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Types of microplastic pollution

AMicroplastics <5 mm
A Secondary microplastics (degraded macroplastics)
APrimary microplastics (manufactured microbeads <1 mm)
AMicrofiber plastics

DALHOUSIE
UNIVERSITY




838

Origin o f

Lost at Sea: Where Is All
the Plastic?

Richard C. Thompson,™* Ylva Olsen,” Richard P. Mitchell,’
Anthony Davis,” Steven ). Rowland," Anthony W. G. John,?
Daniel McGonigle,® Andrea E. Russell®

Millions of metric tons of plastic are produced
annually. Countless large items of plastic debris
are accumulating in marine habitats worldwide
and may persist for centuries (/-4). Here we
show that microscopic plastic fragments and fi-
bers (Fig. 1A) are also widespread in the oceans
and have accumulated in the pelagic zone and
sedimentary habitats. The fragments appear to
have resulted from degradation of larger items.
Plastics of this size are ingested by marine organ-
isms, but the environmental consequences
of this contamination are still unknown.
Over the past 40 years, large items of
plastic debris have frequently been re-
corded in habitats from the poles to the
equator (/~4). Smaller fragments, proba-
bly also plastic, have been reported (5) but
have received far less attention. Most
plastics are resistant to biodegradation, but
will break down y through me-
chanical action (6). Many “biodegrad-
able” plastics are composites with materi-
als such as starch that biodegrade, leaving
behind numerous, nondegradable, plastic
fragments (6). Some cleaning agents also
contain abrasive plastic fragments (2).

Transmission (%)

1000

ing, and rope, suggesting that the fragments result-
ed from the breakdown of larger items.

To assess the extent of contamination, a fur-
ther 17 beaches were examined (Fig. 1B). Similar
fibers were found, demonstrating that microscopic
plastics are common in sedimentary habitats. To
assess long-term trends in abundance, we exam-
ined plankton samples collected regularly since
the 1960s along routes between Aberdeen and the
Shetlands (315 km) and from Sule Skerry to Ice-

fragrment from shore S,

nylon

2400 1400
‘Wave number cm'

o

Hence, there is considerable potential for
large-scale accumulation of microscopic
plastic debris.

To quantify the abundance of micro-
plastics, we collected sediment from
beaches and from estuarine and subtidal
sediments around Plymouth, UK (Fig. |2 o
IB). Less dense particles were separated
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by flotation. Those that differed in appear-
ance to natural particulate material (Fig.
1A) were removed and identified with
Fourier Transform infrared (FT-IR) spec-
troscopy (7). Some were of natural origin
and others could not be identified,
about one third were synthetic polyri
(Fig. 1C). These polymers were preseil in
most samples (23 out of 30), but
significantly more abundant in subtidal
sediment (Fig. 1D). Nine polymers were
conclusively identified: acrylic, alkyd,
poly (ethylene:propylene), polyamide
(nylon), polyester, polyethylene, poly-
methylacrylate, polypropylene, and
polyvinyl-alcohol. These have a wide
range of uses, including clothing, packag-

com|
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e o
beaches (¥, F,5 =
consistent among sites within habitat types. (E) Microscopic
plastic in CPR samples revealed a significant increase in
abundance when samples from the 1960s and 1970s were

Fig. 1. (A) One of numerous fragments found among marine
sediments and identified as plastic by FT-IR spectroscopy. (B)
Sampling locations in the northeast Atlantic. Six sites near
Plymouth (0) were used to compare the abundance of mi-
croplastic among habitats. Similar fragments (®) were found

pled by Continuous Plankton

Recorder (CPR 1 and 2] reusedmassessd\angasin
abu

e 1960. (C) FT-IR spectra of a

to those from the 1980s and 1990s (%, Fy3 =

14.42, P < 0.05). Approximate global production of synthetic
fibers is overlain for comparison. Microplastics were also less
abundant along oceanic route CPR 1 than along CPR 2
(F124 = 5.18,P < 0.05).

