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Abstract
Anthropogenic microfibres in background natural environments in Ireland

Brett Roblin

Microfibres, which are threadlike particles < 5 mm, are the most common type of
microplastic reported in the environment. However, few studies have focused on their
abundance in background natural environments. This study assessed the abundance of
microfibres in rainfall samples (from four precipitation monitoring stations) and across
three headwater lake catchments that were in remote, undeveloped areas, away from
anthropogenic disturbance and anthropogenic emission sources (i.e., sites were
background natural environments). Anthropogenic microfibres were observed in all
samples using visual identification methods, with Raman spectroscopy confirming the
presence of polyester film and synthetic pigments, e.g., indigo and hostasol green. The
estimated annual average atmospheric deposition of microfibres was ~28,800 mf m=.
Meteorological variables, e.g., rain, wind direction, and relative humidity were
correlated with the abundance of microfibres. The average abundance of microfibres in
headwater lake catchments was 24 mf gt in moss, 0.70 mf m™3 in surface trawl, 9,690 mf
m-3in subsurface, 910 mf kg™ in lake sediment and 576 mf kg* in lakeshore sediment.
Keywords: Microfibres, Microplastics, Background Environments, Rainfall, Headwater

Lake Catchments, Atmospheric Deposition



Acknowledgements

This thesis could not be possible without continued advice and support from many
people. First, | would like to thank my supervisor Dr. Julian Aherne for his guidance,
support and patience throughout this process. | would also like to thank my thesis
committee Dr. Andrew Vreugdenhil and Dr. Chris Metcalfe for their feedback and

support throughout the process of this project.

I would like to thank my friends and colleagues from the Environmental GeoSciences
Research Group and Sc. 105 & 106; Dane Blanchard, Spencer Gilbert-Parkes, Patrick
Levasseur, Stephen McGovarin, Kimber Munford, Becki Brown, and numerous other
people, for moral support, suggestions, and for sharing the everyday grind of being a
graduate student. | would also like to thank my family and Michelle Arentsen for all their

support and encouragement throughout this process.

This research would not be possible without the funding from the Irish Environmental
Protection Agency, and the logistical support from: The National Parks and Wildlife
Service, Inland Fisheries Ireland, and University College Dublin (specifically Dr. Thomas
Cummins and Ms. Anne Killion). | would also like to thank Hazel Cathcart for helping me
with field work. Special thanks go to Dr. Andrew Vreugdenhil and the Vreugdenhil Lab
for guidance and access to their Raman Spectrometer as well as Debbie Lietz and the

Biology Department for access to their stereomicroscope.



Table of Contents

Y 0 X 1 s o S i
WYl (o Lo 1017 [=To [0 [T 1 LT 1 3N ii
LiST Of FIQUIES ...eeueeeeeeeeeeneereneeteesereeeeeaseseesseesesessesssssssessssessnsssssssessassssnssessnsessassssnssnsen v
LISt Of TABIES ....eeeeeeeeeiieeeeciiieiiniiiseiiiessenniesssnsssssssnssissssnsssssssssssssssnnssssssnsssssssnnsasnns vi
List Of APPENAICES c.....uuuuuuuuuuiriiiiiiiiiiiiiiiiiiiiiississsssssesessssssssssssssssssssssssssssssssssssssns vii
Chapter one: General iNtroduction ...............ceeeueeeeeiieeeiiieesireesisieesorsesisinssessasessasessnssenes 1
1.1. Plastics in the environment...........ceiiiiiiiiiiiiiiiiiiir e 1
1.2, MiIcrofibres......ccevvviiiiiiiiiiiiiiiiiii e 2
1.3. The sizes, shapes and colours of microfibres..........cccovereeiiiiieeiirirccrrercrrre e 3
1.4. Microfibres as PollUtants .........coceeeiiiiiiieiircccreicee e e e e s eren e e renaseseenasseseennsseseennsnnees 4
1.5. Microfibres in the environment ..........ooovveeuiiiiiiiiiiiiici e 6
1.6. Transboundary air POIULION........cccciiiieiiiiiciererrr ettt crennereasernseeensnerensesensessnnanns 7
1.7. Thesis ODJECHIVES .....coveeeeeiiiiieciiieiccerrreeereree s s erese s s e raseessenassessennsssseennsssseennsssseennsnnnenn 9
1.8. REfErE@NCES ...cooiiiiiiiiiiiiiiiiii e e s e e s e aees 11
Chapter 2: Ambient atmospheric deposition of anthropogenic microfibres ................ 19
00 T LY <13 1 T o N 19
87 20 1 o o 1F Lot ' o 19
2.3. Materials and methods..........cc.ccciiiiiiimiiiiiiiiiiiiii e 22
2.3, L. SEUAY SITES weeeeieeiiiet ettt ettt ettt b e st e h e s a e be e eae e b e e b e e b e s b e e b st e e nneenaeas 22
2.3.2. MiICrOfibre @XEraCtioNS ..cccueiiieeiee ettt et b e s b e bt e s b e be e sabeenaeesanes 23
2.3.3. Microscopy and microfibre identification............coooeeiiiiiinii e 24
2.3.4. RAMAN SPECLIOSCOPY .uvveerureerarrrerrreesinreesansetesreeesasreesaseeesneeseasseesanseeesreeseaneeesanneessreeesnnneesannees 25
2.3.5. QUANIEY CONTIOL...eiiiiiieieeee ettt st sae e st b e st e e bt e st e e b e sareesaeesanes 25

B T ST D =Y = T T 1V S 26

B 0T N 27
TR T o1 ¥ T T o 32
2.6. CONCIUSION.....iiiiiieeeiiiiiiiiiriiens s s ssaas s s st e s e s e saassssssssneesnnnnssns 37
R A 0 =T = Lo TN 38
R TR Y 0] o 1= 4 T N 41
Chapter 3: Presence of microfibres in headwater lake catchments in Ireland.............. 56
00 T LY < 13 1 T o N 56
207 2 1 o o 1F Lot ' o 57
3.3. Materials and methods............cccoiiiiiimimiiiiiiiiiii s 59



TR T80 S U o 1YY <13 RS S 59

I T =Y [ =T Y o] LT Y-S RS SR 62
I T T Y ol (o) i1 oYL=l =) = ot (o] o N OO O ORRRRN 64
3.3.4. Microscopy and microfibre identification..........cccccuveeeiii e 65
3.3.5. RAMAN SPECIIOSCOPY toiiiieieieiieieiiiiiiitttttr ettt e e e eeeaeeeaeesesessesesaaaaaababatareraaaeaeaeaeaaaesaasesesessnsenannnnsess 66
3.3.6. Quality control and data @analysis.........ueeiiieiiiiiiie e e 67
3 B 1T ¥ | | £ 69
3.4.1. Microfibre abundance in headwater lake catChments.......cccccvvvvvieieieiiiiiiee s 69
3.3.2. Siz€ and COlOUN OFf MICTOTIDIES . ...uueeeiieieeeeiieieeeeeeeee e e e e e e e e e e e e e e s e e se s ansasnes 72
3.4.3 Trajectory source receptor Plot @NalYSiS.......ccvcieeeiiieiriie e e 74
N T a T o I [0 F= 1 AT L3S 74
3.5, DiISCUSSION ...euurennrenerenerenereereereceenerancrenseassesssesssesssasesnsesnssssssssssssssssesssessssssssssssasssnnsans 75
3.5.1. Abundance of microfibres in headwater lake catchments ........cccvveeiiiiiiiiiiiiiiicieeec e 75
3.5.2. Size and colour Of MICIOfIOrES......ccoi it sbaae e e eaes 77
3.5.3. RAMAN GNAIYSIS teiitiiiiiiie e ciee ettt e et e ee e e e tae e e stb e e eeataeesbeeeetbeeeaasaeesabaeeanbaeeeasbeeesabeeeansaeearaeas 78
ST 00T 1ol [1E 1 ] TN 80
3 A 2 =] = o T oL ON 81
Vo To =T 4T [ NN 84
Chapter 4: CONCIUSION ......ccuuueeereeeeiirieenniirinnuisinississssssisssssmisssssssssssssssssssssssssssssnsssns 99
4.1 General CONCIUSIONS....c.ciiueieieerireeereeeereneetesierenereaserensesrasserasssenssssessssensessassssnsssenssssans 99
4.2 Contributions tO reSEAICH .....c.uiiveuiieeiiieiiitiereerertereeerennertenerenneseenseresserensssensesennenes 101
4.3 ReCOMMENAAtIONS...cuiiuiiieiiinirieteereieteirenereeerenceessenssesssoscrnsessssesssssessserssesnssssssssssanens 101
L B Y =] o =] 4 Lo =L RN 103



List of Figures

Figure 2.1. Location of the four precipitation chemistry monitoring stations in the
current study. All stations are part of the European Monitoring and Evaluation
Programme under the United Nations Economic Commission for Europe...................... 23

Figure 2.2A-2.2D. A) The monthly microfibre counts, B) microfibres per litre (mf L), C)
average microfibre length (mm) and D) estimated microfibre deposition (mf m2)
observed in rainfall collected from the four precipitation chemistry stations, Oak Park
(OP), Johnstown Castle (JC), Valentia (VA), and Malin Head (MH) during June 2017-May
2018. The black line indicates the median, the box represents the first and third
quartiles, the whiskers represent minimum and maximum values and outliers are
[[aTo [To= Y =To l o)V o) & TSSO RRRROPP 29

Figure 2.3. The percentage of microfibres that each month contributed to the total
number of microfibres at each of the four precipitation chemistry stations from June
2017-MAY 2018, ...ooeeeiiee ettt e e e e e e e e e e rre e e e aaraeeeanaaaaeeennnrees 31

Figure 3.1. Location of the three headwater lake catchments: Glendalough, Lough
Maumwee and Lough Veagh. All lake catchments are part of International Cooperative
Programme on Assessment and Monitoring of Effects of Air Pollution on Rivers and
Lakes under the United Nations Economic Commission for EUrope. .........ccceeeevveeeeennneen. 62

Figure 3.2. The percent of microfibres, and triplicate (moss and sediment), surface trawl
(mf km™) and subsurface microfibre counts, observed across each of the five sampled
media (ST= Surface trawl, SS= Subsurface, LSS= Lakeshore sediment, LS = Lake sediment,
M = Moss) collected at each of the three lake catchments (GL = Glendalough, LM =
Lough Maumwee, LV = LoUh VEAEN)......coo vttt 71

Figure 3.3. Microfibre lengths from media (ST= Surface trawl, SS= Subsurface, LSS=
Lakeshore sediment, LS = Lake sediment, M = Moss) collected at each of the three
headwater lake catchments (GL = Glendalough, LM = Lough Maumwee, LV = Lough
Veagh. The black line indicates the median, the boxes represent the first and third
quartiles, the whiskers represent the smallest and largest observations that fall within a
distance of 1.5 times the box size and the dots represent values that are outside the 1.5
TIMES ISTANCE. .t e e et e e e e e e s e bbb e e e e e e e e ee s assabeaeeaaeeeennnes 72

Figure 3.4. Colour distribution of microfibres collected from each media (ST= Surface
trawl, SS= Subsurface, LSS= Lakeshore sediment, LS = Lake sediment, M = Moss) at the
three [aKe CatCNMENTS. ..uueeeei e nan 74



List of Tables

Table 2.1. Latitude, longitude, elevation (EL) and annual rainfall (P) during the period of
June 2017-May 2018 (Source: Met Eireann www.met.ie), for the four meteorological
monitoring stations in the current study. ......ccveeeeee i 23

Table 2.2. Annual sample volume, rainfall, microfibre count (mf) (coefficient of variation
in parentheses), estimated mf deposition (mf m), total and median fibre length (mm)
for each precipitation chemistry monitoring station from June 2017-May 2018. .......... 29

Table 3.1. Latitude, longitude, elevation (EL), surface area (SA), lake volume (Vol), long-
term (1981-2010) average annual air temperature (AT) and rainfall (P) were measured
from the nearest meteorological station (Casement Aerodrome for Glendalough Upper,
Mace Head for Lough Maumwee and Malin Head for Lough Veagh) for each headwater
]I o= 1 [ 41T o | RS 61

Table 3.2. The abundance of microfibres observed in water, sediment and moss from
each headwater lake catchment from May 2018. Coefficient of variation [%] indicated in

parenthesis for triplicate samples (i.e., sediment and Moss).......ccccvvveeeeeeeiieiciireeeeeeeeenn. 71

Table 3.3. The median length (coefficient of variation between triplicates) of microfibres
collected in the samples from each of the three headwater lake catchments................. 73

Table 3.4. Raman spectroscopy results for the subset of microfibres analysed, including
the name (match %), and media where fibres were extracted. .......ccccccoovvvnviveriiiiiiiinnnns 75

Vi



List of Appendices

Figure A2.1. Example image of area surrounding long term precipitation chemistry
monitoring stations (Malin Head station depicted). ......ccoceeeeeeiiiiiiiireeeeee e 41

Table A2.1. The closest residential (distance away in parenthesis) and urban centres
(pop. >10,000; distance away in parenthesis), with their respective populations, to each
of the four precipitation chemistry stations........c.ccoceeviviceiie s 42

Table A2.2. List of criteria used to visually identify plastic microfibres following: (A) four
criteria taken from Norén (2007) as cited by Hidalgo-Ruz (2010) and Léder and Gerdts
(2015), and (B) eight criteria taken from Windsor et al. (2018), with a recommendation
that a positive response for at least two of the eight criteria is required for identification
Of MICroplastic PArtiClES. ......eeeieiieeeee e e e e e e e e e e eaaees 42

Table A2.3. Monthly sample volume, rainfall (P), microfibre count (mf), median, average
and total fibre length, mf L'}, and estimated mf deposition (Mf M2). ....cccevevvveevicerrnnnne 43

Table A2.4. Pearson correlation coefficients for monthly meteorological and
precipitation chemistry (temp = temperature, wetb = wet bulb temperature, dewpt =
dew point temperature, vappr = vapor pressure, rhum = relative humidity, msl = mean
sea level pressure, wdsp = wind speed, wddir = wind direction) against monthly
microfibre counts from each of the four meteorological stations. (OP = Oak Park, JC =
Johnstown Castle, VA = Valentia, MH = Malin Head) .......cccccvvieiiiicinieeeiec e 44

Figure A2.2. Length (um) distribution of microfibres across the four precipitation
monitoring stations. Black line represents the median, boxplots represent the first
quartile and third quartile, and the whiskers represent the minimum and maximum
(V2= | LU 1= PSURROE 45

Figure A2.3. Trajectory rose source-receptor plots showing the proportion (%) of air by
direction and source (Republic of Ireland [red], Northern Ireland [orange], Great Britain
[green] and Marine and other regions [blue]) arriving at the study sites (receptors;
arrival height of 850 hPa) based on two-day back-trajectories estimated every six hours
during the period 1989-2009 using historical wind fields (observed data and model
output) smoothed onto a 3-dimensional grid with 16 pressure levels and a horizontal
resolution of 1 x 1 degree obtained from the ECMWF ERA Interim data set. Lower:
Close-up showing the proportion (%) of air by direction from three terrestrial source
regions: Republic of Ireland (red), Northern Ireland (orange) and Great Britain (green)

Figure A2.4. Raman spectral analysis reports from Bio Rad-KnowltAll online library for
Mortoperm blue from a Johnstown Castle March microfibre. .......cccoveeeiieiiiiiiineeenneeennn. 51

Vii



Figure A2.5. Multilinear regression analysis of principle components 2 and 6 (Predicted
n) against monthly microfibre counts (Observed n) for the Oak Park precipitation
chemistry monitoring station. Regression equation and R? value for trendline included.

