplastics.
These maps were constructed by subdividing the North Atlantic Ocean within the modelled
domain (40 to 60 °N, 0 to -60 °W) into 0.25° by 0.25° bins and counting the number of
times particles are present in each box, including repetitions, divided by the number of
particle positions. This data was transformed (log10) to show the magnitude-scale
differences in two-dimensional particle concentration. Transit times from the launch depth
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to the 6.2 m depth threshold were calculated for each sinking velocity. These were
compared to theoretical transit times, calculated by dividing the water depth, 2193.8 m,
(water profile depth minus the 6.2 m ‘surface threshold’) by the different sinking velocities
and converting these to days. These data analyses were performed in MATLAB R2015b
using the m_map v1.4h toolbox for data visualisation.

6.2.3.4 Assessing the residence time of particles in the Rockall Trough
Assessing the proportion of particle trajectories which have exited the Rockall Tough after
the five year simulation is relevant to understanding the residence times of particles within
this feature. This was achieved by constructing a transit time distribution of particle
trajectories from their launch location until they exceeded any one of three criteria defined
as the ‘boundaries’ of the Rockall Trough. The criteria were; a) a latitude less than 52° N
(more southerly), b) a longitude less than -15° W, c) a water depth less than 1200 m. If
trajectories met any of these criteria they were logged and the counts were converted to
probabilities. Analysis was performed on all trajectories for each sinking velocity, in
MATLAB R2015b.

6.3 Results
6.3.1

Hydrographic model performance

Overall, a similar pattern in T-S space is identified in the model and observational data
(Figure 6.2), however there is a clear salinity offset whereby the model data has higher
salinity values throughout the profile than the in-situ measurements. This is a classical
challenge and is noted for many z-level models (Griffies et al. 2005), caused by spurious
mixing within the model leading to an increase in salinity over time.
There is little variation in temperature and salinity in the VIKING20 data (illustrated by ±
SD envelope) for deep LSW (water density 1027.85 – 1027.7 g m-3), but this is much
greater in surface waters comprised of North Atlantic water (NAW). There is greater
variation associated with the observational data throughout the profile.
It is important to note that the model data presented are mean vales, where data are
averaged for specific time points across multiple years, while the observations represent
raw data. Further, model data are obtained throughout the entire year, while the majority of
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in-situ measurements were collected through the summer months, this gives an inherent
bias between the datasets as large scale mixing and storm events are more prevalent in the
winter which is not captured through field measurements. Also, the distribution of data
points within Figure 6.2 indicates the number of depth levels sampled differs considerably;
only 12 z-levels (> 500 m) were used in VIKING20 while many more levels are present for
the observational data, indicated by the spread of points in the plot.

Figure 6.2. Observational and model derived potential temperature against salinity range
with overlaid water density isopycnals, at Gage Station M. Observational raw data are
shown in red, while VIKING20 data are shown in blue, where the dark blue line illustrates
the mean values, and the pale blue envelope depicts variance (± 1 SD).

6.3.2

Theoretical analysis of physical and dynamic parameters

The theoretical investigation of physical and dynamic variables allows for the assessment
of the amount of variation which can be explained by each factor. A positive trend was
found between microplastic density and particle size and the sinking velocity, while a
negative trend was identified between seawater density and the drag coefficient and
sinking velocity. While these trends are present, altering the parameters only causes a
small amount of variation in the theoretical sinking velocity.
The drag coefficient has the greatest influence on sinking velocity with a 35 % decrease
over the range investigated (Figure 6.3d). Seawater density increases with increasing depth
in the North Atlantic Ocean, this is associated with the different water masses and
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therefore a sinking particle would interact with different water bodies during its vertical
transport. As seawater density increases from 1020 - 1040 kg m-3 the theoretical sinking
velocity decreases by 18 % (Figure 6.3c). A change in microplastics density from 910 to
2200 kg m-3 causes a 6.5 % increase in settling velocity (Figure 6.3a) and varying the
microplastic diameter by two orders of magnitude only caused an increase in sinking
velocity of 5.4 % (Figure 6.3b). The theoretical results show little variation attributed to
these physical and dynamic parameters, with sinking velocity altered much less than by an
order of magnitude. The range of sinking velocities in Table 6.2 span five orders of
magnitude so account for more variability than is explained by these parameters.

Figure 6.3. Calculated sinking speed of a theoretical microplastic particle as a function of
varying parameters (a) microplastic density, ρs; (b) microplastic diameter, d; (c) seawater
density, ρw; (d) the drag coefficient, C. Average values (ρw = 1024 kgm-3; ρs = 1090 kgm-3;
d = 0.0002 m; C = 0.7 for a simplified smooth spherical microplastic particle) were
applied for each calculation, only altering the single variable considered in each plot,
these particles with average values are highlighted with a red square.
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6.3.3

Distributions and transit times of v-microplastics

6.3.3.1 Distribution of subsurface particles during vertical transit
As expected, v-microplastic distribution during vertical transit from the benthos to near the
sea surface varies considerably between the different scenarios. A control scenario is
provided by applying no additional vertical velocity to simulated v-microplastics and these
are therefore only subject to the advective currents within the VIKING20 model. Under
these conditions the majority of particles remain at depth after the five year simulation.
Particles are constrained by the bathymetry of the Rockall Trough and high concentrations
of the particles remain close to the launch location. A small number of particles exit the
Rockall Trough at its southern extent, carried by bottom currents, and none are observed to
transit over the crest of the Anton Dohrn seamount (Figure 6.4a), indicating that all of the
particles reside deeper than 600 m.
Particles with the slowest sinking velocity used in these simulations, 4.8 x 10-8 ms-1 based
on sinking values for polystyrene beads, behave in a similar distribution to the control
scenario. There is a zero probability that simulated particles transit to the surface depth
threshold within the five year period. Applying a sinking velocity to particles, albeit a very
slow rate, means particles are able to be distributed more than in the control simulation
(Figure 6.4b); trajectories are still relatively concentrated at the launch site, however they
have spread further via the southern approach of the trough and are observed to transit over
the Anton Dohrn seamount. A much wider distribution of v-microplastics is seen in the
simulation where a 1.16 x 10-5 ms-1 sinking velocity was applied. While the median
probability of particles reaching the depth threshold is zero, 9 % of particles do reach this
depth within the five year simulation. Particle trajectories are no longer confined to the
Rockall Trough and are distributed to the north, south and west and a low proportion of
particles have moved on to the continental shelf (Figure 6.4c).
As sinking velocities increase by a further order of magnitude to 10-4 ms-1 and for the
subsequent increases in velocity, particle trajectories are observed to become more and
more localised to the coordinate grid boxes in which the particles were launched (Figure
6.4d-j). For simulated microplastics with relatively fast sinking velocities, particles transit
vertically through the water column too rapidly for horizontal ocean currents to deflect
them very far; thus the influence of vertical transport has a greater relative effect on
particle trajectories than horizontal transport. It is clear that not all particles with sinking
rates on the order of 10-4 ms-1 reach the surface threshold within the five year simulation.
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Only 37 %, 58 % and 52 % of particles with sinking velocities of 2.3 x 10-4 ms-1, 4.4 x 10-4
ms-1 and 8.7 x 10-4 ms-1 respectively reach the surface threshold.
A further order of magnitude increase in vertical velocity causes 100 % of particles
launched to reach the surface threshold within median times of 25, 20, 15 and 15 days for
sinking velocities of 1.45 x 10-3 ms-1, 2.03 x 10-3 ms-1, 2.78 x 10-3 ms-1 and 3.57 x 10-3 ms1

, respectively. Interestingly, when comparing theoretical and modelled transit times, in all

cases the modelled particles have a greater residence time, i.e. are slower to rise to the
surface, than expected (Figure 6.5). This observation indicates that while the modelled
particles are moving rapidly through the water column and undergoing relatively little
spatial dispersion, there is a modest effect exerted by the internal currents which slow the
transit of particles to the surface by 6 – 11 days compared to if they experienced no
currents.
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Figure 6.4. Maps of the North Atlantic Ocean showing the distribution and particle density (log10 scale) of v-microplastic during vertical transport from
the launch depth of 2373 m to the surface depth threshold of 6.2 m over a five year reverse trajectory simulation. Each panel shows a different sinking
velocity scenario (a) Control- no sinking velocity, (b) 4.8 x 10-8 ms-1 (c) 1.16 x 10-5 ms-1 (d) 2.3 x 10-4 ms-1 (e) 4.4 x 10-4 ms-1 (f) 8.7 x 10-4 ms-1 (g) 1.45 x
10-3 ms-1 (h) 2.03 x 10-3 ms-1 (i) 2.78 x 10-3 ms-1 and (j) 3.47 10-3 ms-1
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Figure 6.5. The median time taken in days for v-microplastics to transit from the benthos
to the surface threshold (6.2 m) under different sinking velocities. Transit times obtained
from the VIKING20 model output are shown in blue, while theoretical times are shown in
black. Those sinking rates for which particles did not transit within the five year simulation
are excluded from this figure.

6.3.3.2 Distribution of particles over the five year simulation
A distinct difference in particle distribution can be observed after the five year simulation
attributed to particles located within surface waters and those in subsurface waters. For
those sinking velocities where particles do not transit to the surface depth threshold within
five years (Figure 6.6a-c), the geographic distribution of v-microplastics are the same as in
Figure 6.4a-c. V-microplastics do not come into contact with land or coastal waters in the
control simulation and in the slowest of the sinking scenarios. The majority of these
particles reside in deep water off the continental shelf, constrained by the 1500 m
bathymetry contour, with few (on the order of x 10) particles being dispersed further than
47 °N and -30 °W. Under the 1.16 x10

-5

ms-1 sinking speed scenario v-microplastics

spread much further and a low proportion of trajectories are located on the continental
shelf.
For those simulations in which particles transit to the surface depth threshold relatively
rapidly, final particle distributions are similar (Figure 6.6d-j). The highest density of
particles are still located within the Rockall Trough however trajectories have spread
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across the entire North Atlantic Ocean. At the eastern extent, particles are located on the
continental shelf and spread into the Celtic Sea. Simulated v-microplastic trajectories reach
the coastlines of the United Kingdom and the Republic of Ireland. Further south, particles
are also distributed throughout the Bay of Biscay and reach the coastlines of northern
Spain and western France, transported by NAW. Particles follow the Western North
Atlantic Water current and spread across the Atlantic Ocean constrained to the south by the
Gulf Stream and reach the coastline of Canada. Additionally particles are transported
northwards and reach the coastlines of southern Iceland and Greenland, most likely carried
by the Irminger current.
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Figure 6.6. Maps of the North Atlantic Ocean depicting the distribution and density (log10 scale) of v-microplastics over the five year reverse simulation
for particles with different sinking velocities (a) Control- no sinking velocity, (b) 4.8 x 10-8 ms-1 (c) 1.16 x 10-5 ms-1 (d) 2.3 x 10-4 ms-1 (e) 4.4 x 10-4 ms-1
(f) 8.7 x 10-4 ms-1 (g) 1.45 x 10-3 ms-1 (h) 2.03 x 10-3 ms-1 (i) 2.78 x 10-3 ms-1 and (j) 3.47 10-3 ms-1
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6.3.4

Probability of the particles exiting the Rockall Trough

The majority of particles in the control scenario and those with the sinking velocity 4.8
x10-8 ms-1 remained in the Rockall Trough after five years, for these scenarios there was
only a 19.4 % and 18.2 % probability of the particles exiting, respectively (Table 6.3). The
deep water masses, mainly composed of Labrador seawater, have a relatively slow
horizontal velocity and little recirculation within the Rockall Trough, explaining why there
is such a low probability for the particles to leave the Trough.
A sharp break was noted at this point, where for the remaining scenarios, with sinking
velocities of 1.16 x10-5 ms-1 and greater, there was a 100 % probability that the vmicroplastics would exit from the Rockall Trough within the simulation. Particles with
vertical velocities greater than 2.3 x 10-4 ms-¹ are observed to reach the surface depth
threshold within the simulation period, therefore their 100 % probability of exiting the
Rockall Trough comes as no surprise. While not all of the v-microplastics in the 1.16 x 105

ms-¹ simulation transited to the upper ocean, all exited the Rockall Trough, showing

dispersal by interior currents.
Table 6.3. The probability of particle trajectories exiting the Rockall Trough within the
five year simulation
Sinking

Probability of exiting

velocity (ms-1)

the Rockall Trough

Control

19.4 %
-8

18.2 %

1.16 x 10-5

100 %

2.30 x 10-4

100 %

4.40 x 10-4

100 %

8.70 x 10-4

100 %

1.45 x 10-3

100 %

-3

100 %

2.78 x 10-3

100 %

3.47 x 10-3

100 %

4.80 x 10

2.03 x 10
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6.4 Discussion
A clear differentiation is observed in the pathways and distribution of v-microplastic in
surface and subsurface waters. The results indicate that the majority of v-microplastic
particles arriving at the seafloor of Gage Station M originate from ocean sources. While an
estimated 80 % of plastics enter the oceans from land-based sources (Derraik 2002,
Galgani et al. 2015, Wang et al. 2016), the behaviours of macro- and microplastics are
different (Kowalski et al. 2016) and linked to intrinsic factors associated with the plastic
along with fundamental biological and oceanographic processes. Our results suggested that
ocean-based inputs or the fragmentation of macroplastics afloat at the sea surface are likely
to have a greater relative contribution to microplastics on the deep seafloor.

6.4.1

The distribution of microplastics in surface waters

The distribution of v-microplastics particles in surface waters depicts a ‘traditional’ view
of oceanographic transport pathways in the North Atlantic, whereby warm surface waters
flow northwards (Siedler et al. 2001). As these water masses move they can distribute any
tracers, in this case microplastics, contained within them. Larger (micro)plastics have a
greater upwards terminal velocity and as such may be distributed within shallower water
depths and retained within the surface mixed layer (Kukulka et al. 2012, Song et al. 2018).
In this way long range transport of plastic debris retained in surface waters is possible due
to geostrophic circulation and wind driven currents (van Sebille, Wilcox, et al. 2015). The
distribution of plastics confined to surface waters is relatively well understood. Global
models based on surface drift data have been widely used to predict plastic accumulation
zones; the results of these highlight the five oceanic subtropical gyres which agrees with
empirical data (Law et al. 2010, van Sebille et al. 2012, Cózar et al. 2014, Law and
Thompson 2014).
Subtropical gyres are regions of anti-cyclonic circulation which drive surface convergence
and down-welling, as such they are able to accumulate marine debris, including large
proportions of plastics (Law et al. 2010, Leichter 2011, Eriksen et al. 2013, Lusher 2015).
Macroplastics float for longer periods than smaller plastic particles (Fazey and Ryan
2016). While residing in surface waters, plastics are exposed to UV radiation which can
cause embrittlement of their exterior layers (ter Halle et al. 2016) and the formation of
microplastics or even nanoplastics. Furthermore the polymer chains can be photo-oxidised
which alters their crystallinity and consequently their molar mass (Gewert et al. 2015, ter
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Halle et al. 2016, Bond et al. 2018); this phenomenon is more pronounced in microplastics
than larger plastic items (ter Halle et al. 2017) indicating size-differential behaviour of
microplastics and the re-distribution of microplastics to deeper waters. The gyres may
therefore act as a potential source of microplastic pollution in two ways, firstly by
concentrating buoyant plastic particles already present in the oceans, and secondly, by
acting as a site of microplastics creation from the degradation of larger items at these
locations.
As mentioned above, microplastics show an increased propensity to sink out of surface
waters and both observational and modelling studies have shown increased proportions of
small sized microplastics with increasing depth (Reisser et al. 2015, Kooi et al. 2017, Song
et al. 2018). In the context of this study, microplastics with relatively low sinking
velocities may remain in surface waters and are then transported northwards from the
North Atlantic Subtropical Gyre by the Gulf Stream and its poleward extension, the North
Atlantic Current.

6.4.2

The distribution of microplastics in subsurface waters

Environmental sampling has identified microplastics in the water column (Reisser et al.
2015, Kanhai et al. 2016, Courtene-Jones, Quinn, Gary, et al. 2017, Dai et al. 2018, Song
et al. 2018) and residing on the deep seafloor (Van Cauwenberghe et al. 2013, Woodall et
al. 2014, Bergmann et al. 2017). Evidently, considering only surface dispersal pathways is
neither oceanographically relevant nor will resolve the fate and distribution of
microplastics in the world’s oceans. Recent studies attempting to address these knowledge
gaps, suggest that microplastics have a relatively short residence time within the ocean
surface layers (Enders et al. 2015, Koelmans et al. 2017, Kooi et al. 2017) and the water
column may contain a large and currently overlooked abundance of microplastics (Song et
al. 2018).
As microplastic particles sink through the ocean interior they encounter different water
masses, each with their own distinct properties. The upper water column of the Rockall
Trough is characterised by Eastern North Atlantic Water. This water mass extends to a
depth of 1200 m and has a mean northwards flow of + 3.8 Sv (1 Sv = 106 m¯3s¯1, positive
values signify northward flow and negative values a southwards flow) which can vary
inter-annually within the range + 0 to + 8 Sv (Holliday et al. 2000). The deep waters are
170

Chapter 6: Modelling the transit & distribution of microplastics
mainly comprised of Labrador Sea Water which tend to be slow moving and, due to the
bathymetry of the trough, water deeper than 1200 m can only exit via the southern
approach (New and Smythe-Wright 2001). A small amount of this deep water may
experience vertical mixing but generally seasonal mixing occurs within the upper 600 m,
and may extend down to 1000 m deep in severe winter storms events. Broadly, net volume
flux of LSW is topographically constrained to zero in this region (Holliday et al. 2000).
The transport of each of these water masses will affect the distribution of particles
transiting through them. In the simulations, v-microplastics with vertical velocities in the
range 2.3 10-4 ms-1 to 3.47 10-3 ms-1 were observed to transit through the water column
relatively rapidly; as such, particles showed only very limited horizontal dispersal by water
currents, indicating that their sinking rate is greater than the horizontal transport of the
water masses through which they travel.
In the ocean, neutrally buoyant particles are observed to move along isopycnals, or
surfaces of constant density. It is hypothesised that microplastics will sink until they reach
a water mass with the same density as that of the plastic. While most of the plastics
produced, in terms of global production figures, are initially buoyant (PlasticsEurope
2017), biological interactions can alter the density of the particles and facilitate sinking.
Also, smaller microplastics were shown to have lower buoyant terminal velocities than
larger plastics, and additionally fibres had a lower buoyant rise velocity compared to
fragments of the same size, as a consequence wind driven mixing might redistribute small
microplastics and fibres out the surface layer and deeper in the oceans (Kukulka et al.
2012, Kooi et al. 2016).
While much work has focussed on understanding transport pathways in the upper ocean,
more recent studies have indicated that subsurface pathways might be a fundamental and
overlooked mechanisms of long range transport and ocean basin connectivity. Burkholder
& Lozier (2011b) demonstrated that modelled particles released at varying depths
throughout the water column (0 – 1300 m) to the south of the Gulf Stream front show
different transport pathways. Those particles released below the turbulent Ekman layer had
a much greater probability of crossing the Gulf Stream (Burkholder and Lozier 2011). A
higher abundance of microplastics have been found in anticyclonic eddies in the North
Atlantic Gyre than in cyclonic eddies (Brach et al. 2018). These areas are associated with
strong down-welling (Williams and Follows 2003, Zhang et al. 2014); which offer a
mechanism to draw down microplastics from surface waters which may undercut the gulf
stream before being exported to higher latitudes.
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Biological activity is low in the oligotrophic oceanic gyres (Longhurst et al. 1995,
Marañón et al. 2003, Zubkov et al. 2007) relative to temperate regions, as microplastics are
transported northwards away from the subtropical gyre there is a greater likelihood for
biological interaction which in turn can increase the sinking velocity of particles. Nanoand micro- sized particles incorporated into marine snow and other such aggregates
generally sink faster than in their free state following Stoke’s Law (Hill 1998, Doyle et al.
2014), as the increase in the aggregates density is sufficient to offset any increase in drag
associated with its larger size. For small marine particles, the processes of aggregation and
disaggregation are fundamental to their transport to depth (Stemmann et al. 2004, Durkin
et al. 2015); the same mechanisms may apply to microplastics.
The results of this work show that v-microplastics were not able to exit the Rockall Trough
in both the control simulation (where no vertical velocity was applied to the vmicroplastics) or when a very slow vertical velocity of 4.8 x 10-8ms-1 was applied. This
supports the hypothesis that submarine features, such as troughs, canyons and trenches,
which restrict deep currents due to their characteristic bathymetry, may act as
accumulation sites for certain types of microplastic particles (Ballent et al. 2013).
Additional bathymetric features, such as seamounts, may further influence the flow
dynamics of water and consequentially the deposition of microplastics. Gage Station M
lies to the west of the Anton Dohrn seamount; an anticyclonic flow is reported here, where
water to the west of the seamount moves northwards with a flow of + 4.3 ± 2.7 Sv, and
water to the east moves southwards with a mean flow - 2.6 ± 2.1 Sv (Holliday et al. 2000).
This may influence the deposition of microplastics in this region where the foot of the
seamount could potentially be a localised accumulation area; however environmental
sampling would be required to explore this further.