Thompson, R.C. et al.(2004). Science, 304(5672), 838-838.

t he

land (850 km) (7) (Fig. 1B). We found plastic
archived among the plankton in samples back to
the 1960s, but with a significant increase in abun-
dance over time (Fig. 1E). We found similar types
of polymer in the water column as in sediments,
suggesting that polymer density was not a major
factor influencing distribution.

It was only possible to quantify fragments that
differed in appearance from sediment grains or
plankton. Some fragments were granular, but
most were fibrous, ~20 pm in diameter, and
brightly colored. We believe that these probably
represent only a small proportion of the micro-
scopic plastic in the environment, and methods are
now needed to quantify the full spectrum of ma-
terial present. The consequences of this contami-
nation are yet to be established. Large plastic
itemns can cause suffocation and entanglement and
disrupt digestion in birds, fish, and mammals (3).
To determine the potential for microscopic plas-
tics to be ingested, we kept amphipods (detriti-
vores), lugworms (deposit feeders), and barnacles
(fiilter feeders) in aquaria with small quantities of
microscopic plastics. All three species ingested
plastics within a few days (7) (fig. S1).

Our findings demonstrate the broad spatial
extent and accumulation of this type of contam-
ination. Given the rapid increase in plastic pro-
duction (Fig. 1E), the longevity of plastic, and
the disposable nature of plastic items (2, 3), this
contamination is likely to increase. There is the
potential for plastics to adsorb, release, and
transport chemicals (3, 4). However, it remains
to be shown whether toxic substances can pass
from plastics to the food chain. More work is
needed to establish whether there are any envi-
ronmental consequences of this debris.
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Twenty years of microplastic pollution
research—what have we learned?

Richard C. Thompson®, Winnie Courtene-Jones, Julien Boucher, Sabine Pahl,

Karen Albert A

BACKGROUND: The term microplastic was first
used to describe microscopic fragments of plastic
debris (~20 pm in diameter) in a publication in
2004, On the basis of this paper and earlier work,
it was evident that small fragments of various
common plastics—including acrylic, polyamine
(nylon}, pol 5 pal

and polystyrene—were present in coastal environ-
ments around the United Kingdom and along
the eastern seaboard of the United States and
that their abundance had increased substan-
tally since the 1960s. There was evidence that
microplastics were bioavailable to invertebrates
and fish but only speculation on the key sources
and the potential for harmful effects.

ADVANCES: Microplastics, now widely defined
as pieces =5 mm in size, are recognized as a

Major sources of microplastics
Plastic Personal care Faint
pellets products

highly diverse set of globally important con-
taminants. Multiple sources are now confirmed,
including primary microplastics in cosmetics
and paint as well as the pellets and flakes used

wvasive in the food we eat, the water we drink, and
the air we breathe. They have been detected in
multiple tissues and organs of the human body,
with emerging evidence of potential effects.
This rapidly unfolding scientific evidence,
together with individual, social, and societal
drivers of change, is leading to policy outeomes
that indude national-level regulations, such as
the prohibition of microplastics in cosmetics
by multiple countries and a mandate in France
requiring that filters be installed in washing
hi to intercept mi as well as
multinational policies, including the EU Ma-
rine Strategy Framework Directive and the
REACH (Registration, Evaluation, Authorisa-
tion and Restriction of Chemieals) legislation
on i ionally added mi i

to make plastic prod along with dary
microplastics generated by the abrasion of larger
items during use, including textiles and tires,
and the fragmentation of larger debris in the
environment. Microplastics can be redistributed
by wind and water and have since been reported
in diverse locations, from the sea surface to deep-
sea sediments, from farmland to our highest
mountains, and in sea ice, lakes, and rivers. They
have been detected in 1300 aquatic and terres-
trial species, from invertebrates at the base of
the food web to apex predators, with evidence
of impacts at all levels of biclogical arganization,
from cellular to ecosysterm. Microplastics ave per-

Synthetic Tires Macroplastics

textiies a
A

Sociopolitical dynamics

J

Science communication Perceived risks and benefits
Special interest groups Social norms.
Madia Fnowledge
NGOs Values and emotions
L
Potential actions
Hazardous classification Bans Design standards Reduced production

Microplastic pollution: Sources, impacts, and actions. Twenty years of research focused on microplastic
pollution has identified their multiple sources, wide-scale environmental distribution, bicavailability, and
impacts. This evidence, together with the associated sociopolitical dynamics, has started to drive actions on a

global scale. WGOs, nongovernmental organizations.