Table A3.1. The closest residential (distance away in parenthesis) and urban (pop.
>10,000; distance away in parenthesis) areas, with their respective populations, to each
of the three headwater lake catChments. ... e 84

Figure A3.1. Photographs (from top to bottom) of Glendalough, Lough Maumwee and
(oY UT={ o TV LY 7= o U 85

Figure A3.2. Upper: Trajectory source-receptor rose plots showing the proportion (%) of
air by direction and source (Republic of Ireland (red), Northern Ireland (orange), Great
Britain (green) and marine and other regions (blue)) arriving at the study sites. Lower:
Close-up of proportion (%) of air from Ireland, Northern Ireland and Great Britian source
regions only. Source-receptor trajectory rose plots were based on two-day back
trajectories (arrival height of 850 hPa) estimated every six hours during the period
1989—2009. ....eeiiiciee et e et e et e et e e — e e e —e e et aeeatae e e taeeaaeeeabaeeabeeeanreeeanreeans 85

Table A3.2. List of criteria used to visually identify plastic microfibres following: (A) four
criteria taken from Norén (2007) as cited by Hidalgo-Ruz (2010) and Léder and Gerdts
(2015), and (B) eight criteria taken from Windsor et al. (2018), with a recommendation
that a positive response for at least two of the eight criteria is required for identification
Of MICroPIastic PArtiCIES. ...eiiiiiiiieiciiee e s raee e e s eaes 86

Table A3.3. The number of microfibres observed in triplicate moss, lake and lakeshore
sediment samples from the three headwater lake catchments. .........cceeevvvveeiieeiiniiennns 86

Table A3.4. The total count of microfibres found in each media collected at the three
headwater [aKe CatCMENTS. ...coveeeeeiieee ettt s e e et s e eeareseesannenees 87

Figure A3.3A. Length distribution (um) of microfibres in surface trawl samples from the
three headwater lake catchments (Glendalough, Lough Maumwee and Lough Veagh).
Black line represents the median, boxplots represent the first quartile and third quartile,
whiskers represent the smallest and largest observations that fall within a distance of
1.5 times the box size and the dots represent values that are outside the 1.5 times

(o 113 = T TP RPUPPPRROPPPRN 87

Figure A3.4A. Raman spectral analysis report from Bio Rad-KnowltAll online library for
Hostasol Green G-K identified from a Glendalough lake sediment microfibre................ 93

Table A3.5. Previous studies on microplastics, with the location, sample type, abundance
(range in parentheses), and dominant type of microplastic. .......cccccvvveeeiiiieeeeiiiieeeee, 98

viii



Chapter one: General introduction

1.1. Plastics in the environment

Since the 1950s the global production of plastic has increased from 1.5 million tonnes to
348 million tonnes in 2017 (PlasticsEurope, 2018). Despite increased efforts to recycle,
54% of plastic ends as waste (Horton et al., 2017). This is because the majority of
plastics produced are for single use purposes (PlasticsEurope, 2016; Barrows et al.,
2018). Plastic items are cheap, lightweight and manufactured to be durable, with
various additives (e.g., stabilizers, antioxidants, and flame retardants) preventing
deterioration or degradation (Barboza et al., 2015; Barrows et al., 2018; Franzellitti et
al., 2019). As a result, plastic has been used for many domestic and industrial
applications. However, these same characteristics have caused them to be an
environmental concern. The most common types of plastics produced are
polypropylene (PP), polystyrene, polyethylene, nylon (or polyamide), polyethylene
terephthalate (PET), and polyvinyl chloride (PVC), constituting >80% of all plastics
(Hidalgo-Ruz et al., 2012; Ivar do Sul and Costa, 2014; PlasticsEurope, 2016; Gago et al.,
2018: Rios Mendoza and Balcer, 2019). These pose a high likelihood of being the most
commonly found types of plastics in the environment (Andrady, 2011). Once in the
environment, the additives in the waste plastics allow them to persist for years, with
some plastics projected to take decades to degrade (Hidalgo-Ruz et al., 2012; Barboza et
al., 2015). Over time this plastic waste can weather into smaller particles from larger

debris (Thompson et al., 2004; Hidalgo-Ruz et al., 2012; Andrady, 2017). Plastic particles



that are smaller than 5 mm are referred to as microplastics (mp) and have been shown
to be persistent and ubiquitous in the environment (Thompson et al., 2009; Rillig, 2012;
Ivar do Sul and Costa, 2014). Microplastics are derived from primary and secondary
sources. Primary sources are particles manufactured to be microscopic in size (e.g.,
personal care products, cosmetics etc.). The latter are fragmented from larger plastics
items (e.g., bottles, bags, clothing, etc.), through UV radiation, physical abrasion and
biodegradation (Cole et al., 2011; Hidalgo-Ruz et al., 2012; Eerkes-Medrano et al., 2015;
Andrady, 2017). The most common form of microplastics found in the environment are
plastic fibres (threadlike particles); these microfibres (mf) typically fragment from
textiles, nets, fishing line and other plastic materials (Browne et al., 2011; Cole, 2016;

Horton et al., 2017; Barrows et al., 2018; Gago et al., 2018).

1.2. Microfibres

Despite being reported as the dominant microplastic observed in the environment,
plastics (e.g., PET, nylon, and PP) that are used for synthetic fibres have been excluded
from estimates on the global production of plastics (PlasticsEurope, 2016; Obbard,
2018). This is notable as approximately 2 million tons of microfibres are estimated to be
input into the aquatic environment each year with 150 million microfibres entering the
Atlantic Ocean each day (Boucher and Friot, 2017; Mishra et al., 2019). The dominant
kinds of microfibres found in the environment are polyester, polypropylene, nylon,
polyamide, rayon, acrylic, wool, linen, cotton, and cellulose (Gago et al., 2018; Obbard,

2018; Mishra et al., 2019; Wang et al., 2019). Plastic fibres make up the majority (>60%)



of manufactured fibres (Obbard, 2018; Stanton et al., 2019; Mishra et al., 2019). The
largest source of microfibres into the environment is from wastewater treatment plants
(Gago et al., 2018; Barrows et al., 2018; Mishra et al., 2019). Microfibres are released
from textiles throughout their life cycle, with the majority being released during
washing, which ends up in wastewater treatment plants, prior to entering the aquatic
environment (Boucher and Friot, 2017; Belzagui et al., 2019). Another lesser understood
input of microfibres into the environment is through atmospheric deposition (Dris et al.,
2016; Cai et al., 2017; Stanton et al., 2019; Allen et al., 2019). Some scientific studies on
microplastics have excluded microfibres as they are considered to have the highest risk
of laboratory contamination compared to other, less prominent microplastics (Foekema
et al., 2013; Gago et al., 2018). This suggests that studies including microfibres need to
have rigorous quality control methods to ensure that there is no contamination
(Foekema et al., 2013; Gago et al., 2018; Barrows et al., 2018). There is also the risk of

misidentifying natural fibres as being plastic (Barrows et al., 2018).

1.3. The sizes, shapes and colours of microfibres

There are three common characteristics that are used to identify and catalog
microfibres in studies: shape, size and colour. Fibres are identified as long, slender and
threadlike with the same width across the entire length. Microfibres can range in size
from <1 um to 5 mm (Gago et al., 2018; Frias and Nash, 2019). There is currently no
defined convention on the ranges in size other than < 5 mm (Frias and Nash, 2019).

Synthetic fibres have very characteristic colours which allow them to be easily identified



in environment samples. A variety of coloured fibres have been observed, as this is
dependent on the colour of dyes used during the manufacturing of the textile (Gago et

al., 2018).

1.4. Microfibres as pollutants

Microplastics have gained increasing attention over the last decade because of their
ubiquity in the environment and the growing concern of their environmental impacts
(Thompson et al., 2004; Ryan et al., 2009; Barboza and Gimenez, 2015; Belzagui et al.,
2019). Their microscopic size allows them to be widely bioavailable to aquatic organisms
(Franzellitti et al., 2019; Mishra et al., 2019). Aquatic organisms have been observed to
ingest microfibres, through filter, suspension or deposition feeding (Moore, 2008;
Franzellitti et al., 2019). Filter feeders have been suggested to be the most likely to
ingest these particles, as they filter large quantities of water (Setala et al., 2016;
Franzellitti et al., 2019). Filter feeders, especially bivalves, represent an important link
between trophic levels as they connect the pelagic and benthic systems (Setala et al.,
2016; Franzellitti et al., 2019). When ingested they can accumulate, and translocate into
different tissues, which poses a risk of physical harm (blockage, and abrasion) (Cole et
al., 2011; Zhao et al., 2014; Mathalon and Hill, 2014; Wagner et al., 2014). Fibrous
materials (e.g. asbestos and nanotubes) have a higher likelihood of causing
carcinogenesis and fibrosis compared to particles (e.g. fragments, films and beads)
made from similar material, which are benign (Cole, 2016, Gago et al., 2018). Regular

and prolonged exposure to microfibres may cause respiratory inflammation, pulmonary



fibrosis and potentially cancer (Carr, 2017). There is also the risk of chemical impacts
from additives to the fibres (dyes, plasticizers, fillers, flame retardants and stabilizers)
which can leach into the organism (Teuten et al., 2009; Vandermeersch et al., 2015;
Hermabessiere et al., 2017). These chemical impacts are not exclusive to plastic fibres as
natural microfibres can also contain similar additives (Remy et al., 2015; Obbard, 2018;
Barrows et al., 2018). The leachates from different types of plastic have been studied to
determine their toxicity under experimental conditions. Leachate from certain types of
plastics (PVC, polyurethane and epoxy) have been shown to be toxic to the copepod
Daphnia magna and the barnacle Amphibalanus amphitrite (Lithner et al., 2012; Li et al.,
2016; Franzellitti et al., 2019). Additives to plastics such as bisphenol A, and phthalates,
are known to be endocrine disrupters (Oehlmann et al., 2009; Vandermeersch et al.,
2015; Franzellitti et al., 2019; Rochman et al., 2019). In addition, persistent organic
pollutants, and trace metals can be absorbed and potentially transported by
microplastics (Teuten et al., 2007; Teuten et al., 2009; Bakir et al., 2012; Rochman et al.,
2014; Turner and Homes, 2015). These kinds of pollutants are absorbed onto the large
hydrophobic surface area of microplastics (Teuten et al., 2007; Teuten et al., 2009), with
the concentration of pollutants dependent on the type and age of the polymer (Miiller
et al., 2018; Wang and Wang, 2018; Zhang et al., 2018; Guo and Wang, 2019). In some
cases, these chemicals have been shown to be up to six times higher in microfibres

compared to ambient seawater (Mato et al., 2001; Taylor et al., 2016).



1.5. Microfibres in the environment

Microfibres have been found in a variety of environments (e.g., marine, freshwater,
terrestrial, within densely populated and highly developed [urban] areas, and
background natural environments [remote] with minimal anthropogenic infrastructure
[undeveloped]) although the majority of studies have focused on marine systems
(Wagner et al., 2014; Horton et al., 2017; Li et al., 2018). Marine studies have focused on
surface waters (Thompson et al., 2004; Collignon et al., 2012; Lusher et al., 2014),
beaches (Liebezeit and Dubaish, 2012; Stolte et al., 2015; Yu et al., 2016), and deep-sea
sediments (Van Cauwenberghe et al., 2013; Woodall et al., 2014) across the globe from
the Arctic (Obbard et al., 2014; Lusher et al., 2015) to Antarctica (Cincinelli et al., 2017;

Munari et al., 2017).

Microfibres come from both ocean and land-based sources, with fishing activities,
aquaculture and shipping estimated to contribute about 20% of total plastic debris
observed in the marine environment and the remaining 80% coming from terrestrial
sources (Andrady, 2011; GESAMP, 2016; Li et al., 2018). These terrestrial sources include
landfills, agricultural application of sewage sludge and plastic mulch, domestic and
industrial wastewater and manufacturing processes (Browne et al., 2011; Eerkes-
Medrano et al., 2015; Huerta Lwanga et al., 2016; Mahon et al., 2016; Zhang et al., 2018;
Corradini et al., 2019; Gatidou et al., 2019). Wastewater treatment effluent is
considered one of the dominant sources of microfibre pollution into the freshwater

environment as they are not targeted by current methodologies, so they are not



efficiently removed from treated water (Murphy et al., 2016; Estahbanati and

Fahrenfeld, 2016; Li et al., 2018).

Although the majority of microfibres originate from the terrestrial environment, there
are limited studies understanding the abundance, fate and ecological impacts (Horton et
al., 2017; de Souze Machado et al., 2017). Similarly, microfibre pollution in freshwater
environments reportedly represented < 4% of all studies (Lambert and Wagner, 2018; Li
et al., 2018). Most of the studies on freshwater systems have focused on developed,
densely populated areas, where there are higher abundances of microfibres (Cole et al.,
2011; Free et al., 2014; Horton et al., 2017), with few studies on undeveloped, low
densely populated areas (Free et al., 2014; Zhang et al., 2016). Recently several studies
have assessed the atmospheric transport of microfibres (Dris et al., 2016; Cai et al.,
2017; Stanton et al., 2019; Allen et al., 2019). These studies have focused predominately
on urban centres, such as Paris, Nottingham, and Dongguan (Dris et al., 2015; Dris et al.,
2016; Cai et al., 2017; Stanton et al., 2019); with only one study at a remote
meteorological station in the Pyrenees mountains (Allen et al., 2019). As a result, the
extent of transport via atmospheric deposition is not fully understood (Cai et al., 2017

Horton and Dixon, 2018).

1.6. Transboundary air pollution
Transboundary air pollution refers to pollutants, which are emitted into the atmosphere

and can be carried long distances by the prevailing wind. This long-range transport,



carries air pollutants beyond their original boundaries, leading to impacts not just
locally, but into environments far away (van Pul et al., 1998; Bull, 2003). Transboundary
movement is not exclusive to anthropogenic pollutant emissions, as dust particles from
the Saharan desert have been transported through prevailing winds to European
countries like Great Britain and Ireland (Dall’Osto et al., 2010; Vieno et al., 2016). Areas
that receive predominately clean air have been used as background or reference sites to
determine the natural level of transboundary air pollutants. In order to reduce
transboundary air pollutants, the United Nations Economic Commission for Europe
(UNECE) established the Convention on Long-range Transboundary Air Pollution in 1979.
This convention created legally binding principles for international cooperation to deal
with air pollution problems and set up an institutional framework for research and
policy. Since the Convention was created eight protocols regarding different air
pollutants have been ratified by 34 different countries. Monitoring programs such as the
European Monitoring and Evaluation Programme (precipitation chemistry) and the
International Cooperative Programme on Assessment and Monitoring of Acidification of
River and Lakes (water chemistry), have been created to further research and inform
policy in order to comply with the principles and protocols created in the Convention on

Long-range Transboundary Air Pollution.