6.4.3

Evaluation of the model parameters and limitations

It is important to note that while Lagrangian models provide powerful tools to address
knowledge gaps regarding the behaviour, transport and distribution of microplastics,
capturing all of the complex processes occurring in the ocean are challenging, and for this
reason models may often be simplified by comparison. The hydrodynamic model utilised
in this investigation, VIKING20, is a high-resolution model specific to the North Atlantic.
The fine-mesh horizontal resolution of 0.05° allows mesoscale circulation features to be
resolved and evaluations with observational data has revealed realistic flow fields in the
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North Atlantic (Mertens et al. 2014, Breckenfelder et al. 2015, Böning et al. 2016, Behrens
et al. 2017). Due to the vertical grid configuration in areas of complex topography, for
example the Mid-Atlantic Ridge, some fine- scale resolution may be lost (Breusing et al.
2016). The effect of launch depth was explored by releasing particles both at the bottom
and near the top of the lowest grid box at a number of sites across the north Atlantic Ocean
(Gary et al. 2017). No significant differences were identified in the trajectories between
these launch depths. The Rockall Trough has a rather simple topography and thus the
launch depth within the lowermost grid box would likely have little effect on the overall
transit times or distributions of microplastics in this study. A time-step of five days was
used as it represents a good compromise between computational time and particle
trajectory accuracy. Given the depth of the water column at the sampling site (~2200 m),
even at the fastest sinking velocity transit times are greater than five days and therefore
spatial and temporal data are captured by this time step.
In the present study a range of inverse sinking rates spanning five orders of magnitude
were utilised. Where possible reported microplastic sinking velocities were used, but due
to the limited data additional values were taken from literature on marine aggregates and
particulate organic matter. Thus a series of scenarios are covered. Changing specific values
related to the particle size and density was not found to be necessary as theoretical sinking
rate calculations indicated that these parameters only influenced microplastic velocity by
less than one order of magnitude. The range of sinking velocities applied would indirectly
capture other parameters, such as particle shape, size and polymer density. Therefore
including additional parameters within the model would add an increased level of
complexity without adding appreciable spatio-temporal results.

6.4.4

Future work

The main focus of this work was to consider the behaviour and distribution of simulated
microplastic particles during their vertical transport and examine the origin of these
particles, which has been captured adequately in the model simulations above. However,
future work can build upon the foundations presented in this chapter in a number of ways.
Firstly, the duration of the simulation could be extended, for example a 50 year simulation.
This may be relevant to reconcile where particles with a sinking velocity of 4.8 x 10-8 ms-1
and 1.16 x 10-5 ms-1, values for free polystyrene beads and marine snow respectively,
originate from, and also the residence time of microplastics in the North Atlantic
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Subtropical Gyre. Secondly, the modelled domain could also be enlarged, as > 59 % of
particles with sinking velocities of 2.3 x 10-4 ms-1 and greater exited the modelled domain
within the five year simulation. Extending the domain further in each cardinal direction
may resolve where these particles ultimately originate from; whether these are land-based
inputs or sources from the North Atlantic Subtropical Gyre. In order for the domain to be
extended the lower-resolution ORCA025 global model would be required rather than the
high-resolution North Atlantic Ocean specific VIKING20 hydrodynamic model. There
may be a trade-off to using this larger but lower-resolution model, as it may not capture
meso-scale and fine-scale circulation features as well as a higher-resolution model;
however this would need to be evaluated.
A major consideration is that particles do not sink at a constant velocity through the ocean
interior (Berelson 2002, Bach et al. 2012, Villa-Alfageme et al. 2016). Large spatial
variability in temperature and density profiles can be observed in the oceans, which
influence the sinking and rising oscillations and the velocity of transiting particles. The
settling rate of marine snow has been found to increase as a function of depth (Berelson
2002, Schmittner et al. 2005) and velocity may increase by a factor of 2 – 10 between the
depths 100 and 2000 m (Berelson 2002); it could be assumed that microplastics show a
similar settling pattern. There is a lack of empirical data on the sinking rates of different
microplastic polymers, how these rates are affected by depth and biological interaction
within the water column. While it may be assumed that microplastics behave much like
other particulate matter this remains to be tested experimentally. Future work could
introduce variable sinking velocities to the v-microplastics according to their depth which
may reflect natural ocean processes better than the single vertical velocity applied in this
study. This would undoubtedly add complexity to the model but may give a more accurate
representation of the spatial distribution of microplastics in subsurface waters.

6.5 Conclusion
In this study a high resolution North Atlantic circulation model (VIKING20) was used to
investigate the three-dimensional distribution and potential origins of microplastics
residing at a deep monitoring site in the Rockall Trough. Clear differences are observed in
the behaviour of microplastics confined in surface and subsurface waters. The rate at which
microplastics sink is observed to alter their overall distribution. Small plastics have
relatively short residence times in surface waters and as such may sink and be contained
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within the water column (Enders et al. 2015, Song et al. 2018). Understanding the
distribution pathways of subsurface microplastics may therefore be an important and
currently under-investigated area. While models are not substitutes for observational data,
they allow the opportunity to examine transport pathways and surface/subsurface
microplastic distributions, in a way which would otherwise not be possible. Further work is
required to integrate variable sinking velocities into the model scenarios which would
enhance their application.
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7. Discussion
7.1 Summary of results
The purpose of this thesis was to investigate the prevalence of microplastics within the
deep sea ecosystem over different temporal scales and consider their potential origins. To
date the majority of studies have focussed on assessing microplastics in surface waters
(e.g. Desforges et al. 2014, van Sebille, Wilcox, et al. 2015, Barrows et al. 2018), however
complex interactions with biota and organic matter are known to alter the properties of
microplastics (Long et al. 2015, Jahnke et al. 2017, Kaiser et al. 2017, Porter et al. 2018,
Summers et al. 2018) causing them to re-distribute through the water column and settle to
the seafloor. At the time this PhD commenced extremely few studies had considered the
prevalence of microplastics within deep-sea ecosystems (Davison and Asch 2011, Van
Cauwenberghe et al. 2013, Woodall et al. 2014, Fischer et al. 2015) and consequently this
work has appreciably enhanced existing knowledge.
Chapter 2 presents a rapid and non-destructive enzymatic method to extract microplastics
from biota (Courtene-Jones, Quinn, Murphy, et al. 2017) and successfully validates a
density-independent oil based method (Crichton et al. 2017) for microplastic isolation from
silt. These methods are utilised through the subsequent chapters. Chapter 3 documents the
presence of microplastics at three water depths and represents the first quantification of
microplastic ingestion by deep-sea benthic invertebrates (Courtene-Jones, Quinn, Gary, et
al. 2017). Here, 29 %, 40 % and 74 % of the individuals analysed from the species C.
jeffreysianus, O. lymani and H. pellucidus respectively had ingested microplastics;
quantities were comparable to coastal species but were not related to body size or feeding
mode. Once it was ascertained that these species internalised microplastics, a multi-decadal
study was performed in Chapter 4 utilising archival O. lymani and H. pellucidus specimens
collected between the years 1976 and 2015. The results of Chapter 4 are the first to show
the long-term presence of microplastics in the deep sea (Courtene-Jones et al. 2019) and
report relatively stable levels across the time period, which alludes to the occurrence of
microplastics prior to the mid-1970s. This was supported by data in Chapter 5, which
evidences microplastics throughout the sediment profile analysed (up to a depth of 10 cm),
which through radionuclide analysis was found to greatly exceed the commencement of
plastics manufacture. The results of Chapter 5 suggest that bioturbation, pore water, local
diffusive mixing or, most likely, a combination of these processes re-distribute the
microplastics throughout the sediments. The potential origins of microplastics are explored
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in Chapter 6 with the use of reverse Lagrangian three-dimensional models. A series of
scenarios encompassing vertical velocities spanning five orders of magnitude reveal
particles with relatively rapid velocities (≥ 2.3 x 10-4 m/s) experience only limited
horizontal dispersal by ocean currents. The results suggest that ocean based microplastics,
of either primary or secondary origin, have a greater relative contribution to the deep
seafloor than land-based inputs.

7.2 The prevalence of microplastics in the Rockall Trough deep-sea
ecosystem
The occurrence of microplastics is documented within three benthic invertebrate species
(Chapter 3), sub-surface water (Chapter 3) and sediment (Chapter 5) sampled from the
North East Atlantic Ocean (data is summarised in Figure 7.1). Within each of these
environmental matrices the quantities enumerated were comparable to those from shallow
or coastal areas (e.g. Claessens et al. 2011, Lusher 2015, Van Cauwenberghe, Devriese, et
al. 2015, Murphy et al. 2017) indicating that despite the depth of this sampling location
and the apparent distance from input sources microplastics are prevalent.
Throughout all investigations, polyester dominated the polymer composition, and fibres
were the most prevalent type of microplastic observed in the Rockall Trough. These
findings are supported by other research documenting similar data globally (Browne et al.
2011, Lusher et al. 2014, Kanhai et al. 2016). The sediment was found to have the greatest
polymer diversity and number of microplastic fragments than either of the other matrices.
However, it is not yet clear which factors may influence the distribution and accumulation
of microplastics in the environment. In Chapter 5, microplastic abundance was
significantly correlated with sediment porosity (p = 0.006) but no significant relationship
was found with particulate organic carbon or nitrogen, as previously identified by Strand et
al. (2013). Additionally while some studies report levels of internalised microplastic to
vary according to organism feeding mode (Setälä et al. 2015, Scherer et al. 2017, Bour et
al. 2018), no such relationship was identified in the species studied in Chapter 3.
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Figure 7.1. Schematic summary of the abundance of microplastics in different
environmental matrices at Gage Station M.

When comparing the levels of microplastics in the different matrices it was found that the
relative mean abundances were as follows; invertebrates (1.311 ± 1.361 MP g-1) >
sediment (0.030 ± 0.021 MP g-1) > sub-surface water (0.082 ± 0.023 MP l-1). This was an
interesting observation as it was initially hypothesised that sediment would contain the
greatest quantities of microplastics, due to the deposition and sequestration of particles.
Indeed studies have reported higher microplastic concentrations in the environment than in
biota. For example, concentrations in sediments exceeded those ingested by mussels,
oyster, crab and periwinkle sampled from around the Dutch coastline (Leslie et al. 2017),
and were greater in surface waters than in planktivorous fish (sprat and herring) in the
Baltic Sea (Beer et al. 2017). Yet the findings presented in this thesis (Chapters 3 and 5)
are contrary to this and suggest that fauna may be able to concentrate and accumulate
microplastics internally leading to higher concentrations than in their surrounding
environment. Similar results were reported by Qu et al. (2018) whereby wild mussels
contained higher concentrations of microplastics than the ambient seawater. While biota
may not continually accumulate microplastics due to particle egestion (e.g. Setälä et al.
2014, Güven et al. 2017) and as suggested by the stable levels of ingested microplastics
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over the last 40 years (Chapter 4); the retention times are likely to vary widely between
species and therefore require further detailed research.

7.3 Tracing historic microplastic pollution
There is little work considering the long-term occurrence of microplastics in the
environment; this, in part, is likely due to the lack of long-term time-series which could be
investigated. However, understanding these historic trends offer valuable insights
informing mass balance models and predictions of the prevalence and extent of plastic
pollution in the future.
Once microplastics were found to be ingested by the benthic species, individuals collected
over the last 40 years by SAMS could then be utilised to explore the long-term occurrence
of microplastics in the deep sea. These unique insights are presented in Chapter 4 and
highlight that the levels of ingested microplastics remained relatively consistent between
the years 1976 – 2015 (Courtene-Jones et al. 2019) despite the exponential increase in
plastics manufacture during this time period (PlasticsEurope 2017). Additionally, this
alludes that microplastics may have been present at this locality prior to 1976, less than
three decades after mass production commenced. While specimens were not sampled prior
to this date precluding their analysis, sediment cores offer a means to examine longer timescales and attempt to address when the onset of microplastics occurred in the Rockall
Trough.
Based on the sedimentation rates in this area (Thomson et al. 2000) microplastics were
expected to only be present within the top few centimetres of sediment, which was
supported by the

210

Pb and

137

Cs radionuclide profiles. However, microplastics were

identified throughout the depth of sediment analysed, representing timescales greatly
exceeding plastic production. Overall, there was a negative trend in microplastic
abundance (g-1 d.w. sediment), as noted in similar studies (Martin et al. 2017, Matsuguma
et al. 2017); but an increase in the polymer diversity across the sediment profile. It is likely
that processes such as local sediment dynamics, bioturbation and diffusive mixing are
responsible for re-distributing microplastics, but currently their roles are poorly understood
(Näkki et al. 2017, Gebhardt and Forster 2018). Nonetheless, in the case of this study such
processes confounded the onset of ‘the plastic age’ (Thompson, Swan, et al. 2009) from
being elucidated.
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The microplastics isolated from each environmental matrix displayed elevated surface
areas compared to pristine (smooth) particles of the same dimensions. Interestingly, while
not significant, surface areas were observed to increase through the sediment core,
inferring that the plastics distributed deeper may have indeed been present in the
environment for longer periods and in turn are more degraded.

7.4 Transit times and potential sources
The sinking rate of microplastics in the ocean remains unclear (Cole et al. 2016, Kowalski
et al. 2016, Kaiser et al. 2019). Consequently, a series of scenarios were modelled in
Chapter 6 to consider the three-dimensional distribution of microplastics with different
vertical velocities during their transit through the water column and subject to dispersal by
ocean currents. While the methods utilised represent a simplified approach when compared
to the complex interactions present in ocean systems; these data, along with results
presented in Chapters 4 and 5, suggest the relatively rapid transit of microplastics through
the water column. Further, recent research suggests microplastics have only short residence
times within surface waters (Koelmans et al. 2017, Kooi et al. 2017), and as such deep
pelagic and benthic species may be particularly impacted.
By ‘backtracking’ the computational simulations it is possible to consider the origins of
microplastics (Cózar et al. 2017, Peeken et al. 2018). Where possible measured
microplastic sinking rates were used (Long et al. 2015, Cole et al. 2016), these simulations
reveal that when microplastics are incorporated into aggregates/faecal pellets they sink
rapidly and remain relatively close to their source during transit through the water column.
Indeed, for the majority of the reverse scenarios, very few particles reach land during their
vertical transit from the seafloor to surface waters (Chapter 6). Current estimates suggest
that 60 - 80 % of plastic inputs arise from land-based sources (Galgani et al. 2015), with
washing machine effluent a potential major source of fibres (Murphy et al. 2016, Napper
and Thompson 2016, Hernandez et al. 2017). From the data presented with this thesis it is
hypothesised that microplastics arising from the fragmentation of materials at sea,
potentially those accumulating in the subtropical gyres, or input directly from the maritime
sector etc. may have a greater relative contribution to the microplastics contained within
our deep oceans.
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7.5. Limitations of the research
There were a number of limitations to the research carried out in this thesis; broadly, these
can be categorised into those associated with i) sampling and ii) analysis which are detailed
below.
7.5.1

Sampling

Sampling in the deep sea presents a number of challenges, in part due to the cost and
increased time associated with deep-sea operations, and the often infrequent opportunities
to collect repeat samples throughout the year. While microplastics were detected in each
environmental matrix, a limitation to this thesis arises from the small sample sizes utilised
(Chapters 3 - 5). Previous studies generally use manta/neuston trawls to sample large
volumes of surface water (Lusher 2015, Barrows et al. 2017), however this method is not
feasible in deep water. As such, sample volumes were limited by the capacity of the CTD
niskin bottles, with 110 - 240 litres sampled, and only one collection from each water
depth (Chapter 3). This was also the case for the sediment sampling (Chapter 5) where,
while sample volumes were similar to other published studies (Mathalon and Hill 2014,
Alomar et al. 2016, Frias et al. 2016, Blumenröder et al. 2017), the number of replicates
was relatively low.
Invertebrate sampling was carried out with epibenthic sled (Chapter 3) to ensure
comparable methods to historic studies (Gage et al. 1980, Gage 1986). However, by their
nature, epibenthic sleds and other trawling gear prevent specific species from being
targeted and catches can vary in abundance and composition (Jamieson et al. 2013). In
Chapter 3, based on the trawl contents, three species were included; however small sample
sizes (between 7 to 40 individuals) make it difficult to determine the extent to which biota
and more generally the benthic community, are ingesting microplastics. Additionally, the
three species represent only two distinct feeding modes which may have precluded any
differences associated with feeding type from being adequately detected, as other studies
which have utilised larger species assemblages have reported microplastic ingestion to
vary as a function of feeding mode (Setälä et al. 2015, Mizraji et al. 2017, Scherer et al.
2017). In Chapter 4, only two species were present in large enough numbers throughout the
time period 1976 - 2015 to be included. The eighteen year break in sampling was beyond
the control of this thesis, however prevents the inclusion of a complete time-series.
To conclude, a greater sampling campaign including multiple sampling events through the
year, larger sampling volumes or numbers of individuals and a greater diversity of species
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are required to determine the pervasiveness of microplastics in the Rockall Trough.
Furthermore additional sampling might reveal fine-scale variation and the role of physical
processes such as bottom currents and bathymetric features, on the deposition and
accumulation of microplastics; processes not yet fully understood (Ballent et al. 2013,
Oliveira et al. 2015).

7.5.2

Analytical limitations

Methods vary for the sorting and analysis of microplastic polymers and include such
techniques as FTIR or Raman spectroscopy and pyrolysis-gas chromatography/mass
spectroscopy (Löder and Gerdts 2015). Throughout this thesis, visual sorting was initially
employed to consolidate putative microplastics followed by FTIR spectroscopy to identify
polymer types.
The use of visual sorting to separate microplastics from other material is widely used
(Hidalgo-ruz et al. 2012, Löder and Gerdts 2015) but can lead to observer bias. While
utmost care was taken to systematically inspect filters multiple times, the predominance of
blue or more generally dark fibres is apparent throughout this thesis. This could be due to
dark fibres having a greater contrast against the white background and thus making them
easier to detect compared to pale fibres. However, other studies report similar data giving
confidence to the findings. Both Lusher et al. (2014) and Kanhai et al. (2016) found an
increased propensity of dark fibres in water samples from the Atlantic Ocean; along with
dark colours predominating in intertidal sediments (Blumenröder et al. 2017) and the
gastrointestinal tract of various fish species (Murphy et al. 2017) from the North Atlantic,
perhaps reflecting the clothing habits of people inhabiting this region.
The spectroscopic methods for analysis varied slightly between chapters. ATR-FTIR was
utilised in Chapter 2 and for the invertebrates and one water depth in Chapter 3; while the
remaining two water depths (Chapter 3) and all of the samples in Chapters 4 and 5 were
analysed with FTIR. The main differences between these methods lie with the size limit of
particles which can be detected. ATR-FTIR can resolve particles down to ~100 µm, while
FTIR has a lower detection limit of 10 μm (Käppler et al. 2015) however, realistically
challenges are faced dealing with particles < 50 µm in size. As a result of these methods
there will likely be variation in the size distributions and abundance of particles classified
as synthetic, making direct comparison challenging. Bergmann et al. (2017) report an
exponential increase in the number of microplastics with decreasing size. Small
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microplastics may not have adequately been captured in this thesis due to the filter size
used, 52 μm for sediment and invertebrates and 80 μm for water samples. To some degree
trying to capture smaller particles would not have yielded appreciably more data, as small
sized particles may have been overlooked during visual sorting or produced low
quality/unusable FTIR spectral data.
Throughout this research only small proportions of the putative microplastics analysed
were positively identified as synthetic polymers with FTIR spectroscopy; between 13 % 39 % for microplastics extracted from invertebrates (Chapter 3) and sediment (Chapter 5)
respectively, and as such the prevalence of microplastics in the deep sea may be underreported. Few published studies include this type of data, however those which do report
similar proportions (Lusher et al. 2014, Sadri and Thompson 2014, Rochman et al. 2015,
Frere et al. 2017, Yu et al. 2018). The results were coupled with higher proportions of
cellulose (46 - 50 %) despite particles having a non-natural appearance (e.g. blue or red in
colour; ridged structure). Potential explanations are that the particles may have residues of
organic material on their surface which prevents the infrared radiation from penetrating
into the underlying plastics. This compromises the resolution of the spectrum and masks
the characteristic peak signals of the plastic. Alternatively these fibres may indeed be
natural (e.g. cotton, jute) or semi-synthetic such as rayon or viscose, whose FTIR spectra
are extremely hard to differentiate from natural cellulose (Kajiwara 2009, Gasperi et al.
2018). The references libraries used within this thesis facilitate the identification of
polymer types, however care is required in their interpretation. Within the Hummel
polymer library, cellulosic material is categorised as ‘cellophane’, which is derived from
regenerated cellulose. This highlights the need to not only understand the origins (natural
or synthetic) of the materials within the libraries to prevent misclassification, but also to
ensure that spectral data is visually examined to confirm its accurate identification and not
just solely rely on the automated classification based on reference library matches.

7.5 Future work
It is apparent that there is still much work to be done to obtain a more comprehensive view
of the spatial and temporal prevalence of microplastics in different ecosystems. It is only
from this understanding that the total budget of microplastics within the aquatic
environment can be elucidated. From this thesis a number of key questions arise which are
detailed below.
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1.