Thompson ef al., Science 386, 305 (2024)

25 October 2024

QUTLOOK: Emissions of microplastics to the en-
vironment are estimated to be between 10 and
440 million tonnes per year, and under business-
as-usual scenarios, this amount could double
by 20440, Even if it were possible to immediately
halt emissions, quantities would continue to in-
crease because of the fragmentation of leg-
acy items. Modeling predictions indicate the
potential for wide-scale environmental harm
within 70 to 100 years, but detailed risk as-
sessments are limited because exposure and
effect data are incomplete. This is especially
true for human health effects. Although we
anticipate greater clarity over the next few
years, public risk perception is also a key driver
of actions and is often influenced by a wider
range of factors than objective risk assess-
ment; for example, German consumers recent-
ly rated microplastics in food as being their
top environmental health concern.

Can we afford the externalized costs of mi-
croplastics that are already understood, and if
not, which eriteria should guide interventions
and what is essential, in the context of societal
needs and desires? A whole-system approach
from extraction to remediation will be key to
creating material floaws that satisfy human needs
with minimal environmental impact. Twenty
years of science defining microplastic pollution
now brings a tangible opportunity for interna-
tional action as part of the United Nations En-
vironment Programme draft global plastics treaty.
Together with reductions in primary polymer
production, measures will be needed to reduce
emissions and pollution along the entire life
cycle of plastics, including dedicated provisions
on microplastics. However, there is a high risk of
unintended consequences if interventions are

1 d without i Tuati
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Are We Speaking the Same Language? Recommendations for a
Definition and Categorization Framework for Plastic Debris
Nanna B. Hartmann,":"':‘ Thorsten Hiiffer,*"i Richard C. Thompson,§ Martin Hassell'dv," (
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and Martin Wagner*
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ABSTRACT: The accumulation of plastic litter in natural i 510 B

environments is a global issue. Concerns over potential Gregory & Andrady+ 2003 67-500 pm — 1-15 cm

negative impacts on the economy, wildlife, and human health Browneet al.52 2007 ceww -m 1-1000 um - .o
provide strong incentives for improving the sustainable use of .
plastics. Despite the many voices raised on the issue, we lack a ; ‘7 Mooress 2008 <5000 MM g
consensus on how to define and categorize plastic debris. This 5Ph€flw| chrnpl astic! -

is evident for microplastics, where inconsistent size classes are Ryan et al.54 2009 <2000 um 2—20 mm >2 cm "
used and where the materials to be included are under debate.

While this is inherent in an emerging research field, an Costaetal.5s 2010 <1000 Hm

ambiguous terminology results in confusion and miscommu- Desforges et al.56 2014 1-5000 um

nication that may compromise progress in research and

mitigation measures. Therefore, we need to be explicit on @ Wagner et al.5s7 2014 sen --“ 20-5000 MM ->=

what exactly we consider plastic debris. Thus, we critically
discuss the advantages and disadvantages of a unified terminology, propose a definition and categorization framework, and
highlight areas of uncertainty. Going beyond size classes, our framework includes physicochemical properties (polymer

pm-scale—5000 ym

Koelmans et al.?