Ireland is located on the western periphery of Europe and receives predominately
unpolluted westerly winds from the Atlantic Ocean (Bowman, 1991). Due to its location

limiting exposure to continental European anthropogenic air pollution, Ireland is



considered a background reference site for European transboundary air pollution
(Biraud et al., 2000; Derwent, 2007). As a result, various anthropogenic air pollutants,
such as mercury, carbon dioxide and ozone, have been monitored at the Mace Head
Atmospheric Research Station on the west coast of Ireland (Biraud et al., 2000;
Ebinghaus et al., 2002; Derwent et al., 2007). In addition, Ireland participates in the
Convention on Long-range Transboundary Air Pollution, including the European
Monitoring and Evaluation Programme, and International Cooperative Programme on

Assessment and Monitoring Effects of Air Pollution on Rivers and Lakes.

1.7. Thesis objectives

The main objective of this thesis was to evaluate the level of anthropogenic microfibre
contamination in background natural environments. To address this objective, the
abundance and size of microfibres were measured in precipitation, moss, lake water and

lake sediment from remote, undeveloped, and low populated areas in Ireland.

This thesis is written in manuscript style, and includes a general introduction (Chapter
1), two manuscript style chapters (Chapter 2 and 3) and a general conclusion (Chapter
4). Chapters 2 and 3 address the primary objective of the thesis. The methods are

partially repeated across both chapters to facilitate stand-alone manuscripts.

Chapter 2, titled Ambient atmospheric deposition of anthropogenic microfibres in

Ireland, quantified the abundance of microfibres in precipitation. Daily precipitation was



collected from wet-only and bulk collectors at four precipitation chemistry monitoring
stations in collaboration with Met Eireann. The objectives of Chapter 2 were to estimate
the deposition of microfibres and identify any relationships between meteorological
variables and the amount of microfibres. Given that microfibres are ubiquitous in the
environment, it was hypotheses that there would be no difference in the abundance
and size of microfibres between the different stations. It was also hypothesized that
rainfall and wind direction would be correlated with the amount of microfibres at each

station.

Chapter 3, titled Anthropogenic microfibres in headwater lake catchments in Ireland,
evaluated the abundance of microfibres in background headwater lake catchments.
Moss, lake water and lake sediment samples were collected from each catchment and
analysed for microfibres. It was hypothesised that there would be no difference in
microfibre abundance or length between moss, lake water and lake sediment samples

collected at the three headwater lake catchments.
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Chapter 2: Ambient atmospheric deposition of anthropogenic microfibres in Ireland

2.1. Abstract

Microfibres (mf), which are threadlike particles < 5 mm, are the most common type of
microplastic in the environment. Few studies have focused on their abundance in
atmospheric deposition in background natural environments. Rainfall was collected
from four precipitation chemistry monitoring stations, representing wet-only and bulk
deposition, from June 2017-May 2018; all stations were isolated from densely populated
and industrial centres. Mf were observed in all precipitation samples; the annual
average deposition of mf across the four precipitation monitoring stations was
estimated to be ~28,800 mf m2. The annual average wet-only deposition of mf across
three wet-only collectors was 26,300 mf m2. Meteorological variables were correlated
with the abundance of microfibres in atmospheric deposition. Raman spectroscopic
analysis verified that mf observed in rainfall were anthropogenic in origin as polyester

and synthetic pigments were identified.

2.2. Introduction

Microplastics are waste plastics particles, smaller than 5 mm, which come from larger
plastic objects (e.g., bottles, bags, clothing, etc.) that have broken down and fragmented
through biodegradation, UV radiation and physical abrasion or are manufactured to be
microscopic in size (Hidalgo-Ruz et al., 2012; Dris et al., 2015; Dris et al., 2016; Horton et

al., 2017a; Peng et al., 2017). The most common type of microplastic reported in
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environmental samples are microfibres, which enter the environment from textiles,
nets, fishing line, and the fragmentation of other plastic material (Cole, 2016; Barrows,
Cathey and Peterson, 2018; Cago et al., 2018). In 2016, nine million tons of fibres were
produced globally with 40% being made from natural materials such as cotton, wool, or
silk, the rest were made from plastic (Carr, 2017). The most common types of plastics
used in microfibres are polypropylene, polystyrene, polyethylene (PE), nylon (or
polyamide), and polyethylene terephthalate (PET) (PlasticsEurope, 2016; Gago et al.,
2018). These represent some of the most common plastics found in the environment
(Andrady, 2011). Microfibres have received international attention as an emerging and
ubiquitous contaminant in the environment (Cole et al., 2011; Zhao et al., 2014). They
are considered an environmental contaminant due to their chemical additives (e.g.,
dyes, plasticizers, fillers, flame retardants and stabilizers) and risk of physical harm
(blockage, abrasion) to organisms when ingested (Cole et al., 2011; Zhao et al., 2014;
Wagner et al., 2014). In addition, persistent organic pollutants, and trace elements can
be absorbed and potentially transported by microfibres (Hidalgo-Ruz et al., 2012; Zhang

et al., 2016; Horton et al., 2017a).

Numerous studies have focused on aquatic systems, and primarily on the marine
environment (Hidalgo-Ruz et al., 2012; Wagner et al., 2014; Horton et al., 2017a).
However, recent studies have observed that microfibres can also be transported

through the atmosphere into terrestrial and aquatic environments (Liebezeit and

Dubaish, 2012; Zhang et al., 2016; Peng et al., 2017; Anderson et al., 2017). However,
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there has been limited research on the atmospheric deposition of microfibres, with the
exception of studies in Paris, the Pyrenes mountains, Dongguan, and Nottingham (Dris
et al., 2016; Cai et al., 2017; Stanton et al., 2019; Allen et al., 2019). Furthermore, the
majority of these studies have focused only on collecting bulk deposition from densely
populated, largely developed, urban (anthropogenic infrastructure) centres (Dris et al.,
2016, Cai et al., 2017; Stanton et al., 2019); as such, the extent of transport via
atmospheric deposition is not fully understood (Cai et al., 2017; Horton and Dixon,
2018). This is especially true for locations in remote regions, that have low populations

and little anthropogenic infrastructure (undeveloped).

The objective of this study was to estimate the atmospheric deposition of
anthropogenic microfibres in precipitation from remote regions and to identify any
relationships between meteorological variables and the amount of microfibres.
Precipitation was collected from four precipitation chemistry monitoring stations in
Ireland from June 2017 to May 2018. All monitoring stations were away from highly
developed, densely populated, and industrial centres. Given that all sites are located in
‘background’ regions, it was hypothesised that there would not be a significant
difference in the magnitude and size of microfibres between the four monitoring

stations.
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2.3. Materials and methods

2.3.1. Study sites

Ireland is situated on the western periphery of Europe and predominantly receives
unpolluted air masses from the Atlantic Ocean (Derwent, 2007); as such, it is generally
considered a background region for European transboundary air pollution (Derwent,
2007). In the current study, rainfall samples were collected from four precipitation
chemistry monitoring stations, Oak Park (OP), Johnstown Castle (JC), Valentia (VA) and
Malin Head (MH) (Figure 2.1). The four stations are part of the European Monitoring and
Evaluation Programme, under the United Nations Economic Commission for Europe’s
Convention on Long-range Transboundary Air Pollution, which monitors long term
chemical trends in air pollutants in background locations to support future air pollution
protocols and policies. All monitoring stations were located away from point source
influences of anthropogenic activity (see Figure A2.1). The closest residential area to the
stations ranged from 1 to 3.1 km, with the closest town (pop. >10,000) ranging from 3.1
to 52 km (CSO, 2016; NISRA, 2013; see Table A2.1). Three of the monitoring stations (JC,
VA, and MH) were located along the coast (< 10 km; Figure 2.1). During the study period
(June 2017-May 2018), annual rainfall ranged from 840 mm (OP) to 1557 mm (VA)
(Table 2.1). Daily rainfall samples were sent to the Met Eireann laboratories for chemical
analysis and subsequently bulked by calendar month per station to a maximum of 2 L.
The stations at OP, JC and VA had wet-only precipitation collectors whereas MH had a
bulk collector (Table 2.1), which was continuously open (i.e., it collected wet deposition

and a fraction of dry deposition).
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Table 2.1. Latitude, longitude, elevation (EL) and annual rainfall (P) during the period of
June 2017-May 2018 (source: Met Eireann www.met.ie), for the four meteorological
monitoring stations in the current study.

Monitoring Station Precipitation Latitude Longitude EL P
collector (m) (mmyr?)
Oak Park Wet-only 52.86120 -6.91495 61 840.2
Johnstown Castle Wet-only 52.29766 -6.49677 49 1059.9
Valentia Wet-only 51.93829 -10.24099 24 1557.4
Malin Head Bulk 55.37175 -7.33945 23 1107.0
Malin Head
Dak Park

Johnstown Castle

Valentia Observalory

Figure 2.1. Location of the four precipitation chemistry monitoring stations in the
current study. All stations are part of the European Monitoring and Evaluation
Programme under the United Nations Economic Commission for Europe.

2.3.2. Microfibre extractions

All monthly samples were vacuum filtered onto glass-fibre papers (Fisherbrand™ G6 [09-
804-42A]: 1.6 um) and dyed with 1 mL of Rose Bengal (4,5,6,7-tetrachloro-2’,4’,5",7’-
tetraodofluorescein, 200 mg L) to help visually distinguish synthetic material from bio-

organic matter following Liebezeit & Liebezeit (2014), i.e., the non-stained material was
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assumed to be plastic. The dyed filter papers were transferred to petri dishes for storage

and for assessment of microfibres.

2.3.3. Microscopy and microfibre identification

The filter papers were analysed for the presence of microfibres using a
stereomicroscope (Leica EZ4W with EZ4W0170 camera), following a modified visual
identification method from Norén (2007) and Windsor et al. (2018). Identification of
microfibres following standardized criteria coordinated with strict examination can
reduce the possibility of misidentification (Norén, 2007). Visual analyses for particles >
0.5 mm have been demonstrated to be suitable for identification (Léder and Gerdts,
2015). The five visual criteria were: (i) the fibre is unnaturally coloured (blue, red, green,
purple, black, grey, white) compared to the majority of other particles / detritus; (ii) the
fibre appears homogenous in material and texture with no visible cell structure or
offshoots and is a consistent width throughout its entire length; (iii) the fibre remains
intact and is not brittle when compressed, tugged or poked with fine tweezers; (iv) the
fibre has a shiny or glossy appearance; and (v) there is limited fraying with no similarities
to natural fibres (see Table A2.2). It is recommended that at least two of the criteria be
met for a fibre to be classified as a microplastics (Windsor et al., 2018). Previous studies
have classified all fibres not stained by Rose Bengal as microplastic (Liebezeit et al.,
2014), while others have chosen to use the more general term ‘anthropogenic debris’
(Kosuth et al., 2018). In the current study microfibres that met at least two of the

criteria, and were not stained by Rose Bengal, were considered anthropogenic. These
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anthropogenic microfibres were photographed and then measured using the open
source Image processing software Imagel. Each microfibre was manually measured

using a scale bar to convert the number of pixels measured to a known length.

2.3.4. Raman spectroscopy

In order to test the accuracy of the visual identification method, 48 fibres were
randomly selected from each station and analysed using Raman spectroscopy (Renishaw
inVia, operated by WIRE). Raman spectroscopy measurements were carried out using 5x
25x and 50x objectives and a 633 nm laser with adjustable laser power (ranging from
0.00001% to 100%). Due to fluorescence issues, lower laser power and longer
accumulations were used to improve the raman signal. Raman spectra were recorded in
the wavenumber range of 3,500-150 cm™. The spectrum of each fibre was identified

using a commercial library (KnowltAll, Bio-Rad®).

2.3.5. Quality control

Contamination is a concern when dealing with microfibres (Wesch et al., 2017).
Throughout the sample processing and analysis, procedural open-air blanks were used
to determine the amount of potential contamination; open-air blanks were exposed
during filtering and inspection. Triplicate B-pure™ water blanks (1 L) were initially
vacuum filtered and analysed following the same method as the rainfall samples to
determine the level of microfibre contamination; the average number of microfibres

was ~11 mf L'L. As such, all B-pure™ water was filtered (Fisherbrand G6: 1.6 pm) prior to
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use for cleaning and extraction (use in Rose Bengal) to avoid potential contamination.
Further, tin foil was used to cover samples during microfibre extractions (filtering) to
prevent airborne contamination and all equipment was rinsed with filtered B-pure™. In
total there were 22 blanks, which were analysed for contamination following the same
methods as the rainfall samples. Finally, 100% cotton lab coats and nitrile gloves were

worn when working with the samples.

2.3.6. Data analysis
Deposition (n m2) was estimated using the number of microfibres from the monthly
rainfall samples (mf L), and the total rainfall volume (mm) from the corresponding

month, at each meteorological station (see Equation below; NADP, 2019).

Deposition (nm™2) = Concentration (n L™Y) x Precipitation (imm)
As noted above, bulk collectors measure wet deposition and a fraction of dry deposition,
which depending on the pollutant can range from 20-40% (Cape et al., 2009). In order
to estimate the fraction of dry deposition collected by bulk deposition in the current
study, the average monthly deposition from the three wet-only collectors was
subtracted from the monthly bulk deposition at MH. The long-term atmospheric source
regions for each site were evaluated using source-receptor trajectory rose plots (arrival
height of 850 hPa) based on two-day back trajectories estimated every six hours during
the period 1989-2009 (see Figure A2.3). Monthly median values for length of
microfibres were used in place of averages due to the data being skewed to smaller

fibres. Microfibre lengths were categorized in size groupings similar to Dris et al., (2016;
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i.e., a 200 um size range). The coefficient of variation (or relative standard deviation)
was used to assess the variation at each station throughout the 12 months. Monthly
microfibre counts were tested for normality using Shapiro-Wilk’s test in SPSS (IBM Corp.,
2015). Repeated measures ANOVA were conducted in SPSS to determine if there was a
significant difference between the monthly median fibre length, count and estimated
deposition between each of the stations. Post Hoc Bonferroni tests, conducted using
SPSS, were used to further evaluate any significant differences; Bonferroni corrections
were used to account for multiple comparisons. The correlation between monthly
meteorological and precipitation chemistry (sulphate and nitrogen as markers of
anthropogenic pollution), and microfibre counts was evaluated using Person’s Product-
Moment Coefficient in SPSS (IMB Corp., 2015). In addition, the relationship between
monthly meteorological variables and monthly microfibre counts was analysed using
multiple linear regressions in Microsoft® Excel; the predicator (meteorological) variables
were transformed into principal component in R Studio (R Core Team, 2013) prior to
regression to remove collinearity. The loadings from the component that were
significant predictors in the regression analysis, were used to determine what
meteorological variables influenced the abundance of mf. Only statistical results that

were found to be significant are described in the results.