What are the impacts of ingesting microplastics to the benthic community; from
the individual to population level effects?

2.

Once ingested, over what time scales are microplastics retained within benthic
invertebrate species?

3.

How persistent are microplastics and when did the onset occur in the deep sea?
Can the age of the microplastics isolated from Gage Station M, or their
degradation state, be ascertained?

4.

What are the key biological and oceanographic processes involved in the threedimensional distribution of microplastics?

5.

At what rate do microplastics of varying shapes, sizes and polymeric materials
sink in marine systems?
How is this influenced by biological processes, such as entrainment with marine
aggregates, faecal pellets and biofilms?

6.

Where have the microplastics residing on the deep seafloor originated from?

7.

Once on the deep seafloor; how do mechanisms, such as bioturbation and sediment
mixing, influence the distribution of microplastics through the sediment profile,
including their burial and resuspension?
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Appendix A: Microplastic reference collection
Table A.1. Polymer type, shape and size of the microplastic reference collection along with the source item from which they were made. The specific
density of the polymer was obtained from Crawford and Quinn, (2017) and its resin identification code (RIC) obtained from SPI: the plastics industry
trade association, (2016).
Polymer

Size (mm)

Shape

Polyethylene Terephthalate (PET)

< 0.5; 0.5 - 5.0

Fragment

High-Density Polyethylene (HDPE)

< 0.5; 0.5 - 5.0

Fragment

0.5 - 5.0

Polyethylene (PE)
Polyvinyl chloride (PVC)
Polypropylene (PP)

Polystyrene (PS)
Polyester
Acrylic
Polyamide (PA)

Colour
Transparent, Black

Source

Polymer density
(g cm-3)

RIC

Fruit trays

1.30 - 1.40

1

0.94 – 0.97

2

Transparent

Plastic bag

Green

Bottle top

Bead

Blue & white

Facial scrub

0.92 - 0.94

4

< 0.5; 0.5 - 5.0

Fragment

Blue & white

Credit card

1.35 – 1.50

3

< 0.5

Fragment

White & blue

Yoghurt pot

0.5 - 5.0

Fibre

Blue

Rope

0.88 – 0.90

5

< 0.5 ; 0.5-5.0

Fragment

Transparent

Fruit Tray

Blue

Water cup

< 0.5

Fibre

Black

Thread

1.35

7

0.5 - 5.0

Fibre

Red

Textile

1.14 - 1.20

7

< 0.5

Fibre

White

Netting

1.12 – 1.15

7

1.04 - 1.05

6
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Appendix B: The principles of FTIR spectroscopy and the identification
of synthetic and natural materials
B.1 Principles of Fourier-Transformation Infrared spectroscopy
FTIR spectroscopy offers a non-destructive analytic technique to identify the composition
of a material. This has been employed widely in the study of microplastics research,
offering a tool to identify synthetic polymers from environmental samples (Löder and
Gerdts 2015). To summarise the process, infrared radiation passes through the plastic
sample, causing the excitation of various molecular bonds. As the constituent atoms and
bonds vary between each material type, this process generates specific and distinctive
wavenumber - absorption peaks depending on the polymer type. The resulting spectral
traces can be compared to reference collections of known polymers which can facilitate the
identification of the polymeric material.
While FTIR offers a widely used method for microplastic identification, a number of
challenges are presented. FTIR is capable of detecting microplastics down to 10 - 20 µm in
size, however cannot detect those smaller than the aperture size, presenting limitations
when analysing small sized microplastics. Polymers in the marine environment may have
been exposed to UV photodegradation, thermal degradation and biodegradation, which
alter the original polymer composition (Andrady 2011, Karlsson et al. 2018). Additionally,
microbial colonisation, biofilms or residues may prevent or interfere with the infrared
penetrating the plastic, this is especially problematic for small particles where high surface
area to volume ratios makes the signals from the surface material more pronounced. These
factors can result in the broadening, weakening or alteration of characteristic peak signals
produced by FTIR spectroscopy (Figure B.1), in some cases preventing the detection of the
underlying material.
The use of FTIR spectroscopy to obtain characteristic spectra is now a widespread method
to determine different synthetic fibres (examples given in Figure B.2) and discriminate
these from natural materials.
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a)

b)

Figure B.1. FTIR spectra (% transmission plotted against wavenumber cm-1) from fibres
of a) polyester and b) polyamide obtained from environmental samples (each shown in
red), compared with reference spectra from the Hummel polymer library of the same
polymer type (shown in purple in each of the panels).
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B.2 Example FTIR spectra for synthetic plastic polymers
a) Acrylic

b) Alkyd

c) Polyamide

d) Polyacrylonitrile

e) Polyethylene

f) Polyester

g) Polystyrene

h) Polyvinylchloride co-polymer

Figure B.2. Example FTIR spectra of plastic polymers identified in Chapter 4.

237

Appendix B

B.3 Natural fibres
Broadly, fibres may be classified as either natural, or synthetic. Natural fibres may arise
from vegetable (e.g. cotton, flax, hemp, sisal and jute) or animal (e.g. silk, wool, fur)
origin. Preliminary examination to sort fibres into these broad categories can be achieved
through microscopy as natural and synthetic fibres differ in their cross-sectional shape,
surface structure and contour. An example cotton fibre and its FTIR spectra are shown in
Figure B.3.
a)

b)

0.1 mm

Figure B.3. a) Example blue cotton fibre collected on the tape lift screening controls
utilised throughout this thesis, which illustrates the characteristic ribbon-like appearance
with tapered ends, and b) the resulting FTIR spectrum produced. Image taken with Zeiss
photomicroscope with Axiovision V 4.8.2.0 software.
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Appendix C: Surface area quantification
Baseline surface areas were calculated for rectangular objects and half cylindrical objects
based on the specific dimensions of each of the microplastic fibres, using equations C.1.
and C.2. These ‘baseline’ values correspond to the surface area of a smooth particle of
each specific dimensions and shape.
𝑆𝐴 𝑜𝑓 ℎ𝑎𝑙𝑓 𝑎 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 =

((2 𝜋 𝑟 𝑙) + (2 𝜋 𝑟 2 ))
2

𝑆𝐴 𝑜𝑓 𝑎 𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑙𝑒 = 𝑙 ∗ 𝑤

Equation C.1

Equation C.2

Where:
r = radius
l = length
w = width
π was used to 5 decimal places (3.14159)

Observed surface area, as calculated with the photogrammetry software (Agisoft LLC) was
compared to the baseline surface area of a rectangular object to yield a ratio between these
values. A ratio of 1 indicates that the observed and expected surface areas are the same
(and in effect the microplastic is smooth); a ratio of > 1 indicates that the observed surface
area, measured with photogrammetry, is greater than the baseline surface area; i.e. the
microplastic has a greater surface area than a smooth object. A ratio of < 1 would signify
the converse.
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Appendix D: Historic benthic sampling
Table D.1. Summary of the sampling information (date, start location, depth, SAMS identifying number and trawl method) and the numbers of each of the
two benthic species (OL = Ophiomusium lymani, HP = Hymenaster pellucidus) analysed over the years 1976 to 2015
Sampling date
11th Jul 1976
28th May 1980
17th Sep 1980
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SAMS Number
AT107
ES176
ES184

Start Latitude (°N)
57.1170
57.2500
57.2333

Start Longitude (°W)
12.1000
10.4337
10.4000

Depth (m)
2000
2245
2260

21st Apr 1985

ES289

57.3167

10.4167

2190

8th Sep 1990

ES399

57.1800

10.1800

2200

2nd Aug 1995

ES573

57.2617

10.4312

2240

21st May 2013

ES1673

57.2734

10.2988

2200

21st May 2013

ES1674

57.2420

10.2776

2228

21st May 2013

ES1675

57.2396

11.2745

2229

22nd May 2013
11th Jun 2015
12th Jun 2015

ES1676
ES1677
ES1679

57.2536
57.3071
57.3562

10.2992
10.3957
10.3712

2227
2200
2200

12th Jun 2015

ES1680

57.3246

10.3982

2200

13th Jun 2015

ES1681

57.3121

10.3853

2200

Species
OL
OL
HP
OL
HP
OL
OL
HP
HP
OL
HP
OL
HP
HP
HP
HP
OL
HP
OL
HP

Sample size
10
10
10
10
10
10
10
3
3
10
3
10
10
4
3
10
10
6
10
1

Trawl Method
Agassiz trawl
Epibenthic sled
Epibenthic sled
Epibenthic sled
Epibenthic sled
Epibenthic sled
Epibenthic sled
Epibenthic sled
Epibenthic sled
Epibenthic sled
Epibenthic sled
Epibenthic sled
Epibenthic sled
Epibenthic sled

Appendix E

Appendix E: Example microplastics ingested by fauna (1976 – 2015)
(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure E.1. Example microplastics extracted from invertebrates over from the years (a)
1976, (b) 1980, (c) 1985, (d) 1990, (e) and (f) 1995, (g) 2013 and (h) 2015.
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Appendix F: Sub-bottom profile

Figure F.1. Sediment profile obtained from sub-bottom profiler from the location 57°
17.9550 N, -10° 22.9317 W; near to Gage Station M. Data is visualised in Kongsberg SBP
OPU V1.5.3
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Appendix G: Example microplastics extracted from sediment cores
Table G.1. Examples of microplastics isolated from the sediment cores at depths 0 - 1 cm, 4 - 5 cm, 7 - 8 cm and 9 - 10 cm
0 – 1 cm

4 – 5 cm

7 – 8 cm

9 - 10 cm
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Appendix H: Microplastic data through the sediment cores
H.1 Abundance of microplastics isolated from core MG1697
Table H.1. Summary table of environmental parameters and microplastics data for sediment core MG1697. The wet and dry sediment weights for each
depth horizon are presented along with the abundance of microplastics per gram dry weight (MP/G d.w.), wet weight (MP/G w.w.) and per cm3 (MP/cm3),
the number of unique polymers and the mean size of the microplastics isolated. n/a signifies no microplastics were found at this depth interval.
MP/g

MP/g

MP/cm3

No. of unique

MP size (mm)

(w.w.)

(d.w.)

(w.w.)

polymers

(mean ± SD)

3

0.051

0.333

0.076

2

0.285 ± 0.296

16.3

2

0.039

0.123

0.051

2

0.479 ± 0.589

63.4

24

2

0.032

0.083

0.051

1

2.625 ± 1.886

1.5 – 2

61.6

24.9

1

0.016

0.040

0.025

1

0.938 ± 0.00

2 - 2.5

57.1

24.4

2

0.035

0.082

0.051

1

1.260 ± 0.133

2.5 - 3

88.1

39.6

0

n/a

n/a

n/a

n/a

n/a

3 - 3.5

77.0

35.9

2

0.026

0.056

0.051

1

1.260 ± 1.164

3.5 - 4

64.5

30.6

0

n/a

n/a

n/a

n/a

n/a

4 - 4.5

61.7

29.5

1

0.016

0.034

0.025

1

1.458 ± 0.00

4.5 - 5

51.5

24.5

0

n/a

n/a

n/a

n/a

n/a

5-6

115.2

56.0

0

n/a

n/a

n/a

n/a

n/a

Sub-

Depth

Sediment

Sediment

core

(cm)

w.w. (g)

d.w. (g)

0 - 0.5

58.8

9.0

0.5 – 1

51.5

1 - 1.5

Core A

No of MPs
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Core C

6-7

144.1

71.8

3

0.021

0.042

0.038

3

0.799 ± 0.511

7-8

123.6

62.2

1

0.008

0.016

0.013

1

1.167 ± 0.00

8-9

111.9

56.3

0

n/a

n/a

n/a

n/a

n/a

9 - 10

135.1

69.8

2

0.015

0.029

0.025

2

1.719 ± 1.311

0 - 0.5

63.8

18.8

1

0.016

0.053

0.025

1

1.458 ± 0

0.5 - 1

44.6

16.7

0

n/a

n/a

n/a

n/a

n/a

1 - 1.5

59.1

23.9

1

0.017

0.042

0.025

1

2.083 ± 0.00

1.5 - 2

52.6

23.2

0

n/a

n/a

n/a

n/a

n/a

2 - 2.5

61.8

28.4

0

n/a

n/a

n/a

n/a

n/a

2.5 - 3

70.2

33.8

1

0.014

0.030

0.025

1

0.625 ± 0.00

3 - 3.5

74.1

36.1

2

0.027

0.055

0.051

1

1.906 ± 0.486

3.5 - 4

72.9

39.7

0

n/a

n/a

n/a

n/a

n/a

4 - 4.5

73.7

36.0

1

0.0136

0.028

0.0255

1

0.625 ± 0.00

4.5 - 5

77.0

71.1

0

n/a

n/a

n/a

n/a

n/a

5-6

135.9

72.0

1

0.0074

0.014

0.0127

1

5.063 ± 0.00

6-7

140.9

74.3

0

n/a

n/a

n/a

n/a

n/a

7-8

124.0

63.1

0

n/a

n/a

n/a

n/a

n/a

8-9

142.1

74.9

1

0.0070

0.013

0.0127

1

0.417 ± 0.00

9 - 10

145.8

77.2

0

n/a

n/a

n/a

n/a

n/a
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H.2 Abundance of microplastics isolated from core MG1698
Table H.2. Summary table of environmental parameters and microplastics data for sediment core MG1698. The wet and dry sediment weights for each
depth horizon are presented along with the abundance of microplastics per gram dry weight (MP/G d.w.) wet weight (MP/G w.w.) and per cm3 (MP/cm3),
the number of unique polymers and the mean size of the microplastics isolated. n/a signifies no microplastics were found at this depth interval.
MP/g

MP/cm3

No. of unique

MP size (mm)

(w.w.)

(d.w.)

(w.w)

polymers

(mean ± SD)

1

0.0152

0.088

0.0255

1

2.042 ± 0

19.1

1

0.0171

0.052

0.0255

1

1.500 ± 0

59.0

22.3

0

n/a

n/a

n/a

n/a

n/a

1.5 - 2

55.7

21.6

1

0.0180

0.046

0.0255

1

2.021 ± 0

2 - 2.5

48.0

19.8

1

0.0208

0.051

0.0255

1

0.917 ± 0

2.5 - 3

47.2

20.3

0

n/a

n/a

n/a

n/a

n/a

3 - 3.5

48.3

21.7

1

0.0207

0.046

0.0255

1

0.438 ± 0

3.5 - 4

52.0

23.9

3

0.0577

0.126

0.0764

1

1.049 ± 0.271

4 - 4.5

43.8

20.3

2

0.0457

0.099

0.0510

1

1.365 ± 0.840

4.5 - 5

54.1

25.5

2

0.0370

0.078

0.0510

1

0.740 ± 0.103

5-6

91.1

43.9

2

0.0220

0.046

0.0255

1

1.417 ± 1.149

6-7

96.0

46.4

4

0.0417

0.086

0.0510

1

0.745 ± 0.309

7-8

99.1

48.7

2

0.0202

0.041

0.0255

2

1.740 ± 0.309

8-9

113.4

58.4

0

n/a

n/a

n/a

n/a

n/a

Depth

Sediment

Sediment

core

(cm)

w.w. (g)

d.w. (g)

0 - 0.5

65.9

11.3

0.5 - 1

58.4

1 - 1.5

Core A

246

MP/g

Sub-

No of MPs

Core C

9 - 10

112.3

58.9

5

0.0445

0.085

0.0637

2

1.208 ± 0.537

0 - 0.5

133.2

39.9

0

n/a

n/a

n/a

n/a

n/a

0.5 - 1

91.9

37.2

0

n/a

n/a

n/a

n/a

n/a

1 - 1.5

92.1

40.7

1

0.0109

0.025

0.0255

1

0.188 ± 0.00

1.5 - 2

77.9

35.5

2

0.0257

0.056

0.0510

1

1.240 ± 0.280

2 - 2.5

84.4

39.5

1

0.0118

0.025

0.0255

1

7.083 ± 0.00

2.5 - 3

87.4

41.6

0

n/a

n/a

n/a

n/a

n/a

3 - 3.5

91.3

45.5

0

n/a

n/a

n/a

n/a

n/a

3.5 - 4

111.8

57.9

1

0.0089

0.017

0.0255

1

2.313 ± 0.00

4 - 4.5

97.6

44.4

2

0.0205

0.045

0.0510

2

0.521 ± 0.442

4.5 - 5

84.9

51.5

1

0.0118

0.019

0.0255

1

1.229. ± 0.00

5-6

137.1

65.6

0

n/a

n/a

n/a

n/a

n/a

6-7

139.3

69.7

0

n/a

n/a

n/a

n/a

n/a

7-8

134.7

71.5

0

n/a

n/a

n/a

n/a

n/a

8-9

136.2

72.4

3

0.0220

0.041

0.0382

2

0.632 ± 0.538

9 - 10

149.9

79.6

0

n/a

n/a

n/a

n/a

n/a
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H.3 Abundance of microplastics isolated from core MG1699
Table H.3. Summary table of environmental parameters and microplastics data for sediment core MG1699. The wet and dry sediment weights for each
depth horizon are presented along with the abundance of microplastics per gram dry weight (MP/G d.w.), wet weight (MP/G w.w.) and per cm3 (MP/cm3),
the number of unique polymers and the mean size of the microplastics isolated. n/a signifies no microplastics were found at this depth interval.
Sub-core

Core A

248

MP/g

MP/g

MP/cm3

No. of unique

MP size (mm)

(w.w.)

(d.w.)

(w.w)

polymers

(mean ± SD)

4

0.043

0.186

0.102

1

1.380 ± 0.752

21.0

1

0.018

0.048

0.025

1

8.333 ± 0.00

57.6

23.1

1

0.017

0.043

0.025

1

1.458 ± 0.00

1.5 - 2

58.0

24.8

1

0.017

0.040

0.025

1

2.021 ± 0.00

2 - 2.5

50.7

22.8

3

0.059

0.132

0.076

1

2.806 ± 1.819

2.5 - 3

50.2

23.5

2

0.040

0.085

0.051

2

0.563 ± 0.206

3 - 3.5

60.7

29.4

1

0.016

0.034

0.025

1

0.792 ± 0.00

3.5 - 4

51.9

25.3

1

0.019

0.040

0.025

1

0.938 ± 0.00

4 - 4.5

55.5

27.7

5

0.090

0.181

0.127

1

1.663 ± 1.932

4.5 - 5

54.8

29.9

3

0.055

0.100

0.076

3

1.090 ± 0.741

5-6

118.6

62.4

0

n/a

n/a

n/a

n/a

n/a

6-7

130.0

69.0

3

0.023

0.043

0.038

1

1.049 ± 0.312

7-8

141.5

75.4

3

0.021

0.040

0.038

2

5.785 ± 6.232

8-9

115.0

61.5

1

0.009

0.016

0.013

1

0.625 ± 0.00

Depth

Sediment

Sediment

(cm)

w.w. (g)

d.w. (g)

0 - 0.5

93.4

21.5

0.5 - 1

56.6

1 - 1.5

No. of MPs

Core C

9 - 10

117.5

64.4

0

n/a

n/a

n/a

n/a

n/a

0 - 0.5

100.9

12.4

4

0.040

0.323

0.102

3

1.979 ± 1.823

0.5 – 1

54.3

18.5

4

0.074

0.216

0.102

1

1.135 ± 0.678

1 - 1.5

55.3

21.2

3

0.054

0.142

0.076

1

1.438 ± 0.784

1.5 – 2

54.5

22.8

3

0.055

0.132

0.076

1

3.255 ± 3.724

2 - 2.5

62.8

28.0

0

n/a

n/a

n/a

n/a

n/a

2.5 - 3

59.3

27.4

1

0.017

0.036

0.025

1

0.938 ± 0.00

3 - 3.5

55.1

26.1

2

0.036

0.077

0.051

1

2.573 ± 1.665

3.5 - 4

64.5

30.7

3

0.047

0.098

0.076

1

0.542 ± 0.686

4 - 4.5

58.5

28.3

7

0.120

0.247

0.178

2

1.357 ± 1.380

4.5 - 5

56.4

27.4

3

0.053

0.109

0.076

1

1.215 ± 0.514

5-6

113.7

56.5

3

0.026

0.053

0.038

2

0.611 ± 0.367

6-7

124.1

64.0

7

0.056

0.109

0.089

2

1.595 ± 1.900

7-8

129.5

67.7

4

0.031

0.059

0.051

1

0.865 ± 0.552

8-9

123.7

67.5

2

0.016

0.030

0.025

1

1.083 ± 0.560

9 - 10

137.2

74.5

2

0.015

0.027

0.025

1

1.031 ± 0.663
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Optimisation of enzymatic digestion and validation
of specimen preservation methods for the analysis
of ingested microplastics
Winnie Courtene-Jones,*a Brian Quinn,b Fionn Murphy,b Stefan F. Garya
and Bhavani E. Narayanaswamya
Microplastics are considered to be a widespread environmental contaminant. Due to their small size
microplastics have the potential to be ingested by a range of aquatic organisms which mistake them for
a food source and can suﬀer adverse impacts as a result. Development of standardised methods is
imperative to provide reliable and meaningful data when analysing microplastic ingestion by marine
fauna. A range of proteolytic digestive enzymes (trypsin, papain and collagenase) were tested to establish
optimum digestion eﬃcacy of biological samples and assess the eﬀects of enzymes on microplastics;
additionally the applicability of freezing and formaldehyde followed by ethanol as specimen preservation
techniques for microplastic research was investigated. Of the enzymes investigated, trypsin yielded the
greatest digestive eﬃcacy based on weight reduction (88%  2.52 S.D.) at the lowest concentration

(0.3125%) with no observed impacts on microplastics. Enumeration of microplastics from wild collected
Mytilus edulis revealed mean numbers of 1.05  0.66 S.D. (minimum) to 4.44  3.03 S.D. (maximum)
microplastic particles per g wet weight mussel tissue depending on location. There was no signiﬁcant
diﬀerence based on preservation method on the quantiﬁcation of ingested microplastics and no
Received 22nd August 2016
Accepted 26th September 2016

detrimental impacts were observed on the microplastics directly. Enzymatic digestion using trypsin
therefore provides a suitable, time and cost eﬀective method to extract microplastics from M. edulis.
Furthermore the preservation methods did not have detrimental eﬀects on microplastics, serving to

DOI: 10.1039/c6ay02343f

highlight the suitability of biological samples preserved either way for future inquiries into ingested

www.rsc.org/methods

microplastics.