composition, solid state, solubility) as defining criteria and size, shape, color, and origin as classifiers for categorization. And"adyss 1-1000 um
£ B e S s x pu e et [Koounans etal 2017
1. INTRODUCTION urban, rural, and remote locations. Large plastic litter is readily NOOAs 2009 <5000 Hm
Plastic pollution is a substantial environmental problem. Plastic visible and adversely affects wildlife species through entangle- EU Commission22 2011
ot ot b e e g T ngesion and faceradons” Microscopic plastic &brs gy MSFD WG-GES# 2013 20-5000 pm
ubiquitous in terrestrial and aquatic environments, including Published: January 4, 2019 GESAMP23 2015 -8 'm 1-1000 IJm

<7 ACS Publications  ©2019 American Chemical Society

1039

DOL: 10.1021/acs est.8b05297
Environ. Sci. Technol. 2019, 53, 10391047

EFSA (CONTAM)so

Hartmann, N.B. et al. (2019). Environmental Science and Technology, 53(3), 1039-1047.
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Microplastic pollution Is not just a marine problem
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Sources of microplastics in the ma

UV radiation

Breaks downs macroplastics

into microplastics

g /f Intentionally added plastic
particles in cosmetics are released

wastewater systems and the air

/ into wastewater systems
i
"’ o,
© I )

Capture of microplastTcs by wastewater treatmenw

Wastewater '
systems prevents releases to the oceans via outfalls;

however, many are still lost, especially during heavy
rain events. Microplastics wash off agricultural soil
where sewage sludge is used as fertilizer

Comestics

| Land-based
sources

1 Marine-based

sources Macroplastics

Degradation of

Abandoned, losf, discarded fishing
gear or abrasion of fishing
equipment, such as ropes and

releases microplastics

buoys, release microplastics

Abrasion of road markings A
releases microplastics U
al

Source: Waldschlager et al. (2020). lllustration by GRID-Arendal.

Source: Waldschlageretal. - |JNEP (2021). Drowning in plastics — Marine Litter and Plastic Waste Vital Graphics.
UNEP (2021). Drowning in pla

Abrasion, for example during washing and
drying, releases microfibres into waterways,

macroplastics on beaches

Leakage of small plastic pellets during

industrial manufacturing processes, at
production facilities or during transportation

Wear and tear on synthetic
polymers, including paints,
used in the maritime industry ~ Abrasion of aquaculture

Aaultur

releases microplastics gear such as buoys made
of expanded polystyrene
contributes to

microplastic releases
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Heyerdahl , T.

History of marine microplastic pollution

Miller & Uns el al.

= 15! atmospheric
Waggoner 1963 soil
Heyrdahl, T. 1971 marine :

Atlantic Ocean Pollution and Biota Observed by the ‘Ra’ Expeditions

THOR HEYERDAHL, Ph.D. (Oslo)

Kon-Tiki Museum, Oslo, Norway; Colla Micheri, Laigueglia, Italy

ABSTRACT

On two voyages virtually across the Atlantic Ocean in
papyrus raft-ships in 1969 and 1970, surface pollution was
observed from very close quarters. Visible pollution was
recorded during six days of the eight weeks’ sailing in 1969
and on forty of the first forty-three days of sailing in 1970,
although the remainder of that voyage was in relatively clean
water. The pollution was mainly in the form of floating
asphalt-like material, mostly in tiny lumps but sometimes up
to fist size, though other forms were also observed. The
older lumps were often beset with living barnacles and
Algae, while quantities of dead coelenterates were in some
places observed floating among them. Continued indis-
criminate use of the world's oceans as a dumping-ground for
durable human waste seems likely to have very serious and
perhaps irreversible effects on their productivity.

(1971). Atlantic

experiment with Ra /, created such wide interest that a
more systematic survey with daily records and a wider
range of samples were planned for the second crossing,
on board Ra II.

As the water in the latitudes of our observations is
not stagnant but is constantly on the move from east
to west at an average speed of 0-5 knots, it is of some
importance to repeat even the sparse observations
recorded from Ra I. For the bulk of the surface water
encountered on its move westwards in 1969 had
already joined the Gulf Stream and was thus on its
way back to northern Europe by the time we made our
new observations in 1970.