2.4. Results
The potential contamination was approximately 0.31 mf L' across all stations, i.e., less

than 2 mf per sample. Due to the low potential contamination, samples were not blank
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corrected. All rainfall samples contained microfibres; in total 1655 mf were observed in
samples from the four sites, ranging from 349 mf at VA to 477 mf at MH (see Table
A2.3). The annual average across all stations was 23.2 mf L'! (Table 2.2); this ranged
monthly from 16-55 mf L'! at OP, 11-39 mf L'* JC, 8-28 mf L't VA, and 11-53 mf L' MH
(Figure 2.2; see Table A2.3). The monthly average microfibre counts ranged from 16
(4%) in May to 52 (~13%) in July across the four stations, with the highest monthly
microfibre count being 75 (18.4%) in April at JC (Figure 2.3; see Table A2.3). The monthly
average microfibre counts were similar in summer (Jun, Jul, Aug) 40 mf (~10%) and
autumn (Sept, Oct, Nov) 38 mf (~9%), compared to winter (Dec, Jan, Feb) 30 mf (~7%)
and spring (Mar, Apr, May) 30 mf (~7%) (Figure 2.3). The monthly mf L'! were
significantly lower at VA compared to OP and MH (p <0.05), whereas all other stations
where not significantly different (p >0.05). The coefficient of variation for the number of
microfibres per month was >30% in all stations with the highest being 53% (OP) (Table
2.2). The variation may suggest that the abundance of microfibres is correlated with the

amount of rainfall, as they have similar variation (Table 2.2).
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Table 2.2. Annual sample volume (Vol), rainfall amount, total microfibres (mf),
microfibres per litre (coefficient of variation in parentheses), estimated mf deposition
(mf m=2), total and median fibre length (mm) and fibre length deposition (m m-2) for
each precipitation chemistry monitoring station from June 2017—-May 2018.

Site Vol Rainfall Total mf mf Median Total Length
mf deposition length Length  Deposition

(L) (mm) (count) (nL?) (n m2) (mm) (mm) (m m=2)

oP 15.1 839 (36) 422 28 (53) 23,526 (40) 0.93 (121) 557 25.4

JC 18.2 1158 (45) 407 22 (44) 25,919 (46) 0.89 (108) 508.5 29.1

VA 21.7 1832 (31) 349 16 (30) 29,410 (28) 0.98 (128) 541.3 30.0

MH 16.3 1271 (45) 477 29 (51) 37,217 (52) 0.73 (105) 496.4 50.9

Average 17.8 1275 414 23.2 29,018 0.87* 525.8 33.9

*Median value
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Figure 2.2A-2.2D. A) The monthly microfibre counts, B) microfibres per litre (mf L), C)
average microfibre length (mm) and D) estimated microfibre deposition (mf m2)
observed in rainfall collected from the four precipitation chemistry stations, Oak Park
(OP), Johnstown Castle (JC), Valentia (VA), and Malin Head (MH) during June 2017-May
2018. The black line indicates the median, the box represents the first and third
quartiles, the whiskers represent the smallest and largest observations that fall within a
distance of 1.5 times the box size and the dots represent values that are outside the 1.5
times distance.
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Monthly microfibre counts at MH were found to have a significant positive correlation
with relative humidity (r = 0.72, p < 0.01), wind direction (r = 0.65, p < 0.05) and wind
speed (r = 0.60, p < 0.05) (see Table A2.4). Monthly microfibre counts at OP were found
to have a significant negative correlation with mean sea level pressure (r =-0.61, p <
0.05) (see Table A2.3). Further analysis using multilinear regressions showed that two
PCAs loaded with meteorological variables (i.e., rain, wind speed, wind direction,
pressure and relative humidity) were able to predict monthly microfibre counts at OP (r2

=0.71), VA (r? =0.56) and MH (r? = 0.73) (see Tables A2.5A—E).

The length of the microfibres ranged from 0.04 mm to 19.75 mm with the largest at
each station being 19.28 mm (OP), 11.50 mm (JC), 19.75 mm (VA), 11.39 mm (MH)
(Figure 2.2 Panel C). The median microfibre size was 0.87 mm; with the median at each
station being 0.93 mm (OP), 0.89 mm (JC), 0.98 mm (VA), and 0.73 mm (MH) (Table 2.2;
Figure 2.2 Panel C). Smaller microfibres (e.g., in the 200-400 um and 400-600 um size
ranges) were more predominant (58% < 1 mm) in rainfall compared to microfibres in the
larger size ranges (7.5% > 3 mm) (see Figure A2.2). The coefficient of variation for the

fibre lengths at each station was over 100% with a range of 105% (MH) to 128% (VA).
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Figure 2.3. Monthly microfibre count as a percentage of the total number of microfibres
at the four precipitation chemistry stations from June 2017-May 2018.

The average annual deposition of microfibres was estimated to be 28,769 mf m™
(length: 33.8 m m2) (Table 2.2). MH had the highest deposition (36,224 mf m%; length:
50.9 m m2), followed by VA (29,410 mf m?; length: 30.0 m m2), JC (25,919 mf m™%;
length: 29.1 m m2) and OP (23,526 mf m™2; length: 25.4 m m2). The annual average wet
deposition (wet-only stations) of microfibres was 26,285 mf m (length: 28.2 m m=).
The average monthly deposition across the three wet-only collectors was 2,132 mf,
compared to the bulk deposition collector which had a monthly average of 3,066 mf.
The monthly average dry deposition in bulk collectors was estimated to be 943 mf which

is ~¥30% of the monthly average deposition from MH.
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The trajectory source receptor plots indicate the primary wind direction into the four
precipitation monitoring stations is from the west indicating the dominant air source
region to the stations is marine (~80%) (see Figure A2.3). However, the dominant
terrestrial source of air and wind direction into each of the stations is different (see
Figure A2.3). OP and JC receive the largest frequencies of terrestrial sourced air (<7%)
from the west, VA receives dominant terrestrial air (<5%) from the north east, and MH

receives terrestrial air from the south (<5%).

In total, 48 microfibres, 12 from each meteorological station, were analysed using
Raman spectroscopy (Renishaw inVia). In total 31 of the tested fibres produced low
signal to noise ratios that could be analysed through the Bio Rad-KnowltAll® library. The
rest had spectra that were unidentifiable, due to high signal to noise ratios. The 31
different microfibres analysed were matched with six different synthetic materials. The
two most common matches were with synthetic pigments indigo and Eriochrome blue.
(see Figure A2.4). The other four synthetic materials were pigments; Levafix blue E-GRN,
Drimarene turquoise x-2g and Mortoperm blue and Polyester film 2000 series (see

Figure A2.4).

2.5. Discussion
Microfibres were observed in all rainfall samples collected from the precipitation

chemistry monitoring stations. The monthly microfibre distribution across the four
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stations suggests that the abundance of microfibres is higher in the summer and fall
months, and lower in the winter and spring months (Figure 2.3). The driest time of year
in Ireland is during the spring months, with higher amounts of rain throughout the rest
of the year. The station with the highest amount of rainfall (VA), also had the highest
wet deposition of microfibres (29,410 mf m2), suggesting a relationship between rainfall
and microfibre abundance (Table 2.2). The coefficients of variation in rainfall and
microfibre deposition are similar suggesting that the variation in microfibres may be
correlated to the variation of rainfall (Table 2.2). The only station that had a significant
difference in the monthly abundance of microfibres was VA. On average the monthly
abundance of microfibres at the wet-only collectors was 70% lower than at the bulk
deposition collector, suggesting that there is a difference in the abundance depending
on the type of collector. The annual microfibre abundance was found to be 1.2 to 1.5
times larger (range: 6,800-12,700 mf m2) at the bulk deposition station compared to the
wet-only collectors. This difference is estimated to be the annual fraction of dry
deposition of microfibres collected by the bulk collector (~10,900 mf m). Previous
studies used bulk collectors, which could include approximately 20-50% dry deposition
(Dris et al., 2016; Cai et al., 2017; Stanton et al., 2019; Allen et al., 2019). The current
study is the first such study to quantify wet deposition of microfibres, which had an

annual average deposition of 26,285 mf m= across three wet-only monitoring stations.

The annual average deposition (all stations) of microfibres observed in the current study

(28,769 mf m2 [n=4]) was comparable to previous studies; Paris (~30,000 mf m? [n=2]),
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France, Dongguan city (~72,000 mf m2 [n=3]; estimated from three months), China,
Nottingham (~27,000 mf m2 [n=4]), England, and the Pyrenees mountains (~16,000 mf
m= [n=1]; estimated from five months), France (Dris et al., 2016, Cai et al., 2017;
Stanton et al., 2019; Allen et al., 2019). The European sites (Paris, Nottingham, Pyrenees
mountains and the current study) have similar annual average microfibre abundances.
This is further supported when looking at the range across sites in each study, with the
highest abundances of microfibres (~47,000 mf m2 from Nottingham; ~40,000 mf m~
from Paris, and ~37,000 mf m? from MH) and lowest abundances of microfibres
(~19,000 mf m2 from Nottingham; ~19,000 mf m2 from Paris; ~16,000 mf m% from
Pyrenees mountains and ~23,000 mf m2 from the current study) in each of these
studies. In general, there is a similar abundance of microfibres in atmospheric
deposition between the four European studies despite being located in urban centres
(Nottingham and Paris) or remote areas (the current study and Pyrenees mountains).
The only difference between these studies is the proportion of the abundance that are
confirmed to be plastic which ranges from 2% to 29% (Dris et al., 2016; Cai et al., 2017,
Stanton et al., 2019). This suggests that the deposition of microfibres seen in the current

study may be representative of ambient air abundances.

OP and MH were the only stations that had significant correlations between singular
meteorological variables and the abundance of microfibres. Nonetheless, multiple linear
regression analyses determined that PCA’s loaded with meteorological variables (i.e.,

significant components were dominated by rain, wind speed, wind direction, mean sea
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level pressure and relative humidity) were able to predict the amount of microfibres at
OP, VA and MH (see Figures A2.5A—E and Tables A2.5A—E). Regression equations
indicated that the abundance of microfibres at; OP increased with increasing rain and
decreasing relative humidity and mean sea level pressure; VA increased with decreasing
rain and increasing wind speed and wind direction; MH increased with increasing rain
and wind speed (see Figure A2.5A—E). The varying importance of different variables
between stations potentially reflects the relationship between meteorological variables
and source air masses with higher mf abundance. The results from this study are similar
to previous studies that found that meteorological variables were significantly
correlated with the amount of microfibres observed in deposition (Allen et al., 2019; Liu

et al.,, 2019).

Fibre lengths were predominantly in the ranges 0.2-0.4 mm (15%) and 0.4-0.6 mm (12%)
(see Figure A2.2). In comparison, the study by Dris had a larger proportion of microfibres
in the 0.2-0.4 mm (~17%) and 0.4-0.6 mm (~23%) size ranges. Fibre lengths in the range
of 0.2-0.8 mm were observed (38%), which was comparable to previous studies by Dris
et al. (2016), Cai et al. (2017) and Allen et al. (2019) which have ~40%, 30% and 47%.
Although the current study had a smaller proportion of fibres in the lower size ranges
compared with previous studies, there is still a similar distribution pattern between all
studies (i.e., fibres are skewed towards the smaller size ranges) (Dris et al., 2016; Cai et
al., 2017; Allen et al., 2019). This similar particle size distribution pattern supports that

smaller fibres, or fragments from larger fibres, are more likely to be transported through
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the atmosphere. Dris et al. (2016) and Cai et al. (2017) had the largest proportion of
fibre lengths (~40-47%) observed to be <0.6-0.7 mm. The current study had a
comparable proportion with fibres predominately < 0.8 mm (48%) (see Figure A2.2). The
median length of bulk deposition (0.73 mm) in the current study was smaller than wet-
only deposition (0.91 mm), which may be attributed to the fraction of dry deposition it

receives.

The Raman spectroscopic analysis provided verification of synthetic pigments on
microfibres and identified the types of pigment. The predominant pigment found in
rainfall samples was Eriochrome blue, followed by Indigo, Levafix blue E-GRN,
Drimarene turquoise x-2g and Mortoperm blue. All of the aforementioned dyes /
pigments are used in the textile industry most commonly used with cotton and wool,
and sometimes silk, nylon, and polyester. However, the presence of these pigments
does not confirm whether the underlying fibres are natural (cotton or wool) or plastic
(PE, PET, nylon, etc.), it does support that the fibres come from anthropogenic sources.
Nonetheless, there was verification of plastic, as polyester film was identified. The high
signal to noise ratio in the Raman spectra can be caused by dyes, pigments and
biofouling (microorganisms that grow on the surface of the microfibres) as the signal
can be either diluted by fluorescence (Fredericks, 2012; Araujo et al., 2018; Barrows et
al., 2018) or completely blocked (Fredericks, 2012; Lenz et al., 2015). This required
lowering the laser power, to reduce the fluorescence, which in turn increased the

difficulty of acquiring spectra with adequate signal to noise to permit unambiguous
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spectral interpretation (Zhao et al., 2017; Prata et al., 2019). This type of interference
has been observed in previous studies, as dyes incorporated into polymers can override
the polymer spectrum (Zhao et al., 2017; Horton et al., 2017b; Karami et al., 2017).
Particles that have been identified with strong spectra of pigments have previously been
inferred to be polymers and classified them as such (Van Cauwenberghe et al 2013;

Horton et al., 2017b).

2.6. Conclusion

This study reported the presence of anthropogenic microfibres in rainfall collected from
four precipitation chemistry monitoring stations in Ireland. Microfibres were
determined to be anthropogenic in origin through visual identification methods
supported by Raman spectral analysis. The average annual atmospheric deposition was
approximately 28,800 mf m™ from June 2017-May 2018. This is also the first such study
to characterise wet-only deposition, which had an annual average of approximately
26,300 mf m2. The abundance at the study sites may be more representative of ambient
air, due to their similarity to previous European studies. Meteorological variables such
as rain, wind speed, wind direction, mean sea level pressure, and relative humidity were

able to predict the amount of microfibres in deposition.
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2.8. Appendix

Figure A2.1. Example image of area surrounding long term precipitation chemistry
monitoring stations (Malin Head station depicted).

41



Table A2.1. The closest residential (distance away in parenthesis) and urban centres
(pop. >10,000; distance away in parenthesis), with their respective populations, to each
of the four precipitation chemistry stations.

Station Nearest residential | Population | Nearest urban Population
area (km) centre (km)

Oak Park Carlow (3.1) 24,272 Carlow (3.1) 24,272

Johnstown Castle | Murrin (2.4) <500 Wexford (4.9) 20,188

Valentia Cahersiveen (1.0) 1,168 Killarney (52) 14,504

Malin Head Ballygorman (1.1) <500 Derry (42) 107,877

Table A2.2. List of criteria used to visually identify plastic microfibres following: (A) four
criteria taken from Norén (2007) as cited by Hidalgo-Ruz (2010) and Léder and Gerdts
(2015), and (B) eight criteria taken from Windsor et al. (2018), with a recommendation
that a positive response for at least two of the eight criteria is required for identification
of microplastic particles.

Source: Loder and Gerdts (2015) and Hidalgo-Ruz (2010) following Norén (2007)

1 | No (cellular) structures of organic origin should be visible in the plastic particle or
fibre.

2 | Fibres should be equally thick throughout their entire length and have a three-
dimensional bending to exclude a biological origin.

3 | Particles should be clear and homogeneously coloured.

4 | Transparent or whitish particles must be examined under high magnification and
with the help of fluorescence microscopy to exclude a biological origin.

B | Source: Windsor et al. (2018) following Loder and Gerdts (2015)

1 | Unnaturally coloured compared to the majority of other particles/detritus in the
sample, e.g., red, bright blue and yellow.

2 | Appears homogenous in material or texture, e.g., no cell structure.

3 | Unnatural shape or structure, e.g. perfectly spherical, smooth or sharp edges.

4 | Fibres that remain intact with a firm tug or poke with fine tweezers.

5 | Shiny or glassy in appearance.

6 | Flexible and can be compressed without being brittle.