1. Introduction
Worldwide plastic production has increased rapidly since the
mid-twentieth century.1 Around 30% of the plastic items made
have single-use application and are discarded within a year of
manufacture.2 The durable nature of plastics coupled with
a throw-away culture has led to escalating plastic waste
management issues and the global accumulation of this
pollutant. Of particular concern due to their ubiquity and
persistence in the environment are microplastics: plastics
fragments, bres and beads between 0.5 mm to 100 nm in
diameter,3 produced by the degradation of larger plastic items
or manufactured purposely to be of small size.4 Microplastics
are potentially bioavailable to a wide range of organisms being
of a size similar to prey items or sediment grains5,6 and pose
a severe threat to aquatic life.7 Microplastic ingestion has been
documented in a range of vertebrate (e.g. sh) and invertebrate
Scottish Association for Marine Science, Scottish Marine Institute, Oban, Argyll, PA37
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(e.g. zooplankton, mussels) species in both laboratory and eld
conditions8–13 with detrimental eﬀects observed.
Microplastic research is a developing eld and as a result
a number of fundamental research questions remain. However,
progress and data comparability is hampered by a lack of
methodological uniformity. To eﬀectively monitor the temporal
and spatial trends of microplastics it is imperative to establish
standard operation protocols (SOPs) which deal with a range of
samples, e.g. sediment, water and fauna. Currently the most
widely used techniques to extract microplastics from fauna are
based on wet digestion using strong bases, or more commonly
acids.14 While acid and alkaline dissociation are eﬀective in
dissolving organic material they degrade or even destroy some
pH-sensitive polymers.14–16 Dissociation enzymes oﬀer an
alternative method due to their high digestive specicity,
meaning proteinaceous material is acted upon leaving synthetic
materials intact and unaﬀected,17 thus providing a more
appropriate way to extract microplastics from organic material.
The development of an enzymatic method using proteinase-K
has been utilised to extract ingested microplastics from
zooplankton samples.15 It is necessary to consider a range of
proteinaceous enzymes and their digestive eﬃciencies on other
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species to develop an alternative enzyme extraction method and
provide a cost eﬀective and rapid protocol for widespread
application across environmental monitoring sectors.
While eﬀorts are being made to develop and standardise
extraction methods it is also important to consider the treatment of samples prior to analysis, and evaluate what eﬀects
methods of sample storage may have on microplastics, to
ensure comparability between all stages. Biological samples are
usually stored for a period of time between collection and processing in one of two ways, either by using formaldehyde followed by ethanol, or by freezing. Fixation of tissues using dilute
concentrations of buﬀered formaldehyde followed by storage in
ethanol is a widely used technique especially for morphological
species identication and community analyses and microplastics have been extracted from specimens preserved using
this technique.18–22 Samples treated with formaldehyde and
ethanol can be stored for long periods of time in cool, dark
conditions. More recently freezing at 20  C has been suggested as a preferred non-destructive preservation method for
specimens specically for the study of microplastics.23,24 While
fauna preserved using both techniques are utilised to assess
ingested microplastics, there has been no investigation as to
whether the techniques produce comparable results. Both
techniques can cause changes in the cellular stability and size of
specimen tissues,25,26 but what eﬀect these techniques may have
on ingested microplastics is unclear. Elucidating methodological diﬀerences and establishing best practise is imperative to
provide comparable and meaningful data and develop the eld
of microplastics research.
Here, we aim to develop and validate a non-destructive
method to extract microplastics from fauna preserved using
diﬀerent techniques. The model organism Mytilus edulis is
utilised as microplastic ingestion has been widely reported in
this species,8,12 and mussels act as bioindicators for aquatic
contaminants due to the large volumes of water drawn across
the gills when lter feeding.27 Enzymatic digestion using a range
of dissociation enzymes and concentrations were performed on
wild mussels to optimise digestive eﬃcacy and establish the
eﬀects on microplastics. This study additionally signies the
rst eﬀorts to examine the eﬀect of biological specimen preservation on microplastics directly and those present in fauna. A
simple, rapid and eﬀective enzyme digestion extraction method
is developed to accurately assess microplastics in biological
samples, considering extraction from diﬀerently preserved
specimens and working to establish an accessible and eﬃcient
operation protocol.

2.

Method

2.1.

Contamination mitigation protocol

Given the ubiquity of microplastic bres in the environment
a number of steps were employed to monitor and reduce
potential routes and sources of contamination. Samples were
prepared and analysed in a separate small laboratory to minimise the number of people coming into contact with samples.
Air vents were covered to mitigate against air borne contamination and the door remained closed for the duration of the
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experiment. The benches were cleaned with 70% ethanol on
non-shredding paper and allowed to dry fully; this was repeated
three times prior to commencing work. Standard non-plastic
equipment i.e. glass and metal, were used wherever possible
and consumables were used directly from sterile packaging. All
apparatus was washed with deionised water prior to use and
equipment was inspected under a dissecting microscope to
ensure they were free from contaminants. The samples were
covered wherever possible to minimize exposure risk. Personnel
working on the samples wore natural bre clothes under a clean
100% cotton laboratory coat.
Two further methods were applied to take into account any
potential background contaminants based on Murphy et al.28
Dampened lter paper (30 mm diameter, Whatman no. 1) was
placed in a clean Petri dish to be used to collect any air borne
contaminants, this was present throughout the sampling
process before being sealed and labelled for further analysis.
Tape li screening (TLS), a common procedure in forensic
laboratories29 was used to test for surface microbres. Aer the
benches had been cleaned, a 5 cm2 piece of adhesive tape was
cut and placed on the bench surface in three random locations
before being placed on an acetate sheet and examined under
a microscope, this process was carried out before and aer the
laboratory procedures.
2.2. Comparison and validation of enzymatic digestion
methods
2.2.1. Mytilus edulis collection. Mussels were collected
from the Clyde estuary (Fig. 1), individually wrapped in
aluminium foil and placed in lidded buckets, these were frozen
at 20  C upon return to the laboratory.
2.2.2. Digestion eﬃcacies. The three proteinaceous digestive enzymes trypsin, collagenase and papain were investigated;
these have specicity for peptide bonds therefore cause dissociation of tissues, and are of a lower cost than proteinase-K.15
Mussels were removed from the freezer and allowed to defrost
for one hour. The length and width of each mussel was recorded
using dial callipers. A dilution series of the digestive enzyme
trypsin was prepared by diluting with deionised water to achieve
2.5%, 1.25%, 0.625%, 0.3125%, 0.15% and 0.08% concentrations. Six mussels were dissected to remove the so tissue in
separate clean glass Petri dishes and weighed using an Ohaus
Pioneer electronic balance. Each mussel was quartered and
added to a beaker containing 20 ml of each of the six concentrations of trypsin and were then placed on heated magnetic
stirrers to stir gently at 38–42  C for 30 minutes. Six pieces of
80 mm mesh gauze were weighed and labelled before ltering
the contents of each beaker through individual pieces of gauze.
The gauze was then weighed again to determine the amount of
mussel so tissue le undigested; this process was carried out
in triplicate. The initial weights of gauze were taken into
account before being used in an equation (pre weight  post
weight/pre weight  100) to determine the digestive eﬃciency
of each concentration of trypsin enzyme. Once the optimum
concentration which produced maximum digestive eﬃcacy for
the lowest concentration of trypsin was calculated, the protocol
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Fig. 1 Map of UK and Ireland with sampling locations on the West coast of Scotland, blue box indicates location of the Clyde estuary and red box
highlights the Oban area, with the detailed section illustrating the location of sample sites (Maps from GEBCO_2014 and Google Earth
V.7.1.5.1557).

was repeated at this concentration in triplicate for the dissociation enzymes papain and collagenase to provide comparative
digestive eﬃciencies. Additionally, the eﬀects of specimen
preservation method were investigated by digesting freshly
collected mussels and those preserved in formaldehyde for
three days followed by ethanol for 7 days with the optimum
concentration of trypsin, these were each carried out in triplicate. Digestion eﬃcacies were compared using a Kruskal–Wallis
test with a Nemenyi posthoc test using the package PMCMR30 in
R Studio V 0.99.892.
2.2.3. Validation of enzymatic digestion. A collection of
microplastics was established by collecting plastics of known
polymer types from everyday items, as identied by the resin
identication code31 branded onto the plastic in production
(polymer category 1: polyethylene terephthalate (PET), category
2: high-density polyethylene (HDPE), category 3: polyvinyl
chloride (PVC), category 4: polypropylene (PP) and category 5:
polystyrene (PS)), along with polyamide (PA). Small pieces of
each were obtained using a coﬀee bean grinder, plastic was
milled for several minutes until a small particle size was
produced. The fragments were placed on a 0.5 mm mesh sieve
to divide them into two classes: <0.5 mm and 0.5–5.0 mm. The
length of 30 microplastics of each polymer were recorded using
the ocular scale of a Wild M5 dissecting microscope. 10
microplastic fragments were added to a glass beaker containing
20 ml of 0.3125% concentration of trypsin enzyme and placed
on a heated magnetic stirrer for 30 minutes set to stir gently and
maintain a temperature between 38 and 42  C. This was
repeated for each polymer type in triplicate. Following enzyme
exposure the contents of the beakers were ltered using separate 80 mm mesh gauze. The microplastics were recovered,
measured and their physical properties examined under
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a dissecting microscope; surface appearance was investigated
by Hitachi S4100 Scanning Electron Microscope (SEM) with a 10
kV accelerating voltage. Microplastic samples were lightly
coated with conductive gold prior to SEM imaging to prevent
sample charging. Size diﬀerences were compared using a ranksign paired Wilcoxon test in RStudio V 0.99.892.
2.3.

Diﬀering specimen preservation techniques

2.3.1. Preservation eﬀects on microplastics. Ten microplastic fragments of the polymers PET, HDPE, PVC, PP, PS and
PA from the reference collection detailed in Section 2.2.3., along
with monolament bres obtained from orange, green and blue
nets stranded as beach debris, were visually characterised and
photographed using a Zeiss photomicroscope with Axiovision V
4.8.2.0 soware. These were then transferred to individual
durum tubes and were subjected to diﬀerent preservation
techniques. Five samples were frozen at 20  C for ten days and
the remaining ve samples were preserved in 4% formaldehyde
diluted in seawater and buﬀered to pH 7.5 with borax32 three
days before being transferred into 70% ethanol for a further
seven days. Exposure to formaldehyde for three days was chosen
as this time period appropriately reects contact times for
specimen preservation. Aer this time microplastics were rephotographed using the Zeiss photomicroscope and examined
for any visual decolouration, cracks, fragmentation, embrittlement and any other changes. Measurements of plastic length
taken before and aer the treatment were compared statistically
for size changes using a rank-sign paired Wilcoxon test in
RStudio V 0.99.892.
2.3.2. Mytilus edulis specimen collection and preservation.
M. edulis were collected at four locations on the West coast of
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Scotland in December 2015 and February 2016 (Fig. 1). Specimens were wrapped tightly in aluminium foil, labelled clearly
and placed into separate sealable freezer bags for each location.
On return to the laboratory preservation techniques varied
between the collections. For December 2015 samples mussels
were frozen at 20  C, while mussels collected in February 2016
underwent a widely used specimen preservation technique
involving formaldehyde and ethanol. M. edulis were covered
with buﬀered formaldehyde for three days before being transferred to 70% ethanol and stored in screw top containers for
a further 7 days.
2.3.3. Preservation eﬀects on microplastics ingested by
Mytilus edulis. Mussels were removed from the freezer and
allowed to defrost for one hour; specimens preserved in
formaldehyde and ethanol were rinsed well using deionised
water. The length and width of each mussel was recorded
using metal dial callipers. The entire mussel was dissected
from the shell in a glass Petri dish to contain all parts of the
tissue and the tissue was then weighed using a Sartorius
electronic balance. The mussel was quartered and placed
into a beaker containing 25 ml of 0.3125% concentration
trypsin solution. Beakers were placed on a heated magnetic
stirrer set to stir gently at 250 turns per minutes at 38–42  C
and le to digest for 30 minutes. The mixture was poured
through a 52 mm mesh gauze before being placed into
a covered glass Petri dish. The gauze was thoroughly examined under a dissecting microscope and any non-prey items
were removed from the gauze and placed into a small Petri
dish containing 30 mm lter paper. Petri dishes were kept
covered when not in use to reduce the potential for
contamination exposure. Small Petri dishes were sealed with
black electrical tape, labelled and stored for further analysis
using attenuated total reectance Fourier transformation
infrared spectroscopy (ATR-FTIR). Microplastic quantities
were standardised by the number of particles per gram of wet
weight (w.w.) of mussel tissue, taking into account sitespecic size diﬀerences and paired rank-sign Wilcoxon tests
were performed in RStudio V 0.99.892 to identify any preservation technique eﬀects.
2.4.

ATR-FTIR spectroscopy

Microplastics were identied using a Perkin-Elmer Spectrum
100 Fourier transformation infrared spectroscope coupled with
a universal attenuated total reectance accessory (ATR-FTIR)
equipped with a diamond detector. The spectra were recorded
as the average from four high resolution scans in the range of
600–4000 cm1 with a spectral resolution of 4.00 cm1 in the
soware Spectrum V 6.3.4.0164 (Perkin-Elmer). The principle of
ATR-FTIR is that infrared radiation excites various bonds on the
surface of the material being sampled so producing
a percentage transmittance spectrum. Examination of the
transmittance spectra can facilitate in determining the material. Spectra obtained were visualised in OMNIC 9.2.98 (Thermo
Fisher Scientic Inc.) using the inbuilt reference library collection to assist with the analysis and characterisation of
percentage transmittance spectra.
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3.

Results

3.1.

Contamination

Close inspection of the contamination mitigation procedures
revealed that bres found on TLS and atmospheric controls were
diﬀerent to those in the mussels. The median number of bres
on the tape samples was 19, with ranges of between 1–18 found
before work was undertaken and 3–26 aer laboratory experiment had been conducted. The lengths of bres ranged from
0.45–5.56 mm and were red and blue in colour, reecting the
colour of the natural bre clothes worn during laboratory work.
Close visual examination of all bres revealed them to be cotton,
clearly characterised by the at, spirally twisted, ribbon-like
appearance of the bres; characteristics absent in man-made
bres; furthermore, a sub-sample of these were analysed using
ATR-FTIR to conrm the material was cotton; similar results were
found by Murphy et al.28 The number of bres were much lower
on atmospheric controls with a median number of 0 (range 0–3)
being recorded. Lengths varied from 0.67–1.78 mm and all bres
were also identied as cotton.
3.2.

Enzymatic digestion eﬃcacy

The lowest concentration of trypsin with the highest eﬃciency was
0.3125%, with a mean value of 88%  2.52 S.D. of mussel tissue
dissociated for frozen specimens aer 30 minutes enzyme exposure. Papain and collagenase both yielded lower digestive eﬃcacies
than trypsin at a concentration of 0.3125% (Fig. 2), therefore
trypsin was selected to be used for further experimental procedures. By comparison, mean digestive eﬃcacy using 0.3125%
concentration trypsin was 86%  13.89 S. D. and 78%  9.45 S.D.
for fresh mussels and those preserved by formaldehyde followed by
storage in ethanol respectively. There was no statistical diﬀerence
in digestive eﬃcacy between the diﬀerent enzymes or specimen
preservation prior to digestion (H ¼ 5.4681, df ¼ 4, p ¼ 0.2425).
Trypsin was eﬀective at reducing the mussel so tissue for all
preservation methods, the majority of the residue which was le
undigested consisted of a transparent lm of gelatinous material,
in which microplastics and fragments of other materials (such as
shell and sand grains) were visible. In some samples the adductor
muscles and mantle skirt were only partially digested, these were
examined carefully to remove any microplastics from the surface.
3.3.

Eﬀect of enzymatic digestion on microplastics

There were no changes in overall particle shape, colour or significant diﬀerences in size for any of the polymers investigated (PET:
V ¼ 62.5, p ¼ 0.0709; PE: V ¼ 12.5, p ¼ 0.7498; PP: V ¼ 47, p ¼
0.5531; PS: V ¼ 12, p ¼ 0.7963; PVC: V ¼ 48, p ¼ 0.0368; PA: V ¼ 41,
p ¼ 0.9043) following enzymatic digestion (Fig. 3). SEM surface
images of microplastics showed little diﬀerences in surface
appearance aer enzyme digestion with 0.3125% trypsin (Fig. 4).
3.4. Identication of microplastics ingested by Mytilus
edulis
A total of 634 potential microplastic samples were collected and
analysed using ATR-FTIR. Of these 392 were identied as being
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Digestive eﬃcacy of the three dissociation enzymes trypsin, collagenase and papain at 0.3125% concentration on diﬀerently preserved
mussel specimens. Digestive eﬃcacy for frozen mussels are shown for all enzymes, and additional comparisons with fresh and formaldehyde and
ethanol preserved mussels are provided for trypsin. Thick black lines represent median values, boxes depict the ﬁrst and third quartiles and the
whiskers illustrate the interquartile range. No signiﬁcant diﬀerence was found between the diﬀerent enzymes or preservation methods.

Fig. 2

3.5.

Fig. 3 Mean microplastic size for a range of polymers before and after
enzymatic digestion with 0.3125% trypsin. Error bars denote standard
deviation. No signiﬁcant size diﬀerences were observed following
enzyme digestion for any of the polymers investigated.

synthetic from their percentage transmittance spectra, 122 were
identied as organic material (sand, calcium carbonate, cellulose etc.), 12 items were not able to be identied based on their
percentage transmittance spectra and the remaining items did
not give a usable spectral reading. Of the items that were
positively identied as being microplastic, the dominant polymer was polyamide (n ¼ 285), other polymers present were a copolymer of polyamide and cellulose (n ¼ 94) and PET (n ¼ 12)
(Fig. 5a). 97% of the mussels investigated were identied to
have ingested microplastics. The majority of microplastics were
blue and red bres (n ¼ 339), accounting for 86% of the total
microplastics identied; fragments (n ¼ 22), lms (n ¼ 30) and
beads (n ¼ 1) were also recorded in much lower abundances
(Fig. 5b). The median length of microplastic ingested by
mussels was 1.22 mm, however lengths ranged from 0.2–
10.67 mm.
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Comparison and eﬀects of preservation techniques

For all polymers investigated there was no diﬀerence in visual
appearance (discolourisation, cracking, cavities, embrittlement) or any signicant diﬀerences in the length of the
microplastic aer either preservation technique for any of the
polymers tested (V ¼ 510, p ¼ 0.3073).
While the quantities of microplastics varied between individual mussels and between sites (mean values of 1.05  0.66
S.D. per g at site 1 to 4.44  3.03 S.D. per g at site 3) (Fig. 6a);
there was no signicant eﬀect of preservation technique on the
overall number of ingested microplastics per gram of w.w.
mussel tissue (V ¼ 370, p ¼ 0.5707) or for the mean number of
microplastics per g of w.w. mussel for each site (V ¼ 7, p ¼
0.625). Furthermore there was no signicant diﬀerence between
preservation techniques on the type of polymer (polyamide: V ¼
408, p ¼ 0.2451; polyamide and cellulose copolymer: V ¼ 199,
p ¼ 0.3419; PET: V ¼ 20, p ¼ 0.2664).
When considering the type of microplastics, there was no
eﬀect of preservation technique on the overall number of bres
per g detected (V ¼ 237, p ¼ 0.1348) between mussels, or on the
mean number of each type of microplastic per g between sites
(Fig. 6b) (bres: V ¼ 2, p ¼ 0.375; fragments: V ¼ 8, p ¼ 0.375;
lm: V ¼ 6, p ¼ 0.1814). Beads were insuﬃcient in number to
undertake the test.

4. Discussion
This study addresses important gaps regarding the application
of enzymatic digestion to extract microplastics from fauna and
assess the validity of diﬀerent preservation methods at a time
when concerted eﬀorts are being made to standardise microplastic operation protocols. Our results clearly present the rst
evidence that the use of freezing, or formaldehyde and ethanol
as a specimen preservation technique does not cause signicant
diﬀerences in the enumeration of microplastics from faunal
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Fig. 4 SEM images of polyethylene ﬁbres exposed and not exposed to enzymatic digestion with 0.3125% trypsin. Magniﬁcation of top row:
100, bottom row: 500 at 60 tilt; polyethylene is pictured here as an example; there were no observed diﬀerences in appearance for any of
the polymers investigated after enzyme digestion.