®w v(// - publicatons
. L ~2980
< (S50 = e s marine
g . . P - S Y e publications

On two voyages across the Atlantic

Ocean in papyrus raft-ships in 1969
and 1970, surface (plastic) pollution
was observed by Heyerdahl (1971)

DALHOUSIE
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History of marine microplastic pollution

Miller & Dns et al. 0@
: 15! atmospheric
Waggoner 1963 soil Sspoailon Kixly e

Heyrdahl, T. 1971 marine

P
v -
/ —_-—

Plastics on the Sargasso Sea Surface

2N < A~ ~ =

Fig. 1. Typical plastic particles from tow 2. White pellets are on the left.

Carpenter, E.J., & Smith Jr, K.L. (1972). Plastics on the Sargasso Sea surface. Science, 175(4027), 1240-1241.

~ / publicauons
(/ ; «_.'\_?1 .

~2980
15 - marine

o L < Ji¥Z = publications

Carpenter and Smith
(1972) reported of
weathered tiny
plastic particles (2.5
to 5 mm) in the
Sargasso Sea
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History of marine microplastic pollution

Miller & Ons et al. ey v(/ publications
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Letter | Published: 04 January 1974

Quantitative Tar and Plastic Waste Distributionsin Wong et al. (1974) reported
the Pacific Ocean widespread tiny plastic
particles (1to 5mm)in 21
of 36 tows along 35AN in

C. S. WONG, DAVID R. GREEN & WALTER J. CRETNEY

Nature 247, 30-32 (1974) | Cite this article the Pacific Ocean as small
1655 Accesses | 16 Altmetric | Metrics round, colourless pellets
weighing 20 to 50 mg each
DALHOUSIE

Wong, C.S., Green, D.R., & Cretney, W.J. (1974). Quantitative tar and plastic waste distributions in the Pacific Ocean. Nature, 247(5435), 30-32. UNIVERSITY



History of marine microplastic pollution
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Marine Pollution Bullerin Vol. 42, No. 12, pp. 1297-1300, 2001
© 2001 Elsevier Science Ltd. All rights reserved

Printed in Great Britain

0025-326X/01 § - see front matter

TABLE 1
Abundance (pieces km?) by type and size of plastic pieces and tar found in the North Pacific gyre.

PII: S0025-326X(01)00114-X

@ Pergamon
Mesh-size Fragments Styrofoam Pellets Polypropylene/ Thin plastic Miscellaneous
monofilament films

A Comparison of Plastic and Plankton | =~ piccs o

Unidentified Total

in the N()l‘th Paciﬁc Cent]‘al Gy]‘e >4.760 1931 84 36 16811 5322 217 350 24764

C. J. MOORE{t*, S. L. MOORE®, M. K. LEECASTER{"' and S. B. WEISBERG}
tAlgalita Marine Research Foundation, 345 Bay Shore Avenue, Long Beach, CA 90803, USA
fSouthern California Coastal Water Research Project, 7171 Fenwick Lane, Westminster, CA 92683, USA

The potential for ingestion of plastic particles by open
ocean filter feeders was assessed by measuring the relative
abundance and mass of neustonic plastic and zooplankton
in surface waters under the central atmospheric high-
pressure cells of the North Pacific Ocean. Neuston sam-
ples were collected at 11 random sites, using a manta
trawl lined with 333 u mesh. The abundance and mass of
neustonic plastic was the largest recorded anywhere in the
Pacific Ocean at 334271 pieces km® and 5114 g km?,
respectively. Plankton abundance was approximately five
times higher than that of plastic, but the mass of plastic
was approximately six times that of plankton. The most
frequently sampled types of identifiable plastic were thin
films, polypropylene/monofilament line and unidentified
plastic, most of which were miscellaneous fragments.
Cumulatively, these three types accounted for 98% of the
total number of plastic pieces. © 2001 Elsevier Science
Ltd. All rights reserved.