7 | Share similar surface characteristics to reference plastic material.
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Table A2.3. Monthly sample volume, rainfall (P), microfibre count (mf), median, average
and total fibre length, mf L'}, and estimated mf deposition (mf m2).

Site  Month Vol (L) P(mm) mf Median (mm)  Average (mm)  Total (mm) mf L1 mf m2
OoP Jun 1.388 91 35 0.78 1.19 41.5 25.2 2295
oP Jul 1.201 52.7 66 0.6 1.2 78.94 55.0 2896
OoP Aug 0.853 62.3 14 0.94 1.23 17.29 16.4 1023
OoP Sept 2.058 91.3 60 0.93 1.02 60.98 29.2 2662
OoP Oct 0.928 62.9 28 1.21 1.29 36.15 30.2 1898
OoP Nov 0.832 52.8 21 1.02 1.30 27.29 25.2 1333
oP Dec 1.473 84.2 26 1.25 1.57 40.92 17.7 1486
oP Jan 1.96 108.1 33 1.04 1.58 52.21 16.8 1820
oP Feb 0.6 38.7 18 0.64 0.80 14.31 30.0 1161
oP Mar 1.551 98.1 55 0.87 1.93 106.4 35.5 3479
oP Apr 1.8 73 44 1.02 1.30 57.36 24.4 1784
oP May 0.413 24.3 22 0.84 1.08 23.7 53.3 1294
JC Jun 1.8 124.8 25 1.43 1.60 40.02 139 1733
JC Jul 1.537 60.2 44 0.69 1.02 44.73 28.6 1723
JC Aug 1.281 75.2 31 0.92 1.13 35.15 24.2 1820
JC Sept 2.073 160.8 22 0.61 0.90 19.75 10.6 1707
JC Oct 1.089 64.8 35 1.15 1.50 52.57 32.1 2083
JC Nov 1.557 72.4 35 0.59 1.05 36.77 22.5 1627
JC Dec 1.497 107.6 31 1.15 1.53 47.58 20.7 2228
JC Jan 2.09 109.8 29 0.87 1.47 42.54 13.9 1524
JC Feb 0.76 54.3 29 1.05 1.25 36.20 38.2 2072
JC Mar 2.099 169.8 36 0.78 1.26 45.26 17.2 2912
JC Apr 1.927 125 75 0.8 1.20 90.29 38.9 4865
JC May 0.474 33.2 15 0.82 1.17 17.61 31.6 1051
VA Jun 1.854 141.5 31 1.22 1.36 42.31 16.7 2366
VA Jul 1.727 108.4 49 0.67 1.13 55.15 28.4 3076
VA Aug 1.904 102.8 32 0.92 1.18 37.89 16.8 1728
VA Sept 2.034 204.4 18 0.7 1.50 27.06 8.8 1809
VA Oct 1.975 162.2 31 1.21 2.03 63.08 15.7 2546
VA Nov 1.717 107.4 31 1.2 1.47 45.48 18.1 1939
VA Dec 1.997 198.8 23 1.37 1.53 35.13 11.5 2290
VA Jan 2.06 238.2 34 1.93 2.57 87.27 16.5 3931
VA Feb 1.69 119.1 29 1 1.23 35.55 17.2 2044
VA Mar 1.555 130.6 34 0.7 1.77 60.25 21.9 2856
VA Apr 2.1 204.5 17 0.64 1.87 31.75 8.1 1655
VA May 1.129 114.3 20 0.63 1.02 20.43 17.7 2025
MH  Jun 1.15 77.7 61 0.8 0.99 60.61 53.0 4121
MH  Jul 1.728 114.6 49 0.74 1.02 50.02 28.4 3250
MH  Aug 1.469 172.5 46 0.73 1.02 46.79 31.3 5402
MH  Sept 1.672 90.2 64 0.64 0.96 61.23 38.3 3453
MH  Oct 1.617 111.9 64 0.68 1.08 69.31 39.6 4429
MH Nov 1.223 137.5 43 1.07 1.41 60.68 35.2 4834
MH Dec 1.942 117 49 0.91 1.26 61.57 25.2 2952
MH Jan 2.085 203.7 40 0.44 0.89 35.66 19.2 3908
MH Feb 1.06 74.2 20 0.62 0.61 12.23 18.9 1400
MH Mar 0.999 67.2 23 0.97 1.01 23.28 23.0 1547
MH Apr 0.981 63.4 11 0.47 0.72 7.88 11.2 711

MH May 0.368 41.5 7 0.94 1.02 7.11 19.0 789
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Table A2.4. Pearson correlation coefficients for monthly meteorological and
precipitation chemistry (temp = temperature, wetb = wet bulb temperature, dewpt =
dew point temperature, vappr = vapor pressure, rhum = relative humidity, msl = mean
sea level pressure, wdsp = wind speed, wddir = wind direction) against monthly
microfibre counts from each of the four meteorological stations. (OP = Oak Park, JC =
Johnstown Castle, VA = Valentia, MH = Malin Head)

Variable oP IC VA MH
Rain 0.403 -0.354 -0.407 0.418
Temp 0.216 -0.077 0.165 0.494
Wetb 0.214 -0.088 0.168 0.522
Dewpt 0.204 -0.110 0.16 0.549
Vappr 0.208 -0.097 0.201 0.554
Rhum -0.503 -0.327 0.057 0.723**
Msl -0.611* 0.399 -0.036 -0.089
Wdsp (m/s) -0.048 -0.223 -0.062 0.188
wddir -0.317 0.349 0.125 0.652*
Hourly intensity (mm) 0.416 -0.327 -0.418 0.417
Number of rain events 0.286 -0.398 -0.225 0.43
(per day)
Max event intensity -0.132 -0.051 -0.305 0.257
(mm)
Wind > 1 m/s -0.225 -0.295 0.227 0.087
Wind > 2 m/s -0.241 -0.324 0.333 0.603*
Wind >3 m/s -0.168 -0.323 0.218 0.578*
Wind >5 m/s -0.020 -0.250 -0.197 0.222
Wind > 10 m/s NA -0.153 NA 0.193
Max wdsp -0.124 -0.120 0.116 0.006
Avg wdsp -0.054 -0.221 -0.062 0.188
Nitrate (mg/L) 0.042 0.269 0.177 -0.486
Sulphate (mg/L) 0.027 0.013 0.063 -0.442
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Figure A2.2. Length (um) distribution of microfibres across the four precipitation

monitoring stations. Black line represents the median, boxplots represent the first
quartile and third quartile, and the whiskers represent the minimum and maximum

values.
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Figure A2.3. Trajectory rose source-receptor plots showing the proportion (%) of air by direction and source (Republic of Ireland
[red], Northern Ireland [orange], Great Britain [green] and Marine and other regions [blue]) arriving at the study sites (receptors;
arrival height of 850 hPa) based on two-day back-trajectories estimated every six hours during the period 1989-2009 using historical
wind fields (observed data and model output) smoothed onto a 3-dimensional grid with 16 pressure levels and a horizontal
resolution of 1 x 1 degree obtained from the ECMWF ERA Interim data set. Lower: Close-up showing the proportion (%) of air by
direction from three terrestrial source regions: Republic of Ireland (red), Northern Ireland (orange) and Great Britain (green) only.
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Appendix 2.4. Raman spectral analysis reports from Bio Rad-KnowltAll online library for
media collected from precipitation chemistry monitoring stations.

Figure A2.4A. Levafix blue E-GRN pigment
Figure A2.4B. Eriochrome blue pigment

Figure A2.4C. Polyester Film plastics

Figure A2.4D. Drimaren Turquoise X-2G pigment
Figure A2.4E. Mortoperm blue pigment

B’om Bio-Rad Laboratories , .
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Figure A2.4A. Raman spectral analysis reports from Bio Rad-KnowltAll online library for
Levafix blue E-GRN from a Johnstown Castle February microfibre.
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Figure A2.4B. Raman spectral analysis reports from Bio Rad-KnowlItAll online library for
Eriochrome blue from a Johnstown Castle May microfibre.
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Figure A2.4C. Raman spectral analysis reports from Bio Rad-KnowltAll online library for
Polyester film from a Johnstown Castle November microfibre.
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Figure A2.4D. Raman spectral analysis reports from Bio Rad-KnowltAll online library for
Drimaren Turquoise X-2G from an Oak Park January microfibre.
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Figure A2.4E. Raman spectral analysis reports from Bio Rad-KnowlItAll online library for
Mortoperm blue from a Johnstown Castle March microfibre.
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Figure A2.5A. Multilinear regression analysis of principle components 2 and 6 (predicted
mf) against monthly microfibre counts (observed mf) for the Oak Park precipitation
chemistry monitoring station. Regression equation and R? value for trendline included.

Table A2.5A. Loadings for principle components, including meteorological variables and
the proportion of variation, from Oak Park precipitation chemistry monitoring station.

Variable PC1 PC2 PC3 PC4 PC5 PC6

rain -0.336919  0.512709  0.393838 -0.076019 0.283652 -0.598723
temp 0.472665 0370113 -0.007291 0.373375 -0.114297 -0.225563
vappr 0.473631  0.379748 0.089557 0.332195 -0.078391 0.213287
rhum -0.174839 -0.478289 0.291698 0.769121 0.230419 -0.099425
ms| 0.410711 -0.445175 0.194719 -0.223722 -0.395265 -0.594827
wdsp -0.381737  0.143566  0.418939  0.105703 -0.771340 0.214538
wddir 0.306222 -0.091566 0.733692 -0.302798 0.309899  0.368005
Variance 43% 24% 16% 10% 8% 0%
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Figure A2.5B. Multilinear regression analysis of principle components 1 and 5 (predicted
mf) against monthly microfibre counts (observed mf) for Johnstown Castle precipitation
chemistry monitoring station. Regression equation and R? value for trendline included.

Table A2.5B. Loadings for principle components, including meteorological variables and
the proportion of variation, from Johnstown Castle precipitation chemistry monitoring
station.

Variable PC1 PC2 PC3 PC4 PC5

rain -0.381264 0.468767 -0.077425 -0.535511 -0.155828
temp 0.465443 0.393172 -0.153818 0.079623  -0.314517
vappr 0.453861 0.426934 -0.110833 0.061350  -0.297848
rhum -0.100413 0.571403  0.378745  0.469825 0.536624
msl 0.435422 -0.337141 0.349437 0.144990  -0.074795
wdsp -0.446838 0.008993  0.353421 0.422862  -0.702603
wddir 0.180752 0.0561526 0.753392 -0.531558 -0.029531
Variation 43% 26% 6% 4% 1%
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Figure A2.5C. Multilinear regression analysis of principle components 5 and 6 (predicted
mf) against monthly microfibre counts (observed mf) for Valentia precipitation
chemistry monitoring station. Regression equation and R? value for trendline included.

Table A2.5C. Loadings for principle components, including meteorological variables and

the proportion of variation, from Valentia precipitation chemistry monitoring station.

Variable PC1 PC2 PC3 PC4 PC5 PC6

rain 0.151399 0.641181 -0.354456 0.159991 -0.622627 0.146623
temp -0.496652 -0.029409 -0.193432 -0.395969 -0.170849 0.231328
vappr -0.499788 -0.006389 -0.219978 -0.244788 0.113328 0.417369
rhum -0.414244 0.226063 -0.363144 0.628176  0.435854 -0.199524
msl -0.308478 0.064824 0.707284  0.442634 -0.209162 0.398031
wdsp 0.236471  0.625852 0.207825 -0.277786 0.567514  0.302995
wddir -0.397432  0.375479 0.336509 -0.299991 -0.120475 -0.678783
Variation 53% 25% 17% 4% 2% 1%
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Figure A2.5D. Multilinear regression analysis of principle components 2 and 4 (Predicted
mf) against monthly microfibre counts (Observed mf) for Malin Head precipitation
chemistry monitoring station. Regression equation and R? value for trendline included.

Table A2.5D. Loadings for principle components, including meteorological variables and
the proportion of variation, from Malin Head precipitation chemistry monitoring station.

Variable PC1 PC2 PC3 PC4

rain 0.010968 -0.580915 0.095132 -0.758038
temp -0.570013 -0.043682 -0.157969  0.113554
vappr -0.561908 -0.098216 -0.181457 0.116775
rhum -0.157053  -0.555312 -0.316974 0.321626
msl -0.316105 0.232231  0.668565  0.033025
wdsp 0.467589  -0.306526  0.098476  0.489917
wddir -0.126469 -0.441272 0.613123  0.233009
Variation 41% 32% 17% 5%
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Chapter 3: Presence of anthropogenic microfibres in headwater lake catchments in

Ireland

3.1. Abstract

Microfibres (mf), which are threadlike particles < 5 mm, are the most common form of
microplastic reported in the environment. However, few studies have focused on their
abundance in background environments. Headwater lakes are widely used in
environmental programs as they integrate impacts on the surrounding catchment area,
especially atmospheric deposition, as the main influence on these lakes is through
deposition. Moss (Hylocomium splendens), lake water, and lake sediment samples were
collected from three headwater lake catchments in Ireland. All lake catchments are
remote from anthropogenic disturbance and emission sources. Microfibres were
observed in all samples; across the three headwater lake catchments the estimated
average microfibres were 24 mf g'! dry weight in moss (range: 6-34 mf g'* dry weight),
0.70 mf m3 in surface trawl (range: 0.52-0.86 mf m3), 9,690 m m3 in subsurface (range:
9,030-10,190 mf m3), 910 mf kg in lake sediment (range: 619-1396 mf kg), and 576
mf kg! in lakeshore sediment samples (range: 249-1014 mf kg). Mf were visual
identified using modified methods supported by Raman spectroscopic analysis. The
Raman analysis verified the visual identification by determining mf were anthropogenic

in origin by identifying synthetic pigments.
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3.2. Introduction

Microplastics, which are plastic particles < 5 mm, have gained attention during the last
decade owing to their ubiquity in natural environments. These waste plastics are either
manufactured to be microscopic in size or come from the breakdown of bottles, bags,
clothing etc., through UV radiation, physical abrasion or biodegradation (Hidalgo-Ruz et
al., 2012; Dris et al., 2015; Dris et al., 2016; Peng, Wang and Cai, 2017). The most
reported type of microplastics are microfibres (mf) (Wesch et al., 2017), which come
from textiles, nets, fishing line and the fragmentation of larger plastic materials
(Barrows, Cathey and Peterson, 2018; Cago et al., 2018). In 2016, nine million tons of
fibres were produced globally with 40% being made from natural materials such as
cotton, wool, or silk, the rest were made from plastic (Carr, 2017). The most common
types of microfibres produced are polypropylene, polystyrene, polyethylene (PE), nylon
(or polyamide), and polyethylene terephthalate (PET) (PlasticsEurope, 2016; Gago et al.,
2018). These also represent some of the most common plastics found in the
environment (Andrady, 2011). Microfibres are considered an environmental
contaminant due to their chemical additives (dyes, corrosion resistance, enhanced
durability) and risk of physical harm (blockage, abrasion) to organisms when ingested
(Cole et al., 2011; Zhao et al., 2014; Wagner et al., 2014). In addition, persistent organic
pollutants and trace elements can be absorbed and potentially transported by
microfibres (Hidalgo-Ruz et al., 2012; Zhang et al., 2016; Horton et al., 2017a). The
majority of microfibre studies have focused on aquatic systems, especially marine

systems, which act as a sink for point source anthropogenic pollution (e.g., microplastics
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and microfibres), primarily from highly developed areas (Wagner et al., 2014; Horton et
al., 2017a). Studies that focus on freshwater systems, such as lakes and rivers, are
conducted similarly in highly developed areas, with large populations, industry and
agriculture and typically downstream of wastewater treatment plants (Hidalgo-Ruz et

al., 2012; Eriksen et al., 2013; Free et al., 2014; Li et al., 2018).