Fig. 5 (a) Constituent polymers and (b) microplastic shapes ingested by mussels at four sites identiﬁed using ATR-FTIR spectrometry. Polyamide
was identiﬁed to be the dominant polymer accounting for 72% of ingested microplastics; ﬁbres represent the majority of microplastic types (86%)
extracted from mussels.

tissues or cause any degradation to microplastics of various
polymers. Furthermore we found the dissociation enzyme
trypsin to yield a high digestive eﬃciency of biological material
while causing no severe detrimental eﬀects to microplastics

directly thus producing a suitable, time and cost eﬀective
method for microplastic extraction.
Digestion eﬃcacies did not diﬀer signicantly between the
three enzymes trialled in this study or between the preservation

Mean number of ingested microplastics per gram of w.w. mussel tissue (a) across sampling locations, and (b) classiﬁed by shape for each
of the two sample preservation techniques. Error bars denote standard deviation. There was no signiﬁcant diﬀerence between microplastic
quantities or type based on preservation method.

Fig. 6
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methods. Trypsin yielded a mean eﬃcacy of 88%  2.52% S.D.
for frozen mussels at a concentration of 0.3125%; 12% and 16%
greater than collagenase and papain respectively at the same
concentration, thus trypsin was preferentially selected for
further experimental procedures. Comparable mean digestive
eﬃcacy was produced from frozen and fresh mussels with
0.3125% trypsin, while a lower result was produced from
mussels preserved by formaldehyde and ethanol. Trypsin was
found to be more eﬃcient at dissociating tissue for each preservation method than either papain or collagenase was at
dissociating frozen mussel samples. While the digestive eﬃcacy
attained with trypsin was lower than that reported by Cole
et al.15 using the proteolytic enzyme proteinase-K to digest
zooplankton, it is likely that enzyme eﬃciency will vary between
species and tissue structures and careful visual sorting is
necessary to remove any potential microplastics from residue
remaining following digestion. Mussels were utilised in this
optimisation protocol as the adductor muscles and mantle skirt
in particular are dense muscular structures, providing a thorough assessment of the eﬀectiveness of enzyme digestion.
While these were not completely digested in all cases, it is
unlikely that these regions would accumulate microplastics
internally; trypsin was eﬀective at dissociating the majority of
so tissue including respiratory, digestive and reproductive
structures. It is hypothesised that comparable digestive eﬃcacies will be obtained for other similar marine species, however
eﬃcacy may vary between species and further work is required
to consider this.
Close examination and SEM imaging of microplastic
revealed that a concentration of 0.3125% trypsin caused no
detrimental impacts to a range of polymers; while it was not
possible to test the susceptibility of all polymers to enzyme
digestion, a range of polymer sensitivities have been considered, and from the results obtained it is unlikely that other
polymers would be degraded by a 30 minute exposure to a low
concentration of trypsin. The enzyme method developed and
optimised here while not dissociating all so tissue, is shown to
produce reliable data and presents a balance between cost,
duration of experimental procedure and digestive eﬃcacy with
the aim of its widespread use by research laboratories and by
monitoring and regulatory bodies, where these factors play an
important role in the selection of protocols.
Quantication of microplastic ingestion by wild blue
mussels in the Oban area, West Scotland, show abundances to
vary widely between individuals and sites even over a relatively
small geographic location (less than a 2 km stretch of coastline);
highlighting the heterogeneous distribution of microplastics in
the marine environment. Blue mussels have been described
previously to ingest microplastics in a laboratory setting.8,33
While these studies serve to show the potential of organisms to
ingest microplastics, they do not necessarily capture the variability of distribution and concentrations in the environment.
Considering wild populations and validating laboratory trials
with eld studies produces more biologically relevant data.
Enzyme digestion of wild collected mussels were ltered
through 52 mm mesh, while 80 mm was used to calculate
digestion eﬃcacy, the smaller mesh size was chosen here to
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retain a greater number of ingested microplastics and ensure
a wide size range was captured for analysis. 97% of the Oban
mussels were found to contain microplastics; this is a slightly
greater proportion than documented in the nearby location of
the Clyde Sea where 84% of Nephrops norvegicus individuals
contained microplastics.34 The Oban mussels were also found to
contain a much greater number of microplastics per gram than
has been reported in other areas with mean values ranging from
a minimum of 1.05  0.66 S.D. to a maximum of 4.44  3.03
S.D. microplastics per g of mussel tissue depending on sample
location. In Germany wild caught mussels were found to
contain a mean number of 0.36  0.07 S.D. microplastics per
g,12 whilst the numbers of microbres (other microplastics
types were not considered) found in mussels along a stretch of
the Belgian coastline ranged between 0.26 and 0.51 bres per
g.35 Compared to other published works, these results are in the
same order as those found in highly environmentally polluted
areas of China, where Li et al.36 report 3.3 items per g. These
data do not necessarily signify that Oban is a more polluted
area, but may serve to highlight discrepancies within the
microplastic extraction methods employed. Prior to enzyme
digestion mussels were quartered, the small size of microplastics make it extremely unlikely that individual bres would
be dissected which is not likely to aﬀect the overall microplastic
abundance for all mussels examined; therefore it is unlikely to
be responsible for the higher reported quantities in Oban. It is
more likely that these diﬀerences highlight discrepancies
between acid and enzymatic dissociation methods. Van Cauwenberghe & Janssen,12 De Witte et al.35 and Li et al.36 used acid
digestion methods to dissociate microplastics from the faunal
tissues (nitric acid, nitric and perchloric acid, and hydrogen
peroxide respectively) which have been established to have
detrimental impacts on certain plastic polymers14,15,23 and
therefore may result in the underestimation of microplastics in
organisms.
The majority of the microplastics ingested by wild mussels in
Oban were identied as polyamide bres, this polymer has wide
application including in the manufacture of netting and rope
used by the maritime sector.37,38 Oban is a busy maritime town,
with passenger ferry terminals, sightseeing boat trips, a shing
industry operating from the town and marinas, mussel and sh
farms and water treatment works all in close proximity and
being potential sources of plastic pollution. Sample locations
were all within a 2 km stretch of coastline, with site 1 being
located in the town of Oban, and site 4 the furthest North.
Mussels collected at site 2 were located at an outow pipe from
a waste water treatment works and were expected to contain
high levels of microplastics;28 however similar quantities were
extracted from mussels at sites 2, 3 and 4. Mussels at site 1 were
found to have the lowest microplastic load, which is surprising
as this location is central within the town and is closest to the
harbour, therefore having a number of pollution input sources.
This data serves to highlight the heterogeneous distribution of
marine microplastics even over small geographic scales. Fibres
are predominantly reported from a range of environmental
samples such as sediment, water and ice14,39–42 and are ubiquitously found in the everyday environment,43–46 therefore care is
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needed to avoid contamination with external sources and
accurately document this important fraction of microplastics.
Both the atmospheric and tape li screening used in this study
are common place within forensic laboratories,29,47,48 these
methods are designed to be robust under the scrutiny of the
criminal justice system and provide thorough controls for the
purpose of microplastics research, the widespread adoption of
contamination mitigation measures should be seen as good
practise in this eld.15,49–51
Previous studies have quantied microplastic ingestion by
fauna preserved by freezing23,52 and those preserved in formaldehyde and ethanol,18,22,53 with no reasoning as to why one
technique was used in favour of the other. While it is stated that
formaldehyde is a ‘plastic-friendly’ xative24 no documentation
to support this is available to the authors knowledge and no
comparison has been made between the two preservation
methods. The present study, using blue mussels as a model
organism illustrates that comparable data is produced from
both preservation methods and no impacts to a range of sizes,
shapes and polymers of microplastics are observed; concluding
neither preservation method has an advantage over the other in
terms of producing accurate microplastic quantication.
Establishing the validity of these samples for analysis of
microplastic ingestion has implications for future lines of
inquiry. While more recently the freezing of specimens has been
recommended,24 this may not always be possible in some eld
situations. Additionally, for some so bodied fauna (e.g. holothurians) or very small organisms (e.g. polychaetes) freezing and
subsequent thawing may cause damage to tissues,54 making
identication of organisms to species level almost impossible in
most cases and therefore may render this method unsuitable.
For most research facilities, freezing is not appropriate for
preserving large collections spanning over long time scales, due
to space requirements and the associated cost of keeping
specimens frozen for any length of time. Most historical specimen collections therefore are preserved in ethanol aer
initially xing tissues with formaldehyde. It is important to bear
in mind the potential of contamination of historical specimens,
as mitigation or control measures applied now would not have
been enforced at the time of collection and processing. Nonetheless, archival collections present an important source of data
to advance the knowledge of microplastic pollution and allow
for the exploration of temporal changes of abundance and
polymer composition over long-term time series.

5.

Conclusion

The results presented above clearly demonstrate that using the
digestive enzyme trypsin to extract microplastics from biological samples does not cause damage to ingested microplastics
and provides a rapid, cost eﬃcient and eﬀective method.
Comparable data are produced from wild mussels treated with
widely used specimen preservation techniques, without any
detrimental eﬀects to microplastics. It is anticipated that these
methodological developments will be applied to future research
into ingested microplastics by fauna from both newly sampled
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organisms and archival collections by a range of interested
groups.
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Microplastics are widespread in the natural environment and present numerous ecological threats.
While the ultimate fate of marine microplastics are not well known, it is hypothesized that the deep sea
is the ﬁnal sink for this anthropogenic contaminant. This study provides a quantiﬁcation and characterisation of microplastic pollution ingested by benthic macroinvertebrates with different feeding modes
(Ophiomusium lymani, Hymenaster pellucidus and Colus jeffreysianus) and in adjacent deep
water > 2200 m, in the Rockall Trough, Northeast Atlantic Ocean. Despite the remote location, microplastic ﬁbres were identiﬁed in deep-sea water at a concentration of 70.8 particles m3, comparable to
that in surface waters. Of the invertebrates examined (n ¼ 66), 48% ingested microplastics with quantities enumerated comparable to coastal species. The number of ingested microplastics differed signiﬁcantly between species and generalized linear modelling identiﬁed that the number of microplastics
ingested for a given tissue mass was related to species and not organism feeding mode or the length or
overall weight of the individual. Deep-sea microplastics were visually highly degraded with surface areas
more than double that of pristine particles. The identiﬁcation of synthetic polymers with densities
greater and less than seawater along with comparable quantities to the upper ocean indicates processes
of vertical re-distribution. This study presents the ﬁrst snapshot of deep ocean microplastics and the
quantiﬁcation of microplastic pollution in the Rockall Trough. Additional sampling throughout the deepsea is required to assess levels of microplastic pollution, vertical transportation and sequestration, which
have the potential to impact the largest global ecosystem.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
Plastic debris is a pervasive anthropogenic contaminant found
extensively in the aquatic environment worldwide (Cozar et al.,
2014; Hammer et al., 2012). As a major source of marine pollution, plastic debris meets ocean health index criteria and has been
recognized as a global threat, joining other marine stressors such as
climate change, ocean acidiﬁcation, overﬁshing and habitat
destruction (Amaral-Zettler et al., 2015; Halpern et al., 2012). The
majority of plastic items manufactured have single-use application
(Thompson et al., 2009) and between 4.8  109 to 12.7  109 kg of

This paper has been recommended for acceptance by Eddy Y. Zeng.
* Corresponding author.
E-mail address: winnie.courtene-jones@sams.ac.uk (W. Courtene-Jones).

*

http://dx.doi.org/10.1016/j.envpol.2017.08.026
0269-7491/© 2017 Elsevier Ltd. All rights reserved.

plastic is estimated to have entered the ocean in 2010 alone
(Jambeck et al., 2015); by contrast an estimated 2.7  108 kg is aﬂoat
in surface waters (Eriksen et al., 2014). The progressive fragmentation of plastic objects into ever smaller and more numerous
pieces should lead to the gradual increase of microplastics quantities (Andrady, 2011; Cozar et al., 2014; ter Halle et al., 2016),
however global budgeting identiﬁes major discrepancies between
the abundance of plastics in surface waters, especially when
considering microplastic particles (Cozar et al., 2014; Eriksen et al.,
2014).
Microplastics, deﬁned here as particles 1 mm - 5 mm in diameter
(Arthur et al., 2009) are of particular environmental concern as they
are a similar size to prey items and sediment grains and are
therefore bioavailable to a wide diversity of organisms. Ingestion is
reported in numerous species with documented impacts ranging
from lethal to sub-lethal (Browne et al., 2008; Cole et al., 2015;
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Murray and Cowie, 2011; Welden and Cowie, 2016; Wright et al.,
2013a), and trophic transfer of microplastics has been observed
€la
€ et al., 2014). Additionally, small
(Farrell and Nelson, 2013; Seta
particles have been shown to translocate within the bodies of crabs
and mussels (Browne et al., 2008; Farrell and Nelson, 2013),
consequently microplastics potentially have a greater toxicological
effect than larger plastic items. The high surface area to volume
ratio means small particles have a greater area over which to absorb
environmental contaminants; these may accumulate in the plastic,
however the effect of plastic co-contaminants on biota is not yet
clear (Koelmans, 2015).
The long-term fate and ‘lifecycle’ of microplastics in the marine
environment is poorly understood. Distribution is inﬂuenced by
abiotic (ocean currents, physical shearing, fragmentation and natural sinking (GESAMP, 2015)) and biotic factors (such as fouling
(Fazey and Ryan, 2016), consumption and incorporation in faecal
material (Cole et al., 2016) and settling detritus (Long et al., 2015)).
These provide vertical transport pathways for microplastics from
the sea surface to the benthos, thus it is hypothesized that microplastics are sequestered in the deep sea. There is a severe paucity of
knowledge regarding microplastic pollution in the deep sea;
however within the last few years microplastics have been documented in deep-sea sediments in regions of the Mediterranean Sea
and the Atlantic, Paciﬁc and Indian Oceans (Fischer et al., 2015; Van
Cauwenberghe et al., 2013; Woodall et al., 2014), and more recently
isolated from deep-sea benthic invertebrates (Taylor et al., 2016).
This study aims to provide a thorough assessment and quantiﬁcation of microplastic ingestion by deep-sea benthic invertebrates
displaying different feeding modes and presents the ﬁrst quantiﬁcation of microplastic pollution in deep-sea water. To test the hypothesis that microplastics are present at a deep-sea site in the
Rockall Trough, Northeast Atlantic Ocean, benthic fauna and water
samples were collected from a depth >2200 m. Samples were
analysed to i) determine whether microplastics occur in this
remote deep-sea location and ii) characterise and quantify the
microplastics present.
2. Materials and methods
2.1. Sampling location
The Rockall Trough is situated to the west of Scotland, UK. The
monitoring site, 'Gage Station M’, is located in the Rockall Trough
(57.300 N, 10.383 W) near the foot of Anton Dohrn seamount at a
depth of 2200 m (Fig. 1). During the 2016 research cruise DY052
aboard R.R.S. Discovery, four epibenthic sled tows and one Conductivity, Temperature, Depth (CTD) cast for deep-sea water were
undertaken.
2.2. Field methods
2.2.1. On-board quality assurance/quality control (QA/QC)
QA/QC procedures were designed and employed at all stages to
reduce the potential for sample contamination. Standard nonplastic equipment such as metal and glass were used as much as
possible; all equipment was cleaned thoroughly by wiping with
70% ethanol on non-shedding paper three times prior to use. Ships
water supplies were ﬁtted with a mesh cartridge ﬁlter to remove
contaminants, these were tested for efﬁciency prior- and postsampling by running water through an 80 mm ﬁlter for 2 h and
examining these under the microscope. Prior to work commencing
and between each sled haul the deck was washed down with the
ship's ﬁre hose. The number of people working on samples was
kept to a minimum. The same personal protective equipment was
worn for the duration of sampling and stored separately. Sample

ﬁbres from clothing, along with any potential contaminants from
the research vessel such as ropes, piping, mesh screens etc were
taken to be analysed alongside the deep-sea samples.
2.2.2. Deep-sea benthic sampling
Two Woods Hole Oceanographic Institution-pattern epibenthic
sleds, rigged with main and extension nets of mesh size 0.5 mm
were used to obtain samples following historical methods. The
sleds were deployed individually down to the seaﬂoor with the
doors open and trawled along the seabed for ~60 min before the
sled doors closed by a pre-set timer mechanism and the net hauled
slowly to the surface. Once on-board the net was opened and
material was emptied into lidded plastic buckets, before being
washed over stacked sieves of mesh sizes 4 mm, 0.5 mm and
0.42 mm. Macrofauna retained on the 4 mm sieve were individually
wrapped in aluminium foil, placed in lidded buckets separated by
taxonomic groups and frozen at 20  C to be utilized in this study.
2.2.3. Deep-sea water sampling
Two-hundred and 40 L of water were collected using a Sea-Bird
24-way CTD system with stainless steel frame. All 24 niskin bottles
were ﬁred 7 m from the seabed at a depth of 2227 m. On deck prior
to sampling, the spigot of each niskin bottle was cleaned by rinsing
it thoroughly with deionised water and all water ﬁlters and hosing
were examined carefully to ensure they were free from contaminants. Niskin bottles were systematically sampled by running the
entire volume of water through an 80 mm mesh ﬁlter until water
ﬂow completely ceased. All sampling was carried out by one individual who remained downwind of the ﬁlter throughout. Upon
completion, ﬁlters were placed in a clean petri dish, sealed with
tape and labelled for analysis once back in the laboratory.
2.3. Laboratory methods
2.3.1. Laboratory QA/QC
Samples were prepared and analysed in a separate small laboratory only used by the scientist carrying out the analysis. Air vents
were sealed and the door remained closed for the duration of the
experiment to reduce air-borne contamination sources. The work
benches were cleaned with 70% ethanol on non-shedding paper
and allowed to dry fully; this was repeated three times prior to
commencing work. Standard noneplastic equipment i.e. glass and
metal, were used wherever possible and consumables were used
directly from sterile packaging. All apparatus was washed with
deionised water prior to use and equipment was inspected under a
dissecting microscope. The samples were kept covered to minimize
exposure risk. Natural ﬁbre clothes were worn under a clean 100%
cotton laboratory coat, these clothes were stored in the laboratory
to avoid contact with external synthetic ﬁbres.
Background laboratory contamination was assessed in two ways
based on (Courtene-Jones et al., 2017). Dampened ﬁlter paper
(30 mm diameter, Whatman No. 1) was placed into a clean petri
dish and left exposed for the duration of the experiment to monitor
air-borne ﬁbres, these were then sealed and labelled for further
analysis. Tape lift screening (TLS) was employed to test for surface
microplastics; after the benches had been cleaned, a 5 cm2 piece of
adhesive tape was cut and placed on the bench surface in three
random locations before being placed on an acetate sheet and
examined under a microscope, this process was carried out before
and after laboratory procedures. Samples of putative contaminants,
such as the sterile packaging, adhesive tape and acetate sheet used
for TLS, natural ﬁbre clothing and ﬁlter paper used were taken to be
analysed alongside the deep sea samples.
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Fig. 1. Map showing the deep-sea sampling locations to the west of the United Kingdom (U.K) and Northern Ireland (N.I). The CTD deep water sampling location (blue circle) and
four epibenthic sled trawls (red tracks) are shown around the regular monitoring site ‘Gage Station M’ (green triangle) to the east of Anton Dohrn (A.D.) Seamount in the Rockall
Trough. Area within the dashed line box is shown in more detail in the adjacent panel. Bathymetry is contoured at 500 m intervals from depths of 500 me3500 m (MATLAB R2015b
using GEBCO_2014 bathymetry data). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

2.3.2. Inspection of deep-sea water ﬁlters
The 80 mm mesh ﬁlters were transferred to individual lidded
glass petri dishes. The gauze were systematically and thoroughly
examined under a dissecting microscope (Wild M5); any potential
microplastics were removed using forceps and transferred to a
small petri dish containing a 30 mm diameter of ﬁlter paper
(Whatman No. 1). The samples remained covered when not in use
to reduce airborne contamination.
2.3.3. Enzymatic digestion of deep-sea macroinvertebrates
Fauna >4 mm were identiﬁed to species level in covered glass
petri dishes; individuals of Ophiomusium lymani (n ¼ 40),
Hymenaster pellucidus (n ¼ 19) and Colus jeffreysianus (n ¼ 7) were
used for microplastics analysis (Fig. SI 1).