harm to the animal. Less well studied are the effects of
ingestible debris on fish, and no studies have been con-
ducted on filter-feeding organisms, whose feeding
mechanisms do not permit them to distinguish between
debris and plankton. Moreover, no studies have com-
pared the amount of neustonic debris to that of plank-
ton to assess the potential effects on filter feeders.
Concerns about the effects of neustonic debris in the
marine environment are greatest in oceanographic con-
vergences and eddies, where debris fragments naturally
accumulate (Shaw and Mapes, 1979; Day, 1986; Day and
Shaw, 1987). The North Pacific central gyre, an area of
high atmospheric pressure with a clockwise ocean cur-
rent, is one such area of convergence that forces debris
into a central area where winds and currents diminish.
This study compares the abundance and mass of neus-
tonic debris with the amount of zooplankton in this area.

4.759-2.800 4502 121 471 4839 9631 97 36 19696
2.799-1.000 61187 1593 12 9969 40622 833 72 114288
0.999-0.710 55780 591 0 2933 26273 278 48 85903
0.709-0.500 45196 567 12 1460 10572 121 0 57928
0.499-0.355 26888 338 0 845 3222 169 229 31692
Total 195484 3295 531 36857 95642 1714 736 334270

Charles Moore et al. (2001) reported >300,000
plastic particles/km? (<5 mm) in trawls in the

North Pacific Ocean

Moore, C.J. et al. (2001). A comparison of plastic and plankton in the North Pacific central gyre. Marine Pollution Bulletin, 42(12), 1297-1300.
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Location of the five major (micro)plastic gyres
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Marine microplastics fate
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Abstract

Understanding the global mass inventory is one of the main challenges in present research on plastic
marine debris. Especially the fragmentation and vertical transport processes of oceanic plastic are
poorly understood. However, whereas fragmentation rates are unknown, information on plastic
emissions, concentrations of plastics in the ocean surface layer (OSL) and fragmentation mechanisms
is available. Here, we apply a systems engineering analytical approach and propose a tentative ‘whole
ocean’ mass balance model that combines emission data, surface area-normalized plastic
fragmentation rates, estimated concentrations in the OSL, and removal from the OSL by sinking. We
simulate known plastic abundances in the OSL and calculate an average whole ocean apparent surface
area-normalized plastic fragmentation rate constant, given representative radii for macroplastic and
microplastic. Simulations show that 99.8% of the plastic that had entered the ocean since 1950 had
settled below the OSL by 2016, with an additional 9.4 million tons settling per year. In 2016, the
model predicts that of the 0.309 million tons in the OSL, an estimated 83.7% was macroplastic, 13.8%
microplastic, and 2.5% was < 0.335 mm ‘nanoplastic’. A zero future emission simulation shows that
almost all plastic in the OSL would be removed within three years, implying a fast response time of
surface plastic abundance to changes in inputs. The model complements current spatially explicit
models, points to future experiments that would inform critical model parameters, and allows for
further validation when more experimental and field data become available.

Surface waters account for only
D1% of the global marine
(micro)plastic budget, implying
that most (micro)plastic
pollution entering the ocean
accumulates at the seafloor
(Koelmans et al. 2017)

But the sea surface and marine
sediments are not permanent
sinks for marine microplastics
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Marine-atmosphere microplastics

Marine atmospheric microplastic burden
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Marine-atmosphere microplastics
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Ryan, A.C. et al. (2023). Communications Earth & Environment, 4, 442. https://doi.org/10.1038/s43247-023-01115-7

— Hurricanes (1851-2018)

Transport and
deposition of
ocean-sourced
microplastic
particles by a
North Atlantic
hurricane
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Marine-atmosphere microplastics

Ryan, A.C. et al. (2023). Communications Earth & Environment, 4, 442. https://doi.org/10.1038/s43247-023-01115-7

During the storm
peak, 113,000
MPs/m?/day were
deposited

Most (65%) MPs
were211 0 Om

Most MPs were
fragments
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