Lakes are widely included in environmental monitoring programs as they integrate
impacts on the surrounding catchment area, which can influence the composition and
guantity of water entering and leaving the lake (Cardille et al., 2004). This can indicate
impacts that may be occurring in the lake and the surrounding area. Accordingly,
headwater lakes have been referred to as sentinels of change. Headwater lakes typically
receive smaller hydraulic inputs (e.g., first-order creeks, and streams) from the
surrounding catchment area and therefore the majority of their water budget comes
from precipitation (Cardille et al., 2004). In general, headwater lakes in background
regions are considered to be pristine and free of direct anthropogenic inputs; as a result,
they have commonly been used to assess long-range atmospheric transport of
contaminants, such as persistent organic pollutants (Carrera, Fernandez and Grimalt,
2002), mercury (Swain et al., 1992), nitrogen (Holtgrieve et al., 2011), and trace metals
(Tarvainen et al., 1997). There is limited knowledge about microplastic and microfibre
inputs into headwater lakes (i.e., lakes that are not downstream of wastewater
treatment plants) (Imhof et al., 2013). Recent studies have reported microfibres in

atmospheric deposition, which suggests that microfibres could be transported to
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background natural (pristine), headwater lakes (Dris et al., 2016; Cai et al., 2017; Roblin

and Aherne, 2019; Allen et al., 2019).

The objective of this study was to evaluate the abundance of microfibres in three
headwater lake catchments in Ireland. All lake catchments were considered pristine
(background natural environments), and remote (i.e., in areas away from large
population centres, anthropogenic infrastructures and industrial emissions). Moss,
water, and sediment samples were collected from each headwater lake catchment to
assess relative atmospheric input, current environmental levels and historic input of

microfibres.

3.3. Materials and methods

3.3.1. Study sites

Ireland is situated on the western periphery of Europe and predominantly receives
unpolluted air masses from the Atlantic Ocean (Derwent, 2007); as such, it is generally
considered a background region for European transboundary air pollution (Derwent,
2007). The dominant land cover and land use in Ireland is agriculture, primarily
grassland (EPA, 2012). The annual average air temperature and rainfall (based on annual
averages from 1981-2010) is 9—-10°C and ~1230 mm, respectively (Walsh, 2012). The
three headwater lake catchments used in this study were remote from point source
influences of anthropogenic activity and located in National Parks, or protected areas far

from urban centres, with no anthropogenic sources upstream (e.g., agricultural runoff,
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wastewater treatment plants, etc.). The three lakes, Glendalough, Lough Maumwee and
Lough Veagh, have been part of the International Cooperative Programme on
Assessment and Monitoring Effects of Air Pollution on Rivers and Lakes since the 1980s,
under the Convention on Long-range Transboundary Air Pollution, which monitors long
term trends in air pollutants in remote water bodies to support future air pollution
protocols and policies. The main land use in the catchments was mainly recreational
(e.g., hiking and fishing). The closest residential areas to the headwater lake catchments
range from 2 km to 8.6 km away, with the closest urban centre (pop. >10,000) ranging
from 17.5 km to 39.3 km (CSO, 2016; see Table A3.1). Glendalough, located in the
Wicklow Mountains National Park, is in the valley of two mountain ranges with native
woodland along the northern and southern edges, and shoreline on the east side (Figure
3.1; see Figure A3.1). On the western side of the lake catchment there was a small
historic lead and silver mine, which ended operations in 1957 (Beining and Otte, 1996;
Benning and Otte, 1997). There are three main inflows, Glenealo River and Lugduff
River, that drain the catchment into the headwater lake and one smaller inflow
(Bowman, 1991). Lough Maumwee, a private lake for recreational fishing managed by
the Corrnamona Angling Club, is surrounded by peatland (Figure 3.1; see Figure A3.1)
and has three small inflows (Bowman, 1991). Lough Veagh, located in Glenveagh
National Park, is in a mountain valley with native woodland on the southern and eastern
shores (Figure 3.1; see Figure A3.1). This headwater lake has five inflows draining the
surrounding catchment area, with the two main ones being the Owenveagh River and

the Glenlackburn River (Bowman, 1991). The lake catchments have similar annual

60



average air temperatures but vary in annual rainfall (Table 3.1). A previous study
determined the presence of microfibres in rainfall collected from precipitation
chemistry monitoring stations in Ireland; annual average deposition of microfibres was
estimated to be ~28,800 mf m2 (Roblin and Aherne, 2019). The primary wind direction
into the headwater lake catchments is from the west and west southwest (see Figure
A3.2). The largest headwater lake in terms of surface area (km?) and volume (m?3) is
Lough Veagh, followed by Glendalough and Lough Maumwee (see Table 3.1). Water,
sediment, and moss was collected from each headwater lake catchment during May
2018. Moss has been widely used as a biomonitor of atmospheric deposition, surface
water has been used to indicate current inputs into lakes, and sediments have been
used to determine historic inputs.

Table 3.1. Latitude, longitude, elevation (EL), surface area (SA), lake volume (Vol), long-
term (1981-2010) average annual air temperature (AT) and rainfall (P) were measured
from the nearest meteorological station (Casement Aerodrome for Glendalough Upper,

Mace Head for Lough Maumwee and Malin Head for Lough Veagh) for each headwater
lake catchment.

Lake Catchment Latitude Longitude EL SA Vol AT P
(mASL)  (km?) (m3 x108) (°C) (mmyr?t)
Glendalough Upper 53.00280 -6.36805 133 0.38 6.37 9.6 754
Lough Maumwee 53.47675 -9.54091 50 0.27 0.6 10.7 1340
Lough Veagh 55.03822 -7.97269 43 2.3 47.8 9.7 1093
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Lough Weagh

Lough Maumwee

Glendalough Upper

Figure 3.1. Location of the three headwater lake catchments: Glendalough, Lough
Maumwee and Lough Veagh. All lake catchments are part of International Cooperative
Programme on Assessment and Monitoring of Effects of Air Pollution on Rivers and
Lakes under the United Nations Economic Commission for Europe.

3.3.2. Field sampling

Water sampling

Surface trawl and subsurface samples were collected from each headwater lake
catchment, surface trawl samples were collected using a plankton tow net (~100 um
mesh, 94 cm circumference, 15 cm radius), which was pulled alongside the boat for
approximately 1 km and subsequently rinsed into 500 mL glass jars using filtered ultra-
pure water (18.2 megaohm). Subsurface samples were collected using a Van Dorn
sampler, at ~1.5 m depths, following a modified method from Ng and Obbard (2006),

from three different locations for an approximate 4 L composite sample at each lake.

62



The plankton tow net and Van Dorn samples were rinsed between each lake with

filtered ultra-pure water.

Sediment sampling

Lake sediments were collected using an Ekman dredge (15 cm x 15 cm x 15 cm) from
three locations, which were combined into one composite sample for each lake.
Lakeshore sediment was collected from the shoreline using a stainless-steel trowel from
three locations, which were also combined into one composite sample by lake.
Composite sediment samples were thoroughly mixed before being poured into
respective 500 mL glass jars. Sampling equipment was triple rinsed between sites using

filtered B-pure™.

Moss sampling

The moss species Hylocomium splendens was collected from each headwater lake
catchment following survey protocols recommended by ICP Vegetation (ICPV, 2015).
Hylocomium splendens commonly grows on soil, humus, rotten logs and rock in both
coniferous and deciduous forests (McKnight et al., 2013). The living green portion of
hylocomium splendens is considered to represent the last 2—3 years of growth. At each
study site, a composite sample of moss was collected from > 5 locations by hand (with
nitrile gloves) from three 50 m? plots per lake catchment; samples were collected away

from tree canopy cover, trails, and roads or any anthropogenic activity. The samples (~ 5
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g wet weight) were stored in 500 mL HDPE jars that were triple rinsed with filtered B-

pure™ water prior to sampling.

3.3.3. Microfibre extraction

Water samples

Surface trawl and subsurface samples were vacuum filtered onto glass-fibre filter papers
(Fisherbrand™ G6 [09-804-42A]: 1.6 um) and dyed using 1 mL of Rose Bengal (4,5,6,7-
tetrachloro-2',4',5',7'-tetraiodofluorescein, 200 mg L™) to help visually distinguish
synthetic material from bio-organic matter following Liebezeit & Liebezeit (2014). Filter

papers were placed into individual petri dishes for storage after being dyed.

Sediment samples

Sediment samples were dried at 50°C for 72 hrs. Triplicate 20 g samples for each site
were placed into a portable density separating apparatus (Cappock et al., 2013) and
separated using zinc chloride (ZnCly; density of 1.5 g cm3). The apparatus used a stir rod
to shake up the material and allow lighter material, such as microfibres, to float to the
top. This top portion was then decanted, and vacuum filtered following the same
procedure as the water samples; depending on the amount of visible bio-organic
matter, the sample was digested using a wet peroxide oxidation (WPO) method (Masura
et al., 2015; Herrera et al., 2018). Digestion was carried out by adding 40 mL of Fe (ll)
solution to each sediment sample and 40 mL of 30% hydrogen peroxide (H20,) was

subsequently added and the mixture was left at room temperature for 5 minutes. The
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digestate was heated between 40-50°C to increase the reaction rate, and further 20 mL
aliquots of H,0, were added when the reaction slowed down (reduced bubbling and
temperature), or if organic matter was still visible. At least two H,0; aliquots were
added to each sample, which were then vacuum filtered, dyed and stored following the

same methods as the water samples.

Moss samples

In the laboratory, moss samples were dried at 50°C for 48 hrs. Triplicate 1 g moss
samples for each site (and the remaining mass as a fourth sample per site) were
digested following the same WPO method as the sediment samples. Samples were then

vacuum filtered, dyed and stored following the same procedure as the water samples.

3.3.4. Microscopy and microfibre identification

The filter papers were analysed for the presence of microfibres using a
stereomicroscope (Leica EZ4W with EZ4W0170 camera), following a modified visual
identification method from Norén (2007) and Windsor et al. (2018). Identification of
microfibres following standardized criteria coordinated with strict examination can
reduce the possibility of misidentification (Norén, 2007). Visual analyses for particles >
0.5 mm have been demonstrated to be suitable for identification (Léder and Gerdts,
2015). The five visual criteria were: (i) the fibre is unnaturally coloured (blue, red, green,
purple, black, grey, white) compared to the majority of other particles / detritus; (ii) the

fibre appears homogenous in material and texture with no visible cell structure or
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offshoots and is a consistent width throughout its entire length; (iii) the fibre remains
intact and is not brittle when compressed, tugged or poked with fine tweezers; (iv) the
fibre has a shiny or glossy appearance; and (v) there is limited fraying with no similarities
to natural fibres (see Table A3.2). It is recommended that at least two of the criteria be
met for a fibre to be classified as a microplastics (Windsor et al., 2018). Previous studies
have classified all fibres not stained by Rose Bengal as microplastic (Liebezeit et al.,
2014), while others have chosen to use the more general term ‘anthropogenic debris’
(Kosuth et al., 2018). In the current study microfibres that met at least two of the
criteria, and were not stained by Rose Bengal, were considered anthropogenic. These
anthropogenic microfibres were photographed and then measured using the open
source Image processing software Imagel. Each microfibre was manually measured

using a scale bar to convert the number of pixels measured to a known length.

3.3.5. Raman spectroscopy

In order to test the accuracy of the visual identification method, a number of fibres were
randomly selected from the media at each lake catchment and analysed using Raman
spectroscopy (Renishaw inVia, operated by WIiRE). Raman spectroscopy measurements
were carried out using 5x 25x and 50x objectives and a 633 nm laser with adjustable
laser power (ranging from 0.00001% to 100%). Due to fluorescence issues, lower laser
power and longer accumulations were used to improve the raman signal. Raman spectra
were recorded in the wavenumber range of 3,500-150 cm™. The spectrum of each fibre

was identified using a commercial library (KnowltAll, Bio-Rad®).
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3.3.6. Quality control and data analysis

Throughout sample processing and analysis, procedural open-air blanks were used to
determine the amount of potential contamination; open-air and digestion blanks were
used during filtering, digesting and oven drying (35 blanks in total). Digestion blanks
were completed by using filtered B-pure™ in place of sample media during the digestion
process. Triplicate B-pure™ water blanks (1 L) were initially vacuum filtered and
analysed following the same method as the water samples to determine the level of
microfibre contamination; the average number of microfibres was > 11 mf L. As such,
all B-pure™ water was filtered (Fisherbrand G6: 1.6 um) prior to use for cleaning and
extraction (used in FE(Il), Rose Bengal and zinc chloride) to avoid potential
contamination. Further, during microfibre extraction (digesting and filtering), the
samples were covered with tin foil to prevent airborne contamination and all equipment
was rinsed with filtered B-pure™ water prior to use. After each sediment sample, but
also if the apparatus was sitting too long (although covered with tin foil), the apparatus
were cleaned and the zinc chloride solution was filtered until filter papers came back
free of material. Peroxide blanks (1 L in total) were also vacuum filtered and analysed
following the same method as the water samples to determine the level of microfibre
contamination. Finally, 100% cotton clothes were worn during sample collection, and

100% cotton laboratory coats were worn when extracting and analysing the samples.
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Triplicate samples were analysed for lake and lakeshore sediments, as well as moss
samples for each headwater lake catchment. The quantity of microfibres in sediment
and moss samples were calculated using the dry weight for each triplicate sample (see
Table A3.3). The coefficient of variation (or relative standard deviation) was used to
assess the variation in triplicate samples. The number of microfibres per g of dry moss
were scaled to atmospheric deposition using published values for the biomass of moss,
i.e., 2 kg dry weight/m? (Forman, 1969: Singh et al., 2005). The abundance of microfibres
in surface trawl samples was calculated by dividing the mf km™ by the diameter of the
plankton net (3.0x10* km) which was then expressed as mf km (see Equation 3.1).

Equation 3.1
mf km~1

-2
=mf km
Diameter (3.0 x 10~%km) f

Surface trawl estimate

The abundance of microfibres in surface trawl samples was also converted into mf m3
by dividing the number of microfibres observed at each lake catchment by the volume
sampled (45.9 m3) (see Equation 3.2).

Equation 3.2
mf

Volume of water trawled (m3)

3

Surface trawl estimate =mf m-

The abundance of microfibres in each headwater lake was calculated by multiplying the

amount of mf m by the volume (m3) of water trawled at each lake.

The long-term atmospheric source regions for each site were evaluated using source-
receptor trajectory rose plots (arrival height of 850 hPa) based on two-day back

trajectories estimated every six hours during the period 1989-2009 (see Figure A3.2).
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Median values for length of microfibres were used in place of averages due to the data
being skewed to smaller fibres. Microfibre lengths were categorized in size groupings
similar to Dris et al., 2016, (i.e., a 200 um size range). Repeated measures ANOVA were
conducted in SPSS (IBM Corp., 2015) to compare microfibre abundance and length of
triplicate samples from sediment and moss between the lake catchments. Statistical
analysis that were found to be significantly different are described in the results.
Previously published studies were compared to the current study based on having

similar methods, and sample media, and reporting primarily microfibres.