Specimens were removed from the freezer and allowed to
defrost while wrapped in aluminium foil for 45 min. The length of
the central disc (H. pellucidus and O. lymani), or the shell
(C. jeffreysianus) were measured with metal dial calipers and the
mass of the entire specimen was recorded (Sartorius electronic
balance) to the nearest 0.0001 g. Specimens were rinsed thoroughly in a ﬂow of deionised water prior to dissection. Dissections
varied slightly between species; for O. lymani the central disc was
opened in a clean glass petri dish and all tissue was removed from
the exoskeleton. For H. pellucidus the central disc was opened along
with each of the ﬁve arms and the tissue was dissected from the
body cavity. The shell of C. jeffreysianus was crushed by applying
pressure and the complete tissue mass was removed. For all species
the soft tissue was weighed using a Sartorius electronic balance and
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placed in a glass beaker containing 20 ml of 0.3125% concentration
trypsin solution, prepared using Gibco™ trypsin diluted with
deionised water (Courtene-Jones et al., 2017). Beakers were covered
with glass covers and placed on heated magnetic stirrers set to stir
at 250 rpm at 38e42  C and left to digest for 25 min.
The resulting mixture was poured through 52 mm mesh gauze
before being transferred to a covered glass petri dish. The gauze
was thoroughly examined under a Wild M5 dissecting microscope
and any potential microplastics were transferred to a small petri
dish containing 30 mm diameter ﬁlter paper (Whatman No. 1),
samples remained covered when not in use to reduce risk of aerial
contamination. After all potential microplastics had been transferred to the petri dish it was sealed and labelled for further
analysis.
2.3.4. Microplastic identiﬁcation
The length of each microplastic particle was measured using the
ocular scale of a Wild M5 dissecting microscope. Potential microplastics obtained from the water sample and extracted from fauna,
along with putative contaminants from the ship and laboratory QA/
QC procedures were identiﬁed using a Perkin-Elmer Spectrum 100
Fourier Transformation Infrared spectroscope coupled with a universal Attenuated Total Reﬂectance accessory (ATR-FTIR) equipped
with a diamond detector. Each spectra produced was the result
from a series of four high resolution scans in the wavelength range
600e4000 cm1 with a spectral resolution of 4 cm1. Spectra were
visualised in OMNIC 9.2.98 (Thermo Fisher Scientiﬁc Inc.) with use
of the inbuilt libraries to aid identiﬁcation. The reference library
spectra represent clean samples not typically found in the environment. Additional references were generated from plastics from
non-typical sources such as beach debris, consumer products and
textiles samples to provide more environmentally relevant samples. As well as using these libraries (in-built and user generated),
the characteristic functional group signals were examined visually
to conﬁrm the identity of the materials being assessed.
2.3.5. Scanning Electron Microscope imaging
A sub-sample of the microplastic ﬁbres extracted from deep-sea
water (polyester n ¼ 6) and invertebrates (polyester and acrylic
n ¼ 8), along with pristine acrylic and polyester ﬁbres obtained
from known textile samples (n ¼ 2) were sputter coated with goldpalladium and imaged using a JOEL JSM-6390 Scanning Electron
Microscope (SEM) with a 20 kV electron accelerating velocity. A
series of SEM images, ensuring an overlap of ~80% between each,
were taken of each ﬁbre.
2.3.6. Three-dimensional ﬁbre reconstruction and surface area
quantiﬁcation
Three-dimensional reconstructions of the ﬁbre sub-samples
imaged with the SEM were rendered using Agisoft Photoscan
Professional V1.2.6 photogrammetry software (Agisoft LLC). The
software produces high-resolution three-dimensional surface
models, from which surface area quantiﬁcation of complex objects
can be achieved as described in Burns et al. (2015) (Summarised in
supplementary information). Models were calibrated against objects of known length and by point-to-point measurements, the
resolution of the models were 0.01 mm.
As ﬁbres visually appeared twisted and ﬂattened, estimates of
baseline surface area were calculated for each of the ﬁbres by
multiplying length by width, thus assuming particles were analogous to smooth rectangles. These calculations provide an estimation of surface area for each speciﬁc sized particle and surface areas
achieved with photogrammetric methods are reported as a ratio
relative to the baseline.

2.4. Statistical analysis
Data was tested for normality using the Shapiro-Wilk normality
test and for homogeneity of variance with the Fligner-Killeen test
and was found not to meet the criteria for parametric statistics. To
assess microplastic abundance, analysis was performed both using
the raw microplastic abundance data and after standardising
microplastic quantities by the wet weight (w. w.) tissue mass of an
individual. Kruskal-Wallis tests were performed on each of these
raw and standardized datasets to investigate differences between
species, with subsequent posthoc analysis with a Dunn's test.
Microplastic surface area data was not normally distributed,
therefore a Wilcoxon rank sum test was used to compare baseline
to measured surface areas for the deep sea (fauna and water) and
pristine ﬁbres.
Generalized linear modelling (GLM) was conducted to relate the
response variable (the number of ingested microplastics) to the ﬁve
factors (organism mass, length, tissue mass, feeding mode and
species). Log transformations of organism mass, tissue mass and
length were undertaken and the Poisson distribution was used
since the response variable was count data. Prior to running the
model, collinearity was checked using the Pearson correlation coefﬁcient (indicated by values > 0.6) (Zuur et al., 2010) and the
variance inﬂation factor (VIF; by sequentially removing the variable
with the highest value, until all remaining VIFs were below the
suggested value of 2 (Zuur et al., 2010)). Those variables found to be
collinear (length and weight) were not included in the model,
consequently the variables species, feeding mode and tissue weight
were retained and considered in relation to the response variable
(the number of microplastics). Models with and without interaction effects between all variables (species, feeding mode, tissue
weight) were considered and optimisation was achieved by
sequentially removing the least signiﬁcant variable or interaction
term (determined by the highest p-value). Model overdispersion
was tested using the dispersion test in the AER package and by
calculating the residual deviance of the model divided by the degrees of freedom. All statistical analysis was performed in RStudio V
0.99.892 (R Core Team, 2016) with use of the PMCMR (Pohlert,
2014), dunn.test (Dinno, 2017) VIF (Lin, 2015) and AER (Kleiber
and Zeileis, 2017) libraries.
3. Results
3.1. QA/QC
No microplastics were identiﬁed on the ﬁlters ﬁtted to the ships
water supply. When analysed with ATR-FTIR spectroscopy none of
the potential contaminants sampled from the ship (ropes, ﬁlters,
clothing) or laboratory (sterile consumable packaging, clothing)
had spectra which matched that of material found in deep water or
invertebrates samples. Laboratory controls yielded similar results;
of the 5 ﬁbres found on the atmospheric controls all were identiﬁed
as cellulose. The number of ﬁbres on TLS varied from a mean of
6.56 ± 2.60 particles prior to laboratory work commencing, to
10.22 ± 4.18 particles after all laboratory work was undertaken. All
ﬁbres were blue, red or white and identiﬁed as cellulose/cotton
with a distinctive ribbon like morphology when examined under
the microscope (Fig. SI 2).
3.2. Identiﬁcation of microplastics in deep-sea water
ATR-FTIR analysis was performed on 78 potential microplastics
obtained from 240 l of deep-sea water; 17 of which were positively
identiﬁed as synthetic, 28 as cellulose and 33 yielded unclear
spectra. This equates to an abundance of 0.0708 synthetic ﬁbres per
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litre (70.8 particles m3) of deep-sea water. All microplastics were
monoﬁlament ﬁbres of the colours blue (n ¼ 13), red (n ¼ 2) and
transparent (n ¼ 2) Five polymers were identiﬁed (Fig. 2) with
polyester comprising the majority of those identiﬁed. Sizes of
microﬁbres ranged widely from a minimum of 0.4 mm recorded for
Polyethylene Terepthalate (PET) to a maximum of 8.3 mm for an
acrylic ﬁbre.
3.3. Identiﬁcation of microplastics in deep-sea invertebrates
A total of 359 potential microplastics were extracted from three
benthic macroinvertebrate species (n ¼ 66 individuals), of which 45
were identiﬁed as synthetic from their speciﬁc transmission
spectra, 165 were identiﬁed as cellulose and the remaining 149 did
not produce usable spectral data. A total of nine polymers were
identiﬁed, of which acrylic was most abundant (Fig. 2). The majority of synthetic material were monoﬁlament ﬁbres (n ¼ 39, 87%)
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and the remaining items were fragments (n ¼ 6, 13%). Items were
predominantly blue and red in colour (n ¼ 9, each accounting for
42% of the total), however black, green, orange, transparent and
multi-coloured items were also identiﬁed. Mean particle length
ranged from a maximum of 6.25 mm recorded for a polyacrylonitrile ﬁbre to a minimum of 0.023 mm for an acrylic fragment, both ingested by O. lymani individuals. Overall mean particle
length was 1.191 ± 0.0756 mm across all species.
Ingested microplastic quantities varied between individuals and
species; considering those individuals from which microplastics
were extracted, O. lymani ingested the greatest number of polymer
types and H. pellucidus contained the greatest overall abundance
with a mean of 1.582 ± 0.448 SE microplastics g1 w.w. tissue
(Table 1). There were signiﬁcant differences between the number of
microplastics ingested between species (H ¼ 9.7988, df ¼ 2,
p ¼ 0.007) explained by a highly signiﬁcant difference between
O. lymani and H. pellucidus (Dunn's test p ¼ 0.002) and between

Fig. 2. Example microplastic ﬁbres found in (a & b) deep sea water and (c & d) extracted from benthic invertebrates, along with the proportion, as a percentage, of polymer (e) ﬁbres
identiﬁed in deep-sea water (n ¼ 17); (f) ﬁbres (n ¼ 39) and (g) fragments (n ¼ 6) extracted from deep-sea benthic macroinvertebrates. Differences in relative abundance and
polymer diversity are observed between water and invertebrates; polyester is the dominant polymer in deep-sea water, while acrylic accounts for the majority of ingested
microplastics by benthic fauna.
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Table 1
Number of individuals (ind.) sampled and with microplastics internalised, weights and feeding mode for each invertebrate species, along with the mean number of microplastics extracted g1 of wet weight (w. w.) tissue and the total number of polymers ingested.
Species

No. of ind sampled/ w.w. tissue mass range (g) Specimen mass range (g) Feeding mode
No. of ind. with
microplastics

Ophiomusium lymani

40/16

0.532e2.503

4.296e7.050

Hymenaster pellucidus 19/14

0.267e3.441

0.691e12.533

1.385e3.076

3.129e6.980

Colus jeffreysianus

7/2

H. pellucidus and C. jeffreysianus (Dunn's test p ¼ 0.009) The standardized number of microplastics per gram of tissue also differed
signiﬁcantly between species (H ¼ 7.0629, df ¼ 2, p ¼ 0.0293), again
explained by differences between O. lymani and H. pellucidus
(Dunn's test p ¼ 0.010) and between H. pellucidus and
C. jeffreysianus (Dunn's test p ¼ 0.016) (Fig. 3).
The ﬁnal GLM included species and the log of tissue mass as an
offset of the response variable, the number of microplastics
ingested. No interaction terms were included in the model as these
had negligible effects on the results. The model, with a Poisson
distribution was found to be slightly overdispersed, thus a quasipoisson distribution was applied to the ﬁnal model to account for
the overdispersion. The GLM results identiﬁed that the number of
microplastics ingested was related to species and not to the other
factors (weight, length or feeding mode). The GLM indicated a
signiﬁcant negative relationship (p ¼ 0.0376) between ingested
microplastics offset by tissue mass and C. jeffreysianus, indeed this
species had a factor of 1.94 less microplastics than other species,
however it must be noted that only two individuals ingested
microplastics. A positive relationship was found between O. lymani
and the number of microplastics ingested and the model predicted
a factor of 1 times more than in C. jeffreysianus, however this result
was not signiﬁcant (p ¼ 0.2949). The number of microplastics
ingested by H. pellucidus was greater, by a factor of 1.67, for a given
tissue weight, this positive relationship was signiﬁcant at the 0.1
level (p ¼ 0.0845).

Fig. 3. Number of microplastic particles standardized per gram of w.w. tissue ingested
by each of the three invertebrate species. Thick black line indicates median value,
boxes depict the ﬁrst and third quartiles and the whiskers show the interquartile
range. Outliers are shown by the open points and letters denotes signiﬁcant differences
between species groups.

Mean microplastics g1 No. polymers
w.w. tissue
ingested

Deposit feeder/facultative
1.153 ± 0.278 SE
predator (Iken et al., 2001)
1.582 ± 0.448 SE
Predator: benthic
invertebrates and
planktonic fallout (Wagstaff
et al., 2014)
0.678 ± 0.044 SE
Predator: burrowing
amphipods and bivalves
(Kosyan, 2007)

9
6

2

3.4. Visualisation of microplastics and quantiﬁcation of surface area
Scanning Electron Microscope (SEM) imaging revealed microplastics extracted from deep-sea invertebrates and water to be
degraded, with much cracking, pitting, fraying and ﬂaking apparent
on the microplastic surface, producing a highly rugose exterior. By
comparison, pristine ﬁbres appeared to have a relatively smooth,
uniform surface structure (Fig. 4 and Fig. SI 3). These discrepancies
were corroborated by the quantiﬁcation of ﬁbre surface area. The
mean ratio of measured surface area relative to the baseline for
pristine ﬁbres was 1.792 ± 0.415 SE. Surface area ratios for ﬁbres
extracted from deep-sea samples were more than double that of
pristine microplastics; 4.157 ± 0.921 SE and 4.331 ± 1.247 SE for
ﬁbres extracted from invertebrates and deep-sea water respectively, this was signiﬁcantly different from baseline values
(V(15) ¼ 12, p ¼ 0.0021). Baseline surface area values were calculated for a rectangular object as ﬁbres appeared elongated and
ﬂattened. Acknowledgment is made that baseline values are only
estimates, and ﬁbres are assumed to be analogous to rectangles,
however cross-checking these results by computing the ratio of
surface area derived from a rectangular object to that of half a
cylinder results in p/2 which is consistent with the values obtained
for the pristine ﬁbres. Therefore, no difference was found if baseline
values were calculated for a rectangle or half cylinder.
4. Discussion
The presence of microplastics in deep-sea water and the
benthic invertebrate community is clearly demonstrated here,
providing further evidence for the widespread distribution of
anthropogenic microplastics in the marine environment. Microplastics are heterogeneously distributed in surface waters with
concentrations ranging between 0.02 and > 100 particles m3 in
the Northeast Atlantic Ocean (reviewed in Lusher, 2015). The
present study provides the ﬁrst quantiﬁcation of microplastic
pollution in deep ocean water and found the concentration to be
on the same order as in surface waters (70.8 particles m3). While
it is possible that microplastics may have been re-suspended from
the sediment during sampling, no sediment grains were found on
the mesh used to ﬁlter the seawater. The CTD was suspended 7 m
from the seaﬂoor limiting any potential seabed disturbance and
sampling of re-suspended microplastics, giving conﬁdence that
the microplastics originated from and are contained within deep
water. It is duly noted that this data is based on a single sampling
point and thus provides only an initial snapshot of microplastic
content in deep water. Many additional bottom water samples are
required to more adequately assess the abundance of microplastics present in the deep ocean and provide estimates of deep
ocean concentrations; however, this work still represents the ﬁrst
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Fig. 4. SEM images of pristine ﬁbres and those isolated from deep-sea water and benthic macroinvertebrates. Fibres from the deep sea show visible surface cracking, pitting, ﬂaking
and fragmentation when compared to pristine ﬁbres which are smooth and uniform in appearance.

attempt to quantify microplastics in this realm.
Microplastics were identiﬁed in all three deep-sea benthic
macroinvertebrate species from the phylum Echinodermata and
Mollusca examined in this study, with an incidence of ingestion
(number of individuals with microplastics/total number of individuals sampled) of 48% across all species; this, while lower than

some coastal invertebrates (Devriese et al., 2015; Welden and
Cowie, 2016) is still within the range of incidence values documented for a number of inshore species (Desforges et al., 2015;
Foekema et al., 2013; Lusher et al., 2013). Taylor et al. (2016) reported the presence of microplastics in species of deep-sea Echinodermata, Arthropoda and Cnidaria from the Atlantic and Indian
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Oceans, however singularly sampled species precluded the quantiﬁcation of ingested microplastics. In the present study, proteolytic
enzymes were used to digest soft tissue and extract internalised
microplastics without detrimentally impacting the polymers present (Courtene-Jones et al., 2017), allowing for a thorough investigation of ingested microplastics. The quantities enumerated from
deep-sea fauna are on the same order as those reported in wild
coastal species from a range of taxa (Foekema et al., 2013; Van
Cauwenberghe et al., 2015; Van Cauwenberghe and Janssen,
2014). It is important to note that while visual sorting found potential microplastics in all individuals except one H. pellucidus
specimen, only a small percentage of particles analysed (12% for
fauna and 22% for the water sample) were positively identiﬁed as
synthetic polymers by ATR-FTIR spectrometry. Microplastic quantities presented here are therefore likely to be under-reported, due
to the small size of particles and the challenges associated with
€ der and Gerdts, 2015). Technological
current analytical methods (Lo
developments will allow for increased accuracy when investigating
micro- and nano-sized plastics ingested by wild fauna.
Microplastic ingestion is demonstrated to vary interspeciﬁcally,
with signiﬁcant differences in microplastic abundance between
H. pellucidus and O. lymani and between H. pellucidus and C. jeffreysianus. The surface deposit feeder and facultative predator
O. lymani (Iken et al., 2001; Pearson and Gage, 1984) was identiﬁed
to contain the greatest number of polymer types, however the
predatory sea star H. pellucidus (Wagstaff et al., 2014) contained the
highest median number of microplastics. Indeed, statistical
modelling found H. pellucidus contained 1.67 times more microplastics per given tissue mass, while a factor of 1.94 less microplastics were internalised by C. jeffreysianus than other species.
Feeding mode has previously been shown to inﬂuence microplastic
€la
€ et al., 2015);
ingestion in coastal species (Mizraji et al., 2017; Seta
however in this study the GLM only identiﬁed a relationship between species and ingested microplastic quantities and not with
feeding mode. It is not possible to speculate why these species
speciﬁc differences in microplastic levels occur; it is possible
however that the small dataset may have precluded any further
relationships from being identiﬁed, or there may be some other, as
yet unidentiﬁed, factors involved in microplastic ingestion and
retention in an individual's body.
It is important to note that while this study presents novel
ﬁndings, small sample sizes of benthic invertebrates, particularly
for C. jeffreysianus and H. pellucidus, and deep ocean water prevents
robust estimates of microplastic pollution from being made.
Numerous logistical and methodological challenges and costs are
associated with sampling the deep sea. This study utilized the full
number of samples collected during deep-sea operations in the
time available during the DY052 research cruise. Concurrent sediment cores were not within the scope of the research cruise and
thus prevented the quantiﬁcation and subsequent comparison of
microplastic levels between all three potential deep-sea ‘reservoirs’. Additional sampling at this site and other regions within the
Rockall Trough, along with the inclusion of sediment cores would
strengthen the dataset and yield cross site and/or temporal replication not available during the DY052 cruise.
Close visual inspection of microplastics extracted from deep-sea
samples showed high levels of degradation, including surface
cracks, pitting, ﬂaking and fragmentation; producing a mean surface area signiﬁcantly different to baseline values and in excess of
double that of pristine ﬁbres. The duration of microplastics in the
environment and the associated degradation has a number of
consequences of biological concern. The large surface area to volume ratio, high surface reactivity and small size of particles makes
them dynamic in the environment (Mattsson et al., 2015) and can
increase toxicity (Jeong et al., 2016). Increased surface area of small

degraded particles provides a greater area for the establishment of
bioﬁlms which inﬂuence sinking velocity (Lobelle and Cunliffe,
2011) and provides increased area for the colonisation of bacteria,
including pathogenic species (Kirstein et al., 2016; Zettler et al.,
2013). Persistent organic pollutants (POPs) may accumulate in
microplastics, and as polymers degrade chemical additives breakdown and leach from the plastic (Engler, 2012), further increasing
the toxic effects to organisms.
While factors involved in the horizontal transport of microplastics near the sea surface are relatively well documented (Law
et al., 2014), the processes affecting vertical transport of microplastics to the benthos are potentially more complex and not well
understood. Sinking velocities are inﬂuenced by a number of factors and microplastic behaviour in part is affected by particle size,
shape and polymer density (Ballent et al., 2012; Kowalski et al.,
2016). The quantity identiﬁed in deep-sea water by this study,
akin to surface water concentrations indicates processes distributing microplastics throughout the water column. The majority of
polymers identiﬁed had densities greater than seawater, such as
polyester, acrylic and polyamide. Of note, is the presence of positively buoyant polymers, such as polyethylene, which has a speciﬁc
density of 0.91e0.94 g cm3 (Andrady, 2015). In addition to physical
properties, microplastic sinking rates are also inﬂuenced by interactions with marine organisms, including biofouling (Fazey and
Ryan, 2016; Lobelle and Cunliffe, 2011), incorporation into faecal
pellets (Cole et al., 2016) and marine aggregates (Long et al., 2015;
Ward and Kach, 2009; Wright et al., 2013b; Zhao et al., 2016). These
biological processes alter the settling velocity of microplastics by as
much as an order of magnitude (Clark et al., 2016; Long et al., 2015).
Furthermore species of zooplankton undertake diel vertical migrations (Williamson et al., 2011) which could further redistribute
microplastics in the oceans. It cannot be afﬁrmed whether the
microplastics isolated from the deep sea in this study arise from the
degradation and fragmentation of larger items already located in
the deep ocean, or are transported by physical and biological processes through the water column to the seaﬂoor.
5. Conclusion
This study demonstrates the presence of microplastics in deepsea benthic fauna and water in the Rockall Trough. Further sampling of water and fauna, along with the addition of sediment cores
are necessary to assess ecosystem-wide microplastic pollution in
this region and monitor temporal changes. While this study focuses
on the Northeast Atlantic Ocean, we hypothesize that microplastics
are present throughout the global deep-sea. Further attention and
sampling efforts should be directed to the deep oceans globally to
establish the prevalence of microplastic pollution in this remote
and still largely unstudied ecosystem. The deep sea is vulnerable to
a number of anthropogenic pressures (Ahnert and Borowski, 2000;
Glover and Smith, 2003; Puig et al., 2012) and now microplastic
pollution may be added to these threats, raising concern for
ongoing ecosystem functioning. Future steps must work towards
understanding the susceptibility and potential impacts of microplastic ingestion by deep-sea species assemblages, and elucidate
spatial and temporal vertical transport routes by which microplastics enter and are sequestered in the deep sea.
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Photogrammetry fibre reconstruction and surface area quantification
Scanning electron microscope (SEM) images were uploaded to the software and aligned using in-built
algorithms to detect features which overlap among sequential images. From this geometrical
projective matrices were developed from the camera positions and orientations and a threedimensional sparse point cloud from the projection and intersection of pixels from the images was
generated. Next, the built in algorithm constructs a high quality dense point cloud from which a threedimensional continuous polygonal mesh representing the object surface is produced. This mesh
surface is triangulated and rendered with the imagery to create a textured digital surface model for
each fibre. The known xyz values for each fibre were input to the software to scale the
reconstructions. Surface area quantifications were performed for each modelled fibre using the surface
information tool in ArcGIS.

(a)

(b)

(c)

1 cm

1 cm

1 cm

Figure SI 1. The three deep-sea benthic macroinvertebrate species (a) Hymenaster pellucidus, (b)
Ophiomusium lymani and (c) Colus jeffreysianus examined for microplastic ingestion. Scale bar
equates to 1 cm.

0.1 mm

Figure SI 2. Photograph of a blue cotton fibre as collected on the tape lift screening and atmospheric
controls, part of the quality assurance/quality control method utilised in this study; a) magnification x
2 x 5.0 , b) is a zoomed-in section of this fibre, illustrating the ribbon-like structure of cotton fibre.
Images taken with Zeiss photomicroscope with Axiovision V 4.8.2.0 software.

(a)

(b)

(c)

Figure SI 3. Magnified scanning electron microscope images of (a) a pristine fibre and fibres
extracted from (b) Ophiomusium lymani and (c) deep-sea water. The surface appears much more
rugose in both of the deep sea fibres, with cracking, pitting and fragmentation clearly visible in
comparison to the smooth surface appearance of the pristine fibre.
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Although evidence suggests the ubiquity of microplastics in the marine environment, our knowledge of
its occurrence within remote habitats, such as the deep sea, is scarce. Furthermore, long term investigations of microplastic abundances are even more limited. Here we present a long-term study of the
ingestion of microplastics by two deep-sea benthic invertebrates (Ophiomusium lymani and Hymenaster
pellucidus) sampled over four decades. Specimens were collected between the years 1976e2015 from a
repeat monitoring site >2000 m deep in the Rockall Trough, North East Atlantic. Microplastics were
identiﬁed at a relatively consistent level throughout and therefore may have been present at this locality
prior to 1976. Considering the mass production of plastics began in the 1940s - 50s our data suggest the
relatively rapid occurrence of microplastics within the deep sea. Of the individuals examined (n ¼ 153),
45% had ingested microplastics, of which ﬁbres were most prevalent (95%). A total of eight different
polymer types were isolated; polyamide and polyester were found in the highest concentrations and in
the majority of years, while low-density polystyrene was only identiﬁed in 2015. This study provides an
assessment of the historic occurrence of microplastics on the deep seaﬂoor and presents a detailed
quantiﬁcation and characterisation of microplastics ingested by benthic species. Furthermore these data
advance our knowledge on the long-term fate of microplastic in marine systems.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
Since the 1940s - 50s there has been a rapid and world-wide
increase in plastic production. The latest data suggest that around
60% of all plastics ever produced are accumulating in landﬁlls or in
the environment (Geyer et al., 2017). By their very nature, synthetic
plastics are extremely durable (Shah et al., 2008); but under the
inﬂuence of environmental exposure, including mechanical forces
and/or photochemical processes, plastics fragment into microplastics and nanoplastics (Gewert et al., 2015; ter Halle et al., 2016).
Several trillion tonnes of plastics are estimated to be aﬂoat in the
world's oceans, with microplastics constituting around 92% of this
(Eriksen et al., 2014; van Sebille et al., 2015). Plastic is thus a
problem of growing environmental concern and has recently been
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proposed as a planetary boundary threat. This is deﬁned as having
planetary-scale occurrence which is not readily reversible and may
cause currently unrecognised disruptive effects to vital Earth sys€m
tem processes (Galloway et al., 2017; Jahnke et al., 2017; Rockstro
et al., 2009).
With the continued and increasing input of plastic to the oceans
(Geyer et al., 2017) it might be expected that surface concentrations
would also increase over time, however data reveal inconsistencies.
The North Paciﬁc Subtropical Gyre has been documented to be
accumulating plastics (Goldstein et al., 2012; Lebreton et al., 2018)
while no such trends have been observed in other surface waters
(Beer et al., 2017; Law et al., 2014, 2010; ter Halle et al., 2016). Global
ocean budgeting identiﬁes large discrepancies between expected
and observed surface quantities (Cozar et al., 2014; Eriksen et al.,
2014). A number of hypotheses may explain these ﬁndings.
Firstly, the majority of studies employ surface-towed nets, typically
with a mesh size of ~300 mm (Barrows et al., 2017; Hidalgo-ruz
et al., 2012). Due to the continual fragmentation of plastics in the
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environment it is possible that a large proportion of small microplastics are not being detected, or have now fragmented to nanoscale which may be missed by these types of sampling. Secondly,
wind-driven mixing of the surface layers may vertically redistribute
microplastics, resulting in potentially large amounts going unmeasured (Kukulka et al., 2012). Lastly it is thought that the majority of plastic litter does not remain in surface water but sinks
until ultimately residing on the seaﬂoor.
Recently Koelmans et al. (2017), undertook a whole ocean mass
balance study; their simulations showed that 99.8% of the plastics
which had entered the oceans since 1950 had settled below the
ocean surface layer and around 8.5 million tonnes of plastics settle
annually. The sinking of plastic particles is related to their size,
density, physical/chemical properties (Kowalski et al., 2016) and
biological interactions. Bioﬁlm formation occurs rapidly in the
environment (Lobelle and Cunliffe, 2011; Rummel et al., 2017),
altering particle density and hydrophobicity and in turn increasing
the rate of sinking. Microplastics may form aggregates with
phytoplankton (Long et al., 2015) or marine snow (Porter et al.,
2018; Zhao et al., 2016), ﬂocculate and adhere to transparent exopolymers (Engel, 2004; Passow et al., 2001; Summers et al., 2018)
or be incorporated into faecal pellets (Cole et al., 2016; Katija et al.,
2017). In most cases these processes act to reduce the buoyancy of
microplastics and thus increase the sinking rate, redistributing
microplastics from surface waters to the ocean ﬂoor.
Data quantifying microplastic contamination in the deep sea are
sparse; yet those which have, report microplastics in water
(Courtene-Jones et al., 2017a; Kanhai et al., 2018), benthic invertebrates (Courtene-Jones et al., 2017a; Taylor et al., 2016) and
sediments (Fischer et al., 2015; Van Cauwenberghe et al., 2013;
Woodall et al., 2014). Indeed some of the highest concentrations of
microplastics reported to date are from deep sediments (426595
microplastics kg1) (Bergmann et al., 2017) supporting the hypothesis that the seaﬂoor may accumulate microplastics. There are
some long-term studies which monitor large marine litter on the
seaﬂoor (Bergmann and Klages, 2012; Chiba et al., 2018; Galgani
et al., 2013, 2010; Maes et al., 2018; Schlining et al., 2013), however we are not aware of any such studies for microplastics. These
enquiries are needed to elucidate fundamental questions regarding
the behaviour and fate of microplastics within marine systems.
The Scottish Association for Marine Science (SAMS) has conducted deep-sea research at a permanent location 2200 m deep in
the Rockall Trough since the mid-1970s. Operations ceased during
the period 1995e2013 due to a lack of funding; however this
collection, spanning four decades represents one of the longest timeseries of deep ocean specimens. Organisms were originally collected
largely for the analysis of community structure and were preserved
intact, giving a unique opportunity to study temporal trends in
ingested microplastics. The present study assesses microplastic
ingestion over four decades by two species of benthic echinoderms;
Ophiomusium lymani and Hymenaster pellucidus, to examine longterm trends of microplastic abundance and polymer types.
O. lymani is a benthic deposit feeder and facultative predator (Iken
et al., 2001; Pearson and Gage, 1984) while H. pellucidus predates
on invertebrates and planktonic fallout; both species are mobile and
feed at the surface of the sediment. Additionally, both species have
previously been reported to ingest microplastics (Courtene-Jones
et al., 2017a) making them suitable for inclusion in this study.
The aims of this research are (i) to determine whether the ﬁrst
occurrence of microplastic pollution can be detected in the Rockall
Trough, and (ii) to examine long-term temporal trends in overall
microplastic abundance and constituent polymer types. Utilising
this unique archival collection we aim to provide insights regarding
the long-term fate of marine microplastics and their historical
occurrence on the deep seaﬂoor.

2. Method
2.1. Sample locations and species
‘Gage Station M’ is situated at a depth of 2200 m in the Rockall
Trough (57.300 N, 10.383 W), North East Atlantic Ocean (Fig. 1).
Deep-sea sampling began at this location in 1976 and has been
conducted on an annual basis since, except during an 18 year
period between the years 1995e2013 where no deep-sea operations were undertaken. The methods to collect samples have
remained constant during four decades of operation. The primary
historical sampling method entails use of a Woods Hole Oceanographic Institution-pattern epibenthic sled, rigged with polyamide (nylon) nets of mesh size 0.5 mm to sample both the
epifauna and infauna. Early sampling (1970s) was also conducted
with an Agassiz trawl, which is similar to the epibenthic sled (and
also utilise a polyamide net), however it is more suitable for the
collection of benthic macro/megafauna (Jamieson et al., 2013).
Historic samples were all processed in the same way, involving the
contents of the nets being washed through stacked stainless steel
sieves (mesh sizes 0.42 mm, 0.5 mm and 1 mm) to separate the
invertebrates into different size classes. Each size fraction was
transferred to separate lidded buckets and were ﬁxed using 4%
buffered formaldehyde before being stored in 70% ethanol. Upon
return to the laboratory faunal assemblages were identiﬁed to
species levels and stored thereafter in 70% ethanol (Gage et al.,
1980) in sealed containers.
Macrobenthic species assemblages in this region are dominated
by echinoderms and in particular Ophiomusium lymani and
Hymenaster pellucidus are found in relatively high abundance
(Gage, 1986). Both species have previously been identiﬁed to ingest
microplastics (Courtene-Jones et al., 2017a) thus for these reasons
O. lymani (n ¼ 90) and H. pellucidus (n ¼ 63) were selected to
investigate microplastic loads (SI Fig. 1). Specimens from the years
1976, 1980, 1985, 1990, 1995, 2013 and 2015 where possible were
analysed, with sample sizes varying slightly between years based
on the number of individuals available (details summarised in SI
Table 1).

2.2. Quality assurance/quality control
Well documented laboratory quality assurance/quality control
(QA/QC) procedures were followed as detailed in Courtene-Jones
et al. (2017a) and summarised in the supplementary information.
All scientiﬁc equipment (scalpels, forceps, glass beakers, ﬁlter
manifold etc.) were covered/wrapped in aluminium foil and
examined under the microscope prior to use. All samples remained
covered when not in use to reduce risk of contamination from aerial
sources.
At the time of ﬁeld sampling the same rigorous contamination
measures implemented today were not enforced. The same
equipment (metal epibenthic sled/Agassiz trawl with a polyamide
net (white in colour) see SI Fig. 2) has been used throughout the
four decades of deep-sea operations. The net was sampled and
analysed spectroscopically as well as examined closely under the
microscope. While we cannot completely rule out historic
contamination at the time of collection, thorough washing of each
specimen with a ﬂow of deionised water followed by close visual
examination prior to dissection was undertaken to remove any
external microplastics which may confound results. As only
microplastics internalised within the organisms’ soft tissues were
assessed the likelihood of contamination arising from sampling are
reduced.
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Fig. 1. Map showing the sampling locations around the long-term monitoring site ‘Gage Station M’ (green triangle) to the east of the Anton Dohrn seamount (A.D.S.) in the Rockall
Trough; West of the United Kingdom. The area shown in the hatched box is depicted in the subsequent panel, and shows the sampling locations of O. lymani (black points),
H. pellucidus (white points) and both species (grey points). Bathymetry is contoured at 500 m intervals from depths of 500 me3500 m (MATLAB R2015b using GEBCO_2014 bathymetry data). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

2.3. Enzymatic digestion of invertebrates

2.4. Microplastics identiﬁcation

Specimens from each sampling year were removed from
ethanol and the width of the central disc was measured using
metal dial calipers. Individuals were washed thoroughly with a
ﬂow of deionised water and placed into clean lidded glass petri
dishes. The exoskeleton was carefully examined under a dissecting
microscope to ensure there were no microplastics present, and
any found were removed with forceps. Next, the central disc was
dissected and all soft tissue was removed from the exoskeleton; in
the case of H. pellucius, soft tissue extending into each of the ﬁve
arms (part of the digestive and reproductive systems) was also
removed. The soft tissue was then weighed using a Sartorius analytic electronic balance (4 d.p.) before being placed into separate
100 ml glass beakers which were covered with aluminium foil.
Enzymatic digestions with the proteolytic digestive enzyme
trypsin were carried out following the protocol outlined by
Courtene-Jones et al. (2017b).
The 52 mm mesh gauze, through which the solution was ﬁltered,
was systematically and thoroughly examined under a dissecting
microscope three times and any potential microplastics were
removed and placed into a small petri dish containing a 30 mm
diameter ﬁlter paper (Whatman Grade 1). Once all potential
microplastics had been transferred, the 30 mm petri dish was
sealed and labelled for later spectroscopic analysis.

A Perkin-Elmer One Fourier Transformation Infrared (FTIR) microscope in transmission mode was used to identify potential
microplastic particles. Samples were placed onto gold coated glass
slides and infrared radiation in the wavelengths 600 - 4000 cm1
was used. Each spectra produced was the average from 16 scans, a
variable aperture size was used and the spectral resolution was
4 cm1. Background scans were taken between each sample and
were automatically subtracted from the sample's spectrum. Spectra
were visualised in OMNIC 9 (Thermo Fisher Scientiﬁc Inc.) with use
of the inbuilt Hummel polymer library to aid identiﬁcation. Additional user generated libraries from the collaborative University of
the West of Scotland and Scottish Association for Marine Science
‘UWS/SAMS’ library and the Alfred Wegener Institute ‘AWI’
(Primpke et al., 2018) were utilised to enable the comparison with a
wider variety of polymers as well as those having undergone
environmental weathering. As well as using these three libraries
(Hummel, ‘UWS/SAMS’ and ‘AWI’), the characteristic functional
group signals from each spectra acquired were examined manually
to conﬁrm the identity of the materials being assessed.

2.5. Data analyses
The percentage incidence of ingestion was calculated as the
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number of individuals that ingested one or more microplastic
particle/total number of dissected individuals x 100. This was
calculated for each species and when species were grouped for each
sampling year. To take into account differences in specimen
weights, microplastic ingestion was standardised per gram of wet
weight (w.w.) tissue; these data were tested for normal variance
structure using a Shapiro and Levene's test. Data were subsequently
log10 transformed to meet the criteria of normal distribution and
homoscedasticity.
Interspeciﬁc differences between the numbers of ingested
microplastics/g tissue and the abundance of polymer types ingested were examined by two sample t-test. Polymer diversity was
computed based on Shannon-Weiner (H0 ) diversity index (log base
transformed data) and species speciﬁc and grouped diversity
indices were used for Spearman's rank correlation test with year.
Differences in the abundance of each polymer type ingested/g tissue between years were compared using the Kruskal-Wallis test (as
data failed to meet normal variance structure) and where a signiﬁcant difference was found a post-hoc Dunn's test was carried
out. As the polymer types polyvinylchloride-copolymer and polystyrene were only present during one sampling year these polymers were not included. The polymer composition and abundance
between years was also compared by hierarchical cluster analysis
based on group average linkage of Bray-Curtis similarity of microplastic/g polymer data. All statistical analysis were performed in R
Studio V 0.99.892 (R Core Team, 2016) with the use of the packages
car (John et al., 2017) vegan (Oksanen et al., 2018) and dunn.test
(Dinno, 2017).
3. Results
3.1. Polymer composition
Eight different polymers were identiﬁed (SI Fig. 3); overall,
polyamide and polyester were the most abundant (Fig. 2). Three of
the polymer types were ingested by both species, namely polyamide, polyester and acrylic. Alkyd and polyethylene were only

isolated from O. lymani and PVC-copolymer, polystyrene and
polyacrylonitrile were only present in H. pellucidus. The mean
abundance of microplastics/g of each polymer type did not differ
signiﬁcantly between the two species (t ¼ 1.096, df ¼ 18.72,
p ¼ 0.287).
Polymer diversity, measured using the Shannon-Weiner index
(Table 1), varied between years and species. When species were
grouped, the years 1980 followed by 1985 had the greatest polymer
diversity (H0 1.367 and 1.225 respectively) and 1990 had the lowest
polymer diversity (H’ 0.534). No correlation was found between
polymer diversity and year (H. pellucidus: rs ¼ - 0.700, p ¼ 0.233;
O. lymani: rs ¼ 0.321, p ¼ 0.498; species grouped: rs ¼ 0.107,
p ¼ 0.840). Cluster analysis based on group average linkage of BrayCurtis dissimilarity further illustrates the lack of trend between
polymer type and abundance between years (SI Fig. 4).
3.2. Interspeciﬁc and inter-annual microplastic ingestion
Microplastic ingestion varied between species with O. lymani
having a higher incidence of ingestion than H. pellucidus (51% and
22% across all years respectively, Table 1). Examining each year
separately revealed the highest ingestion occurred in 1995 for
O. lymani (80%) and in 1985 for H. pellucidus (40%) and when species
were grouped (45%).
Microplastics were identiﬁed in all years and remained at relatively consistent levels throughout the time series. The abundance
of ingested microplastics was between 1.96 ± 0.66e4.61 ± 3.62
microplastics/g w.w. (mean ± SD) when species were grouped; and
between 1.96 ± 0.66e3.43 ± 1.35 microplastics/g w.w. (mean ± SD)
for O. lymani and 0.48 ± 0e9.10 ± 4.21 microplastics/g w.w.
(mean ± SD) for H. pellucidus (Fig. 3). Total abundance of ingested
microplastics did not statistically differ between years for either
H. pellucidus (F (1, 14) ¼ 0.195, p ¼ 0.666), O. lymani (F (1,
38) ¼ 0.047, p ¼ 0.83), or when species were grouped (F (1,
54) ¼ 0.011, p ¼ 0.918). Also, there were no signiﬁcant differences in
the abundance of ingested polymers types/g w.w. tissue between
years (Fig. 4).

Fig. 2. Total abundance of different polymers and particle types ingested by O. lymani and H. pellucidus across all years. The quantities of ﬁbres are indicated by the solid ﬁlled bars
and fragments by the patterned bars.
PAN ¼ polyacrylonitrile, PA ¼ polyamide, PE ¼ polyethylene, PS ¼ polystyrene, co-PVC ¼ polyvinylchloride-copolymer.
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Table 1
Sampling information along with the abundance of microplastics per gram of wet weight soft tissue (MP/g w.w.), incidence of microplastic ingestion, polymer diversity
(Shannon-Weiner H’) and total number of unique polymer types ingested by each species and when species were grouped from the different sampling years.
Values presented after ± symbol represents standard deviation. n/a indicates the absence of individuals within the sampling year.
Year

Species

No. individuals sampled Mean tissue w.w. (g) Incidence of ingestion Mean MP/g w.w. tissue No. unique polymers Polymer diversity (H0 )

2015 O. lymani
20
H. pellucidus
20
Species grouped 40

0.547 ± 0.195
0.773 ± 0.520
0.660 ± 0.404

30%
20%
25%

2.57 ± 1.53
1.27 ± 0.73
2.11 ± 1.42

3
2
4

1.053
0.462
1.115

2013 O. lymani
20
H. pellucidus
20
Species grouped 40

0.449 ± 0.168
0.228 ± 0.173
0.338 ± 0.202

25%
10%
18%

2.93 ± 1.34
9.10 ± 4.21
4.61 ± 3.62

2
2
2

0.692
0.597
0.660

1995 O. lymani
10
H. pellucidus
3
Species grouped 13

0.585 ± 0.139
1.863 ± 0.211
0.880 ± 0.579

80%
33%
70%

2.27 ± 0.97
0.48 ± 0
2.11 ± 1.07

4
1
4

1.207
0.000
1.197

1990 O. lymani
10
H. pellucidus
n/a
Species grouped 10

0.476 ± 0.157
n/a
0.476 ± 0.157

30%
n/a
30%

2.48 ± 0.50
n/a
2.48 ± 0.50

2
n/a
2

0.584
n/a
0.584

1985 O. lymani
10
H. pellucidus
10
Species grouped 20

0.627 ± 0.130
0.838 ± 0.231
0.732 ± 0.212

50%
40%
45%

2.46 ± 1.23
2.05 ± 1.05
2.55 ± 1.59

3
3
4

0.670
1.278
1.225

1980 O. lymani
10
H. pellucidus
10
Species grouped 20

0.346 ± 0.069
1.039 ± 0.455
0.693 ± 0.476

50%
30%
40%

3.43 ± 1.35
1.36 ± 0.27
2.51 ± 1.46

3
4
5

1.063
1.371
1.367

1976 O. lymani
10
H. pellucidus
n/a
Species grouped 10

0.484 ± 0.142
n/a
0.484 ± 0.142

40%
n/a
40%

1.96 ± 0.66
n/a
1.96 ± 0.66

2
n/a
2

0.640
n/a
0.640

Fig. 3. Mean abundance of microplastics/g of wet weight tissue across the time period for O. lymani (black line), H. pellucidus (orange line) and when species are grouped (blue line).
Error bars show standard deviation. This plot is a summary of values in presented in the ‘Mean MP/g w.w. tissue’ column of Table 1. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the Web version of this article.)