3.4. Results

3.4.1. Microfibre abundance in headwater lake catchments

In total there were 35 filter banks used to estimate the potential contamination of
microfibres from open air exposure, water, and H,0,. The average potential
contamination per lake catchment was estimated to be 2.7 mf. This represented 0.56 mf
per moss sample, 0.08 mf per surface trawl sample, 0.67 mf per subsurface sample, 0.38
mf per lake sediment sample and 1 mf per lakeshore sediment sample. Digestion blanks
found contamination of 0.33 mf per sample. Samples were not blank corrected due to

the low microfibre contamination.

In the current study, microfibres were found in all moss, water and sediment samples
collected from the three headwater lake catchments (Table 3.1; see Table A3.4). In total,

there were 749 microfibres observed across five different sampling media from the lake
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catchments. The average proportions of microfibres across the three lake catchments
ranged from 14% (surface trawl and lakeshore sediment) to 38% (moss) (Figure 3.2). The
largest proportion (38%) was observed in moss, which had 300 mf in 12.47 g dw moss.
This was broken down into 162 mf (54%) at Glendalough, 56 mf (29%) at Lough
Maumwee, and 82 mf (32%) at Lough Veagh (see Table A3.4). There was an average of
24 mf g1 per lake catchment, which ranged in triplicate (1 g) samples from 13-34 mf g™*
at Glendalough, 6-19 mf g* at Lough Maumwee, and 8-33 mf g™! at Lough Veagh (see
Table A3.3). The coefficient of variation for moss samples was > 45% (range: 46%-85%)
(Table 3.2). The atmospheric deposition of microfibres observed in moss from the three
lake catchments was estimated to be ~47,700 mf m=2 (Table 3.2). Glendalough had the
highest estimated deposition at 58,900 mf m~2 followed by Lough Veagh (48,000 mf m=2)
and Lough Maumwee (30,600 mf m=2). Surface trawl samples had an average of 82,288
mf km per lake catchment; this ranged from 61,533 mf km2 (Glendalough) to 100,899
mf km2 (Lough Maumwee) (Table 3.2). This was also converted to an average of 0.70 mf
m-3, which ranged from 0.52 mf m™ (Glendalough) to 0.86 mf m= (Lough Maumwee) to
compare with the subsurface samples. Subsurface samples had an average of 9,690 mf
m3(9.69 mf L?) per lake catchment (Table 3.2). This ranged from 9,030 mf m=3 (9.03 mf
L'Y) (Lough Veagh) to 10,190 mf m™3 (10.19 mf L'!) (Lough Maumwee). Lake sediment
samples had an average of 910 mf kg dw across all lake catchments, which ranged from
619 mf kg™ (Lough Veagh) to 1,396 mf kg'* (Lough Maumwee). Lakeshore sediment
samples had an average of 576 mf kg™ per lake. The abundance of microfibres ranged

from 249 mf kg! dw (Lough Maumwee) to 1,014 mf kg* dw (Lough Veagh). In general,
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the abundance of microfibres in lake sediment was ~2 times larger than the lakeshore
sediment (Table 3.2). Lakeshore sediment had a coefficient of variation >40% (range:

40%-71%) and lake sediment had a coefficient of variation >25% (range: 25%-92%).
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Figure 3.2. The percent of microfibres, and triplicate (moss and sediment), surface trawl
(mf km™) and subsurface microfibre counts, observed across each of the five sampled
media (ST= Surface trawl, SS= Subsurface, LSS= Lakeshore sediment, LS = Lake sediment,
M = Moss) collected at each of the three lake catchments (GL = Glendalough, LM =
Lough Maumwee, LV = Lough Veagh).

Table 3.2. The abundance of microfibres observed in water, sediment and moss from
each headwater lake catchment from May 2018. Coefficient of variation [%] indicated in
parenthesis for triplicate samples (i.e., sediment and moss).

Sample Site Surface Trawl Subsurface Lake Sediment Lakeshore Sediment Moss
mfm3 (mfkm2) mfL?(mfm3) mfkgldw* mf kg? dw* mf g1 dw* (mf m2)
Glendalough 0.52 (61,533) 9.86 (9,860) 1,090 [92%] 464 [71%] 29.5 (58,900) [46%]
Lough Maumwee  0.86 (100,899) 10.19 (10,190) 1,690 [25%] 249 [40%)] 15.3 (30,600) [60%]
Lough Veagh 0.72 (84,433) 9.03 (9,030) 946 [29%] 1,014 [47%] 24.0 (48,000) [85%]
Average 0.70 (82,288) 9.69 (9,690) 1,242 576 23.9 (47,700)

*Dry weight = dw
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3.3.2. Size and colour of microfibres

The size of microfibres observed in this study were predominately <1 mm with the
proportion of microfibres ranging from 58% (surface trawl) to 71% (moss) (Figure 3.3).
The largest frequencies of fibre lengths across all lake catchments were between 0.2—
0.4 mm, which ranged from 15.5% (lake sediment) to 22% (subsurface) (Figure 3.3; see
Figure A3.3). The largest fibre lengths found in this study were > 2.6 mm, with the

longest fibre observed being ~30 mm (Glendalough Moss) (Figure 3.3; see Figure A3.3).
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Figure 3.3. Microfibre lengths from media (ST= Surface trawl, SS= Subsurface, LSS=
Lakeshore sediment, LS = Lake sediment, M = Moss) collected at each of the three
headwater lake catchments (GL = Glendalough, LM = Lough Maumwee, LV = Lough
Veagh. The black line indicates the median, the boxes represent the first and third
quartiles, the whiskers represent the smallest and largest observations that fall within a
distance of 1.5 times the box size and the dots represent values that are outside the 1.5
times distance.

The median mf length found associated with the moss samples was 0.55 mm which

ranged from 0.46 mm (Lough Maumwee) to 0.68 mm (Glendalough) (Table 3.3). The
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coefficient of variation in moss ranged from 31% (Lough Veagh) to 42% (Lough
Maumwee). This indicates that the moss samples had a similar degree of variation. The
median lengths in water samples were 0.85 mm (surface trawl) and 0.59 mm
(subsurface); this ranged from 0.52 mm (Glendalough) to 1.04 mm (Lough Veagh) in
surface trawl and 0.58 mm (Glendalough) to 0.60 mm (Lough Veagh) in subsurface
(Table 3.3). Sediment samples had the same median length of 0.71 mm (Table 3.3). This
ranged from 0.60 mm at Glendalough to 0.92 mm at Lough Maumwee in lake sediment,
and 0.62 mm at Lough Veagh to 0.88 mm at Lough Maumwee in lakeshore sediment
(Table 3.3).

Table 3.3. The median length (coefficient of variation between triplicates) of microfibres
collected in the samples from each of the three headwater lake catchments.

Sample Site Surface Trawl  Subsurface Lake Sediment Lakeshore Sediment Moss

mm mm mm mm mm
Glendalough 0.52 0.58 0.72 (38%) 0.60 (14%) 0.68 (36%)
Lough Maumwee  0.82 0.59 0.88 (47%) 0.92 (99%) 0.46 (42%)
Lough Veagh 1.04 0.60 0.62 (6%) 0.73 (10%) 0.47 (31%)
Median 0.85 0.59 0.71 0.71 0.55

The dominant mf colour observed in this study was blue (Figure 3.4), which ranged from
53% (lake sediment) to 76% (Moss) (Figure 3.4). The next dominant colours were grey,
(3% lake sediment to 22% surface trawl) and black, (1% surface trawl to 19% lake
sediment). Green was the only other colour of microfibre observed to be >10% of a

sample (lake sediment).
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Figure 3.4. Colour distribution of microfibres collected from each media (ST= Surface
trawl, SS= Subsurface, LSS= Lakeshore sediment, LS = Lake sediment, M = Moss) at the
three lake catchments.

Colour of microfibres (%)

3.4.3 Trajectory source receptor plot analysis

The two-day trajectory source receptor plots indicated the primary wind direction into
the four precipitation monitoring stations was from the west (see Figure A3.2).
However, the dominant terrestrial source regions into each of the lake catchments was
different owing to their predominant coastal locations (Figure 3.1). Glendalough
received the largest frequencies of terrestrial wind (<15%) from the west, Lough
Maumwee, received terrestrial air (<7%) from the east, and Lough Veagh received

terrestrial winds (<9%) from the south (see Figure A3.2).

3.4.4. Raman analysis
A subset of 30 microfibres were analysed using Raman spectroscopy (Renishaw inVia). In

total 15 fibres were matched to synthetic pigments; Indigo, Eriochrome blue, Cobalt
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Phthalocyanine, Hostasol green, and Hostopen violet (Table 3.4; see Figure A3.4). These

pigments were identified with match percentages that ranged from 73%—96% (Table

3.4). Surface trawl and subsurface samples produced 10 of the 15 identified spectra,

with the dominant pigment being identified as indigo (Table 3.4). Moss samples

produced the least identifiable spectra with only one tested fibre being matched with

indigo (Table 3.4).

Table 3.4. Raman spectroscopy results for the subset of microfibres analysed, including
the name (match %), and media where fibres were extracted.

Media Site Identity (% match)
Moss Lough Maumwee Indigo (73%)
Lakeshore Lough Maumwee Indigo
Lough Veagh Indigo
Lake sediment Glendalough Hostasol Green G-K (96%)
Lough Veagh Hostopen Violet (89%)
Surface trawl Glendalough Indigo, and Eriochrome Blue (74%)
Lough Maumwee Indigo (x2)
Lough Veagh Phthalocyanine (83%)
Subsurface Glendalough Indigo (x2)
Lough Maumwee Indigo and Eriochrome Blue
Lough Veagh Eriochrome Blue

3.5. Discussion

3.5.1. Abundance of microfibres in headwater lake catchments

The results of this study observed the presence of microfibres in moss, water, and

sediment at each of the three background headwater lake catchments. The lake

catchments are not downstream of major influences of microfibres and are considered

natural environments, with two sources of microfibres into these catchments being,

visitors, e.g., two of the study sites are in national parks, and / or atmospheric



deposition. The number of visitors is the highest in the Wicklow Mountains National
Park, where Glendalough is located, as approximately 1 million people each year visit
the park, whereas 80,000 a year visit Glenveagh National Park, where Lough Veagh is
located. The closest densely populated and industrial areas (population >10,000), which
are likely sources of mf emissions, are Wicklow (20.5 km; pop. 10,584) (Glendalough),
Galway (39.3 km; pop. 79,934) (Lough Maumwee), and Letterkenny (17.5 km; pop.
19,274) (Lough Veagh). However, these population centres are not predominately
upwind of the lake catchments, which may suggest that the abundance of microfibres

observed in this study are background levels.

Based on published estimates for the biomass of moss, the average atmospheric
deposition of microfibres collected on moss was ~47,700 mf m2 across the three
headwater lake catchments. Previous estimates of atmospheric deposition in the area
(28,769 mf m2) are ~1.7 times lower than the estimates from moss. This difference may
be explained by the life characteristics of Hylocomium splendens, as the current growth
of the moss can represent a cumulative 2—3 years of deposition. This suggests that the
abundance of microfibres estimated from moss, is representative of approximately 2
years of atmospheric deposition. However, moss biomass can vary greatly by site and
species of moss; as such, further measurements are needed to accurately scale-up
microplastic observations on moss to regional deposition. The use of moss in this study
suggests that moss may be a suitable biomonitor for the atmospheric deposition of

microfibres.
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Previous studies with surface trawl samples observed microfibre abundances ranging
from 10,000 — 6.5x10° mf km2 (see Table A3.5). Similarly, previously reported bulk
samples ranged from 3.4 — 34 mf L' (see Table A3.5). However, due to differing
methodologies (i.e., nets with different mesh size or different sampling depths) it is
difficult to compare the current study to previous studies. The estimated amount of
microfibres per kg for lake sediment and lakeshore sediment was 915 mf kg* dw and
576 mf kg ! dw. The abundance of microfibres reported in previous studies ranged from
11-506 mf kg! (see Table A3.5). However, a number of the previous studies reported
microfibre abundance based on visual identification corrected according to Raman and
FT-IR results (Su et al., 2016; Yuan et al., 2019), making it difficult to compare the

current study to previous studies.

3.5.2. Size and colour of microfibres

The median length of fibres observed in the surface trawl samples were predominately
(~59%) < 1 mm (see Figure A3.3). Similarly, the largest proportion of fibre lengths
reported in previous studies ranged from 0.333-1 mm (Su et al., 2016; Fischer et al.,
2016). Subsurface samples had a median length of 0.59 mm with fibre lengths being
predominantly (82%) < 2 mm (see Figure A3.3). Previous studies, collecting bulk
samples, observed fibre lengths being predominantly (range from 70% - 85%) < 2 mm
(Su et al., 2016; Wang et al., 2017; Wang et al., 2018; Yuan et al., 2019). Sediment

samples had median microfibre lengths of 0.71 mm with 58% (Lakeshore) and 55%
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(lake) of fibres predominantly being <0.8 mm (see Figure 3.3). Previous studies reported
the largest proportion of microfibres ranging from 0.5-1 mm (Fischer et al., 2016; Su et
al., 2016; Yuan et al., 2019). The small size range of microfibres found in these different
media suggest that the microfibres observed in the environment come from secondary
sources (are fragmented from larger fibres). When comparing the fibre size in the
current study, all the media collected across the three lake catchments have similar
median lengths. This suggests that the microfibres may be coming from a similar source,

i.e., atmospheric deposition.

The dominant colour found in the current study was blue. This is comparable to Lake
Taihu which observed 63% of fibres in surface trawl and 50% in bulk water being blue
(Su et al., 2016). In Dongting and Hong lake bulk water samples, transparent fibres were
the dominantly observed (28.7% and 22%) followed by blue (Wang et al., 2018). In
contrast, the authors of studies done on Lake Taihu and Lake Poyang observed white
(44%) and coloured (~40%) as being the dominant colours in sediment samples (Su et

al., 2016; Yuan et al., 2019).

3.5.3. Raman analysis

Raman spectroscopic analysis verified the presence of synthetic pigments on the
microfibres (see Figure A3.4). These pigments were identified as Indigo, Eriochrome
blue, Copper Phthalocyanine, Hostasol green, and Hostopen violet. The dominant

pigment found in the lake catchment samples was Indigo, followed by Eriochrome blue.
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All of the aforementioned pigments are used in the textile industry most commonly
being used with cotton and wool, with use on silk, nylon, polyester and other synthetic
polymers. Indigo, phthalocyanine and hostasol green have been identified in previous
microplastic studies (Zhao et al., 2017; Karami et al., 2017). Indigo is dominantly
associated with natural fabrics (Wiesheu et al., 2016), whereas phthalocyanine, and
hostasol green, are known to be used with different plastic polymers (Zhao et al., 2017).
However, the presence of these synthetic additives (pigments) does not confirm
whether the fibres are plastic; nonetheless it confirms that these fibres are

anthropogenic in origin (Remy et al., 2015; Zhao et al., 2017).