3.3. Characterisation of microplastics

3.4. QA/QC

FTIR was performed on 470 potential microplastic items; of
which 74 were identiﬁed as synthetic polymers, 294 items were
natural (cellulose (n ¼ 292)/calcium carbonate (n ¼ 2)) and 102
items yielded low quality and unusable spectral data. Thus, 16% of
items analysed were conﬁrmed to be microplastics. The majority of
plastic items were ﬁbres (n ¼ 70, 95%) with only a very low number
of fragments identiﬁed (n ¼ 4, 5%). A variety of colours were
detected (SI Fig. 5) and example microplastics are shown in SI Fig. 6.
Fragments ranged in diameter from a minimum of 0.08 mm to a
maximum of 0.67 mm (mean ± SD: 0.34 mm ± 0.26 mm) and ﬁbres
ranged in length from 0.21 mme4.90 mm (mean ± SD:
1.20 mm ± 0.98 mm). All microplastics were less than 5 mm and the
size distributions varied only marginally between years (SI Fig. 6).

No particles were found on any of the 22 atmospheric controls
performed. The quantities of microplastics on Tape Lift Screening
(n ¼ 22), used to assess background contamination levels, varied;
there was 2.25 ﬁbres ± 1.58 (mean ± S.D.) after cleaning and prior to
commencing laboratory work, and 3.50 ﬁbres ± 2.27 (mean ± S.D.)
after laboratory work. These ﬁbres were red, blue and white in
colour and identiﬁed as cellulose/cotton in their composition by
FTIR analysis. Additionally none of the ingested ﬁbres were found to
match the characteristics (white polyamide) of the Agassiz/epibenthic sled netting.
4. Discussion
A consistent abundance of microplastics were identiﬁed
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Fig. 4. Composition and mean abundance of each polymer type ingested per gram of wet weight soft tissue across years. Error bars show standard deviation and are absent for
those polymers where only a single microplastic was present within the sampling year.
PAN ¼ polyacrylonitrile, PA ¼ polyamide, PE ¼ polyethylene, PS ¼ polystyrene, co-PVC ¼ polyvinylchloride-copolymer.

throughout the entire specimen series spanning a period of four
decades. The present dataset represents a quantiﬁcation of historic
microplastic ingestion and develops our knowledge of the occurrence of this pollutant on the deep seaﬂoor. While the number of
positively identiﬁed microplastics from each sampling year was
relatively low, no trends were observed between the overall
abundance or the polymer types ingested between years, demonstrating not only the consistent levels of ingested microplastics but
that this pollutant likely arrived at the study site prior to 1976.
Global production and use of synthetic plastics have increased
exponentially since their mass production in the 1950s (Geyer et al.,
2017; PlasticsEurope, 2017), resulting in an increase in the ﬂux of
plastic waste entering the environment by as much as 120% between the years 1975e2010 (Jambeck et al., 2015). These decadal
trends have been observed in some surface waters (Goldstein et al.,
2012; Lebreton et al., 2018; Thompson et al., 2004) and in coastal
sediments around Belgium between the years 1993e2008
(Claessens et al., 2011). It is not well established how long it will
take for macroplastics to break down into microplastics and subsequently escape surface waters (GESAMP, 2015) but high concentrations of microplastics in marine sediments indicate this as a
potential sink for these small particles (Gago et al., 2018; Woodall
et al., 2014). Given the uncertainty surrounding microplastic
deposition rates, it was initially hypothesised that this study may
observe the ﬁrst occurrence of microplastics on the Rockall Trough
seaﬂoor and identify temporal trends in abundance and/or polymer
types using benthic invertebrates as a proxy.
It was realised that the occurrence of ‘the plastic age’
(Thompson et al., 2009) within the Rockall Trough pre-dates our
earliest sample, dating from 1976; sampling was not undertaken
prior to this preventing the analysis of earlier samples. To some
degree this is not entirely surprising. Larger plastics have been
documented on the seaﬂoor (100e200 m depth) as early as the
€ m, 1975), and recent experimental and
mid-1970s (Holmstro
modelling data indicate the relatively rapid transit of microplastics
through the water column (Long et al., 2015; Zhang, 2017). Theoretical modelling by Kooi et al. (2017) showed that microplastics
with densities greater than seawater (i.e negatively buoyant), such
as polyamide, polyester and PVC start to settle immediately and
always sink to the seaﬂoor. For example, a 0.1 mm PVC particle may
only take 10 days to sink to a depth of 4000 m (Kooi et al., 2017). By

this rationale most of the plastics entering the oceans since the
1950s may now reside on the seaﬂoor (Koelmans et al., 2017).
The majority of the polymers identiﬁed in the present study
(polyester, polyamide, acrylic, alkyd, PAN and PVC) had densities
greater than seawater (Andrady, 2011; Crawford and Quinn, 2017),
corroborating the ﬁndings of other benthic research (Bergmann
et al., 2017; Courtene-Jones et al., 2017a; Woodall et al., 2014)
and indicating these polymers likely sink directly and relatively
rapidly to the seaﬂoor, where they are bioavailable to the benthic
community. Positively buoyant microplastics were also isolated;
non-expanded polystyrene (1.04 g/cm3 (Crawford and Quinn,
2017)), was only present in 2015, and polyethylene which was
one of the lowest density polymers identiﬁed in this study (density
0.92e0.97 g/cm3 (Crawford and Quinn, 2017)) was identiﬁed post1980. This may indicate that low density polymers sink over longer
time scales than their high density counterparts. Experimental
work showed polystyrene particles decreased their sinking velocity
with increasing salinity (Kowalski et al., 2016). In natural marine
waters the density of seawater typically increases with increasing
depth; in the Rockall Trough seawater potential density (sq)
changes from around 1.0272 g/cm3 in the surface layer to 1.0278 g/
cm3 at 2500 m depth (Holliday et al., 2000). It has been suggested
that microplastic particles will remain in suspension when reaching a depth where water and particle density are similar (Wang
et al., 2016). However ocean processes are complex and other factors will inﬂuence the sinking of microplastics. Synthetic polymers
vary in their elasticity (Young's modulus) from around 0.15 GPa for
low density polyethylene to 4.5 GPa for polyester (measured at
20  C and atmospheric pressure) (Ashby and Jones, 2006). The
increasing pressure associated with depth will cause microplastics
to compress; the depth at which this occurs and the amount of
compression will depend on the speciﬁc Young modulus. It is likely
that certain microplastic polymers will compress to a greater degree than the surrounding seawater (2.21 GPa at atmospheric
pressure at 20  C) (Liley et al., 2007). This will result in the microplastics increasing in density relative to the surrounding seawater,
and in this way facilitate their sinking.
The occurrence of these low density polymers on the seaﬂoor
may also be explained by the hetero-aggregation of small plastic
particles with other inorganic material. Coagulation is driven by the
size, shape and density, along with the surface character of a
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particle, in turn inﬂuencing the fate of these aggregates in marine
systems (Filella, 2015). In this study, 95% of the microplastics isolated were ﬁbres. Particles such as ﬁbres and ﬁlms have high surface area to volume ratios and as such have a higher rate of
aggregation/biofouling causing them to sink sooner and over
relatively shorter time scales than larger plastic fragments (Ryan,
2015). Theory predicts that small sized particles will coagulate
quickly (Filella and Bufﬂe, 1993) and even buoyant material may be
transported to the deep ocean relatively quickly in this way (Logan
and Hunt, 1987), offering a mechanism by which microplastics may
be removed from surface waters (Cozar et al., 2014). Furthermore
not all sources of plastic may be introduced from land or at the
ocean surface. Shipping activity, ﬁshing equipment, offshore industries such as oil and gas and other maritime activities may
introduce microplastics directly into the water column (Browne,
2015) or to the seabed and consequently reduce the time taken
for microplastics to be sequestered to the seaﬂoor. Human inﬂuences, such as deep-water bottom trawling can be traced back to
1960s in International waters to the west of Rockall Plateau (Basson
et al., 2001), and by the mid-1980s the Rockall Trough had become
the major deep-water bottom trawl ﬁshing area in the northern
North East Atlantic Ocean (Gordon, 2003; Heymans et al., 2011).
The deep waters of the Rockall Trough are mainly comprised of
Labrador seawater and tend to be slow moving (Holliday et al.,
2000). Waters deeper than 1200 m are constrained due to the
local bathymetry and can only exit via the southern approach of the
trough (New and Smythe-Wright, 2001). These factors may promote the accumulation of microplastics within the Rockall Trough,
however further work would be needed to corroborate this.
Interestingly no clear trends in overall ingested abundances or
polymer abundances were observed across the time series. There
was a slight increase in microplastics in 2013, however this was not
statistically signiﬁcant. The gap in sampling between the years
1995e2013 was beyond the control of the present study. To try and
overcome this and enable a more in-depth assessment of microplastic load post-sampling break, 20 specimens from each species
were analysed from the years 2013 and 2015. While the analysis of a
complete time-series would be beneﬁcial in drawing more robust
conclusions about microplastic prevalence in the deep sea; the
dataset obtained indicates stability in microplastic abundance
across sampling years and additional sampling is unlikely to reveal
different conclusions. Species distribution in the deep-sea is heterogeneous (Zeppilli et al., 2016) and as such the sample sizes
varied between species and years. O. lymani dominates macrofauna
assemblages in this region (Gage, 1986) enabling  10 individuals to
be analysed for microplastics throughout the time series.
H. pellucidus was the next most abundant species collected by the
sled trawls (pers obs.), however specimens were absent during the
years 1976 and 1990 preventing their inclusion in the study and
only a low number (n ¼ 3) were present in 1995. It is possible that
the difference in sample numbers may have inﬂuenced overall
microplastic abundances or polymer diversity, however these years
do not show such reductions, giving conﬁdence to the results reported. No other macroinvertebrate species occurred in high
enough abundance across the time period to be included within
this study. Additional species and sample numbers would, of
course, strengthen the dataset presented and facilitate drawing
conclusions on the multi-decadal ingestion of microplastics.
Similar to the results presented here, Beer et al. (2017) found no
trends in the abundance of microplastics ingested by pelagic ﬁsh
from the Baltic sea over a 28 year dataset (1987e2015), however
the authors did not characterise polymer types preventing comparison with our ﬁndings. In fact, the current study appears to be
the ﬁrst long-term (decadal/multi-decadal) investigation to characterise microplastic polymers. A total of eight different polymer
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types were identiﬁed; polymer diversity (H’) remained relatively
stable throughout the time-series, with two polymer types identiﬁed in 1976, 1990 and 2013, four polymer types in 1995 and 2015;
and a maximum of 5 polymer types in 1980 and 1985. Three
polymers were unique to just one sampling year; polyacrylonirtile
in 1980, PVC-copolymer in 1985 and polystyrene in 2015. Acrylic,
alkyd and polyethylene were found sporadically within the time
series, and both polyamide and polyester ﬁbres were present in all
years sampled, with the exception of polyester in 1990. Polyester
ﬁbres are documented to be one of the most prevalent and widespread microplastics in the environment (Browne et al., 2011).
Polyester and polyamide dominate ﬁbre production, with polyester
use in the textile sector seeing an annual growth of 7% since 1990;
this polymer now accounts for nearly half of the global ﬁbre market
(Carr, 2017; Chemical Economics Handbook, 2016). An estimated
600 metric tons of polyester, polyamide and acrylic ﬁbres have been
discarded and are accumulating in landﬁll sites or the natural
environment (Geyer et al., 2017), in addition to this up to 0.1 mg
ﬁbres/g polyester textile can be shed during washing (Hernandez
et al., 2017), providing a source of ﬁbre release to waste water
treatment plants and to the environment (Murphy et al., 2016).
The two species examined have previously been reported to
ingest microplastics (Courtene-Jones et al., 2017a). O. lymani is a
surface deposit feeder and facultative predator on small crustaceans and polychaetes (Iken et al., 2001; Pearson and Gage, 1984),
and H. pellucidus predates on small benthic invertebrates and
planktonic fallout (Wagstaff et al., 2014); however despite having
different feeding modes and diets these factors have not been
linked to the abundance of microplastic they ingest (CourteneJones et al., 2017a). Additionally, prior work found no detrimental
effects to microplastic polymers when using 4% formaldehyde as a
ﬁxative, followed by storage in 70% ethanol (Courtene-Jones et al.,
2017b), indicating the suitability of these specimens for this
study. The abundances of microplastics ingested across years
(1.96 ± 0.66e4.61 ± 3.62 microplastics/g (mean ± SD) depending on
sampling year) are within a range comparable to coastal species
(Devriese et al., 2015; Foekema et al., 2013; Li et al., 2016; Van
Cauwenberghe et al., 2015), providing further evidence for the
high levels of microplastics at the seaﬂoor. Sample contamination is
a key issue within the ﬁeld of microplastics research (Wesch et al.,
2017); at the time of sampling the same rigorous contamination
measures put in place today would not have been used. While we
cannot completely rule out historic contamination at the time of
collection, thorough washing of each specimen with deionised
water followed by visual examination prior to dissection was undertaken, to remove any external microplastics which may
confound results. This study only assesses microplastic levels contained within the internal tissues of these fauna where the chances
for contamination arising from sample collection are minimal.
Strict protocols were followed in the laboratory where samples
were dissected and background controls revealed only low
numbers of cellulose ﬁbres were detected, giving conﬁdence to the
results reported here.
Only 16% of all the putative microplastics analysed were
conﬁrmed to be synthetic; thus the data presented may in fact be
an under estimation of ingested quantities. The majority of particles
(63%) were identiﬁed as natural based on their FTIR spectrum
despite having a brightly coloured appearance (primarily blue or
red). Other studies have found similar results, attributing spectra to
the semi-synthetic polymer Rayon, which has an almost identical
FTIR spectrum to cellulose (Lusher et al., 2015, 2014; Sadri and
Thompson, 2014). To conclude whether the material is natural or
Rayon would require further analysis of these particles; thus to
prevent confounding our results, all cellulosic ﬁbres (as identiﬁed
with FTIR) were discounted from this study.
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Microplastics have the potential to be retained and accumulate
within the bodies of biota (GESAMP, 2015). Watts et al. (2014)
demonstrated that following laboratory exposure crabs retained
microplastics in their tissues for up to 14 days, while Browne et al.
(2008) found microplastics remained in the circulatory system of
mussels 48 days after high-concentration exposure. The longest
study of its kind evidenced that langoustine retained microplastic
ﬁbres following low-concentration chronic exposure, which were
then lost during moult, a process occurring every 6e12 months
(Welden and Cowie, 2016). With the exception of these studies
little work has been undertaken to determine the retention times,
clearance rates and associated inﬂuencing factors in different organisms. Microplastics clearly have the potential to remain in the
bodies of organisms which have been suggested as a short-term
sink (Güven et al., 2017) however may not be retained long term
due to processes of egestion. Different environmental matrices
(sediment/water/fauna) likely store microplastics differently and
while sediment and water may continually accumulate microplastics, it is possible that organisms may not accumulate microplastics in the same quantities as in their ambient environment. In
fact it has been suggested that there may be a point at which an
organism becomes saturated (Ryan et al., 2009) and does not
continue to accumulate microplastics internally. This may explain
why the abundances of ingested microplastics remains relatively
stable in this study, despite the continued inputs of plastics into the
marine environment (Geyer et al., 2017; Jambeck et al., 2015);
however this is a matter requiring further work.
5. Conclusions
The dataset shows, for the ﬁrst time, the long-term prevalence
of microplastic pollution in the deep sea and documents a relatively
stable abundance over the last four decades. Previous studies from
marine systems have tended to provide only a snapshot in time and
there is a lack of quantitative long-term data on microplastic
pollution. This study provides one such assessment and indicates
that microplastics may have been present on the seaﬂoor at this
locality prior to 1976. Questions remain regarding the rates of
vertical transport and the dynamic processes inﬂuencing the
sinking of microplastics to the benthos and we suggest this as a
future priority area. Furthermore, this study shows the merit of
accessing archival specimen collections to determine the historical
presence of microplastic pollution. We would therefore encourage
those with access to such repositories to consider their application
within this ﬁeld to broaden our knowledge of the long-term fate
and behaviour of microplastics within marine systems.
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SI Figure 1. The two macroinvertebrate species examined in this study; a) Ophiomusium lymani
(dorsal side) and b) Hymenaster pellucidus (ventral side). Scale bars denote 1 cm.

Quality control/quality assurance protocol
A number of steps were employed to monitor and reduce the risk of contaminations. In the laboratory,
the work benches were cleaned with 70 % ethanol on non-shedding paper and allowed to dry fully;
this was repeated three times prior to commencing work. Standard non–plastic equipment i.e. glass
and metal, were used wherever possible and consumables were used directly from sterile packaging.
All apparatus was washed with deionised water prior to use and equipment was inspected under a
dissecting microscope to ensure they were free from contaminants. Equipment was kept covered with
clean aluminium foil when not in use and the samples were covered wherever possible to minimize
exposure risk. Personnel working on the samples wore natural fibre clothes under a clean 100 %
cotton laboratory coat, these were stored within the laboratory to prevent external fibres from entering
the ‘clean room’.
To account for any background contamination two further procedures were undertaken. Dampened
filter paper (30 mm diameter, Whatman No. 1) was placed in a clean petri dish and left open for the
duration of laboratory work, to collect any air borne contaminants, this was then sealed and labelled
for further analysis. Tape lift screening (TLS) was employed after the laboratory work benches had
been cleaned, this involves placing a 5 cm² piece of adhesive tape was onto the work bench in three
random locations before being placed on an acetate sheet and examined under a microscope, this
process was carried out before and after the laboratory procedures.

2

SI Table 1. Summary of the start location, depth and trawl method for each sampling event and the
numbers of each benthic species (OL = Ophiomusium lymani, HP = Hymenaster pellucidus) analysed
over the years 1976 to 2015
Year

SAMS
trawl
Number
AT107

Start
Latitude
(°N)
57.1170

Start
Depth Species
Longitude (m)
sampled
(°W)
12.1000
2000
OL

Sample Trawl
size
Method

ES176

57.2500

10.4337

2245

OL

10

ES184

57.2333

10.4000

2260

HP

10

1985

ES289

57.3167

10.4167

2190

OL
HP

10
10

1990

ES399

57.1800

10.1800

2200

OL

10

1995

ES573

57.2617

10.4312

2240

OL
HP

10
3

ES1673

57.2734

10.2988

2200

HP

3

ES1674

57.2420

10.2776

2228

10
3

ES1675

57.2396

11.2745

2229

OL
HP
OL
HP

ES1676

57.2536

10.2992

2227

HP

4

ES1677

57.3071

10.3957

2200

HP

3

ES1679

57.3562

10.3712

2200

HP

10

ES1680

57.3246

10.3982

2200

ES1681

57.3121

10.3853

2200

OL
HP
OL
HP

10
6
10
1

1976

10

1980

2013

2015

10

Agassiz trawl
Epibenthic
sled
Epibenthic
sled
Epibenthic
sled
Epibenthic
sled
Epibenthic
sled
Epibenthic
sled
Epibenthic
sled
Epibenthic
sled
Epibenthic
sled
Epibenthic
sled
Epibenthic
sled
Epibenthic
sled
Epibenthic
sled

3

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

SI Figure 2. Example microplastics extracted from invertebrates over from the years (a) 1976, (b)
1980, (c) 1985, (d) 1990, (e) and (f) 1995, (g) 2013 and (h) 2015
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SI Figure 3. Relative proportions of microplastic (both fibres and fragments) colours extracted from
invertebrates
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SI Figure 4. Example FTIR spectra for the eight different polymer types identified; a) acrylic,
b) alkyd, c) polyamide, d) polyacrylonitrile, e) polyethylene, f) polyester, g) polystyrene h)
polyvinylchloride co-polymer

6

SI Figure 5. Dendrogram showing the percentage similarity in composition and abundance of
polymers in each sampling year
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