The number of clean spectra obtained were limited due to high signal to noise ratios.
The high signal to noise ratio in the Raman spectra can be caused by dyes, pigments and
biofouling (microorganisms that grow on the surface of the microfibres) as the signal
can be either diluted by fluorescence (Fredericks, 2012; Araujo et al., 2018; Barrows et
al., 2018) or completely blocked (Fredericks, 2012; Lenz et al., 2015). This required
lowering the laser power, to reduce the fluorescence, which in turn increases the
difficulty of interpreting the spectra (Zhao et al., 2017; Prata et al., 2019). This type of
interference has been observed in previous studies, as dyes incorporated into polymers
can override the polymer spectrum (Zhao et al., 2017; Horton et al., 2017b; Karami et
al., 2017). Particles that have been identified with strong spectrum of pigments were
inferred to be polymers and classified them as such (Van Cauwenberghe et al 2013;

Horton et al., 2017b).
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3.6. Conclusion

The present study reported the presence of anthropogenic microfibres in three
background headwater lake catchments. Microfibres were observed in all moss, water
and sediment samples collected from these lake catchments. Microfibres were
determined to be anthropogenic in origin through visual identification methods
supported by Raman spectral analysis. Synthetic pigments, Indigo, Eriochrome blue and
Hostasol Green, were identified by Raman spectroscopy from a subset of microfibres.
Similar sized microfibres found between the different media at all lakes indicate they

may come from a similar source, i.e., atmospheric deposition.
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3.8. Appendix

Table A3.1. The closest residential (distance away in parenthesis) and urban (pop.
>10,000; distance away in parenthesis) areas, with their respective populations, to each
of the three headwater lake catchments.

Lake Catchment Nearest residential  Population Nearest urban Population
area (km) centre (km)

Glendalough Laragh (2) <500 Wicklow (20.5) 10,584

Lough Maumwee Maum (4.7) <500 Galway (39.3) 79,934

Lough Veagh Termon (8.6) <500 Letterkenny (17.5) 19,274
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Figure A3.1. Photographs (from top to bottom) of Glendalough, Lough Maumwee and
Lough Veagh.

Glendalough Lough Maumwee Lough Veagh
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Figure A3.2. Upper: Trajectory source-receptor rose plots showing the proportion (%) of
air by direction and source (Republic of Ireland (red), Northern Ireland (orange), Great
Britain (green) and marine and other regions (blue)) arriving at the study sites. Lower:
Close-up of proportion (%) of air from Ireland, Northern Ireland and Great Britian source
regions only. Source-receptor trajectory rose plots were based on two-day back

trajectories (arrival height of 850 hPa) estimated every six hours during the period
1989-20009.
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Table A3.2. List of criteria used to visually identify plastic microfibres following: (A) four
criteria taken from Norén (2007) as cited by Hidalgo-Ruz (2010) and Léder and Gerdts
(2015), and (B) eight criteria taken from Windsor et al. (2018), with a recommendation
that a positive response for at least two of the eight criteria is required for identification
of microplastic particles.

Source: Loder and Gerdts (2015) and Hidalgo-Ruz (2010) following Norén (2007)

1 | No (cellular) structures of organic origin should be visible in the plastic particle or
fibre.

2 | Fibres should be equally thick throughout their entire length and have a three-
dimensional bending to exclude a biological origin.

3 | Particles should be clear and homogeneously coloured.

4 | Transparent or whitish particles must be examined under high magnification and
with the help of fluorescence microscopy to exclude a biological origin.

ve]

Source: Windsor et al. (2018) following Loder and Gerdts (2015)

[EEN

Unnaturally coloured compared to the majority of other particles/detritus in the
sample, e.g., red, bright blue and yellow.

Appears homogenous in material or texture, e.g., no cell structure.

Unnatural shape or structure, e.g. perfectly spherical, smooth or sharp edges.

Fibres that remain intact with a firm tug or poke with fine tweezers.

Shiny or glassy in appearance.

Flexible and can be compressed without being brittle.

Nojun|bh|w|N

Share similar surface characteristics to reference plastic material.

Table A3.3. The number of microfibres observed in triplicate moss, lake and lakeshore
sediment samples from the three headwater lake catchments.

Triplicate sample  Glendalough Lough Maumwee Lough Veagh

Moss S1 13 9 8
Moss S2 27 6 9
Moss S3 36 19 33
Lake Sed. S1 30 14 10
Lake Sed. S2 9 11 10
Lake Sed. S3 5 18 16
Lakeshore Sed. S1 5 7 20
Lakeshore Sed. S2 17 5 30
lakeshore Sed. S3 6 3 11
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Table A3.4. The total count of microfibres found in each media collected at the three
headwater lake catchments.

Lake Catchment Moss Surface trawl Subsurface Lake sediment Lakeshore sediment Total

GL 162 24 42 44 28 300
LM 56 34 45 43 15 193
Lv 82 38 39 36 61 256
Total 300 96 126 123 104 749
Average 100 32 42 35 41 250
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Figure A3.3A. Length distribution (um) of microfibres in surface trawl samples from the
three headwater lake catchments (Glendalough, Lough Maumwee and Lough Veagh).
Black line represents the median, boxplots represent the first quartile and third quartile,
whiskers represent the smallest and largest observations that fall within a distance of
1.5 times the box size and the dots represent values that are outside the 1.5 times

distance.

87



34 -
1
1
1
[ -
o e
1
=
--E-N
& T
: 1
o 4L
e=R-LANE N -
a
o s H
£ o = ,
— =l ]
I B
! —— T
uwy = 1
—
——
— — — —
- — — —
1T 1T 1T T T T T T T T T T T 1 T 1
o oo o ocoocoooo oo Do oo oo
GDODSDDDDDDDDDDGDG
o = O o N = WO @ o N = O O O o = =
v ' 1 1 = = = = = N N O NN MMM MM
._.ggg L I I I Y]
N3 8e888888888828S8
e - = S R o . U= - = B o Y I S = T = s R R o ¥ |
_—= o — T v @ 0 &N N &N 0% M
el et e el e ) e e e e e —
Fiber Lengths (um)

Figure A3.4B. Length distribution (um) of microfibres in subsurface samples from the
three headwater lake catchments (Glendalough, Lough Maumwee and Lough Veagh).
Black line represents the median, boxplots represent the first quartile and third quartile,
whiskers represent the smallest and largest observations that fall within a distance of
1.5 times the box size and the dots represent values that are outside the 1.5 times
distance.
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Figure A3.5C. Length distribution (um) of microfibres in lake sediment samples from the
three lake catchments (Glendalough, Lough Maumwee and Lough Veagh). Black line
represents the median, boxplots represent the first quartile and third quartile, whiskers
represent the smallest and largest observations that fall within a distance of 1.5 times
the box size and the dots represent values that are outside the 1.5 times distance.
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Figure A3.6D. Length distribution (um) of microfibres in lakeshore sediment samples
from the three lake catchments (Glendalough, Lough Maumwee and Lough Veagh).
Black line represents the median, boxplots represent the first quartile and third quartile,
whiskers represent the smallest and largest observations that fall within a distance of
1.5 times the box size and the dots represent values that are outside the 1.5 times

distance.
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Figure A3.7E. Length distribution (um) of microfibres in surface trawl samples from the
three lake catchments (Glendalough, Lough Maumwee and Lough Veagh). Black line
represents the median, boxplots represent the first quartile and third quartile, whiskers
represent the smallest and largest observations that fall within a distance of 1.5 times
the box size and the dots represent values that are outside the 1.5 times distance.
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Appendix 3.4. Raman spectral analysis reports from Bio Rad-KnowltAll online library for
media collected from headwater lake catchments.

Figure A3.4A. Hostasol Green G-K pigment
Figure A3.4B. Indigo pigment

Figure A3.4C. Hostopen violet pigment

Figure A3.4D. Copper phthalocyanine pigment
Figure A3.4E. Eriochrome blue pigment
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B,o_m Bio-Rad Laboratories
Informatics Division 2/15/2019 1:01 PM

T RHX 878 Hostasal Groon G-K
400000 - GLEKareen fiber 50 obs 100% Ip 10 sec
300000—§
200000—5
100000:2
0~

Manual Corrections: None

Ranges: Full

Search Algorithm: Correlation

Query Path: WiritwoodWiudentsWiretiroblimiy Documentsi®aman SpectraWl EK green fiber 50 obs 100% Ip 10 sec.bd

Name Value

Resulting HQI 9544

Database Abbreviation RHX

Database Title Raman —Forensic —-HORIBA
Record 1D 378

Name Hostasol Green GK
Classilication dyestuff

Comments Hoechst

Instrument Name HORIBA LabRAM Infinity—
Laser Power 63238

Source of Sample LKA Bedin

Source of Spectrum HORIBA Sdentific

Score: 95.44%

Figure A3.8A. Raman spectral analysis report from Bio Rad-KnowltAll online library for
Hostasol Green G-K identified from a Glendalough lake sediment microfibre.
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Bio-Rad Laboratories
B'om Informatics Division 2/15/2019 12:59 PM

20000 - pix #47; Indigo
1 — GL SW corrected fiber 500bs 1% Ip 10 sec

T T U T T T T
3000 2500 2000 1500 1000 500

Manual Corrections: Noise

Ranges: Full

Search Algarithm: Correlation

Query Path: WiriftwoodWtudents\irettroblimiMy Documentsiaman SpectraVilL SW comected fiber 50obs 1% Ip 10 sec.ixt

Name Value
Resulting HQI 60.83
Database Abbreviation RLX
Database Title Raman —Biomaterials —-HORIBA
Record 1D A7
Name Indigo
Comments synthetic
Formula C16H10N202 0
InChi INChI=1S/C18H10N202419-15-9— NH .
InChlKey COHYTHOBJLSHDF— —
Instrument Name HORIBA HN
Laser Power h145h
Mol Weight 262 .268 g/mol o
Occumence urinary pigment whose presence in
stone is controversal
Source of Sample Jobin Yvon
Source of Spectrum HORIBA Scientific
Synonyms Indigotin; Indigo blue
Score: 60.83 %

Figure A3.9B. Raman spectral analysis report from Bio Rad-KnowltAll online library for
indigo identified from a Glendalough surface trawl microfibre.
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B’o_m BioRad Laboratories
Informatics Division

2/15/2019 1:05 PM

— Composiie 3 pedrum
— LV EK corrected dear fiber 50 obs 100% Ip 10 sec

30000

20000

10000

Manual Corrections: Noise
Ranges: Full
Search Algorithm: Correlation

Query Path: WhriftwoodWtudentsilirettroblimiMy Documentsiaman SpectraV EK corrected dear fiber 50 obs 100% Ip 10

sec.ixt
Score Info Weight Name Chemical Structure Spectrum
91.48 N.A. Composite Spectrum 1§ e e WJM‘

Score: 86.8% Hostopen violet

Composite Specira score: 91.48% with Hostopen violet, Melamine, and Magnesium Oxalate {inorganic compound)

Figure A3.10C. Raman spectral analysis report from Bio Rad-KnowlItAll online library for
Hostopen violet identified from a Lough Veagh lake sediment microfibre.
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B'om Bio-Rad Laboratories .
Informatics Division 2/1 5/2(” 91:11 PM

1 - Composite S pedrum

15000— LY SW corredied Blue ragment Fiber 50 obs 100% Ip 1.
10000 —

5000 —

0__ WW LJ
T T T T I | :
3000 2500 2000 1500 1000 500
on!

Manual Corrections: Naise

Ranges: Full

Search Algarithm: Correlation

Query Path: WiriftwoodWtudentsibirettroblimiMy Documentsiaman SpectraWWVv SW corrected Blue fragment Fiber 50 obs
100% Ip 10sec.txt

Score Info Weight Name Chemical Structure Spectrum

8271 N.A. |Composite Spectrum O 0= é(
g e .

Score: 73.4% Copper phthalocyanine

Composite Spectra score: 82.71% with Cobalt phthalocyanine, Ammonium hexafluorophosphate and imidazole

Figure A3.11D. Raman spectral analysis report from Bio Rad-KnowlItAll online library for
Copper phthalocyanine identified from a Lough Veagh surface trawl microfibre.
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150000 7

100000 —

BioRad Laboratories
Informatics Division

2/15/£0191:16 PM

1 - RHX #3587 Ericchrom Blue SE
= 1C May Larger fiber S00bs 5% Ip 10sec

hanual Carrectons: Baseline

Ranges: Full

Search Algorithm: Correlation

Query Path: Hiriftwood Wh dentsWretroblin®y DocumentsW®aman Spectra®C May Larger fiber 50obs 5%Ip 10sec.txt

MName Value
Resulting HQI 84.36
Database Abbreviation RHX

Databaze Tite

Raman -Forensic -HORIBA

Record ID 367

Name Eriochrom Blue SE

CAS Registry Number 1068920

Classification dyestuff, stain

Comments hierck 285

Formula C1BHACINZO9S2N a8
InChl INChI=1S/C16H11 CIN20O9S2.2Nalk
INChlKey LNXMADNIUWFTPP -
Instrument Name HORIE & LabR AM Infinity—-
Laser Power 632.8

Source of Sample LKA Berlin

Source of Spectrum

HORIB A Scientfic

Synonyms

C.l. Generic name: Mordant Blue
13:MB13: C.l. Constitution No!

Score: 84.36%
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Figure A3.12E. Raman spectral analysis reports from Bio Rad-KnowltAll online library for

Eriochrome blue.
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Table A3.5. Previous studies on microplastics, with the location, sample type, abundance

(range in parentheses), and dominant type of microplastic.

Location Sample Type Particle Abundance Dominant Type  Reference
Chiusi Lake  Surface trawl 3.02m3 Fibre Fischer et
(300 um) and 168 kg dw al., 2016
sediments
Taihu Lake  Surface trawl (10,000-6.5x10° km2)  Fibre (48-84%)  Suetal,,
(333 um), bulk  (3.4-25.8 L) 2016
water (30 cm) (11-235 kg™ dw)
and sediments
Lake Surface trawl 193,420 km™ Fibre (90%) Anderson et
Winnipeg (333 um) al., 2017
Wuhan Bulk water (0-20 (1660-8925 m3) Fibre Wang et al.,
lakes cm) 2017
Dongting Bulk water (0-20 1191/2282 m3 Fibre (41-91%) Wang et al.,
and Hong cm) Fibre (44-84%) 2018
Lake
Poyang Bulk water (0-1  (5-34 LY) Fibre (41% and  Yuanetal,,
Lake m) and (54-506 kgt dw) 44%) 2019
sediments
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Chapter 4: Conclusion

4.1 General conclusions

Most of the scientific literature regarding microfibres has focused on marine systems,
with limited research in other environments (Horton et al., 2017; Li et al., 2018). Yet,
annual atmospheric deposition of microfibres has been estimated to range from 14,000
mf m2 to > 74,000 mf m*2, depending on the geographic location (Cai et al., 2017; Allen
et al.,, 2019). As such, atmospheric deposition may be an important source / vector for
microfibre pollution transport into remote, environments. The objective of this thesis
was to evaluate the level of anthropogenic microfibre contamination in background

natural environments.

Chapter 2 focused on estimating and characterizing the atmospheric deposition of
microfibres in precipitation. Precipitation was collected from four long term
precipitation chemistry monitoring stations in Ireland from June 2017 to May 2018.
Anthropogenic microfibres were present in all precipitation samples collected from the
four monitoring stations. Microfibres were visual identified using modified methods
supported by Raman spectroscopic analysis. Raman analysis verified the visual method
by identifying polyester film and synthetic pigments, Indigo, Eriochrome blue, Levafix
blue, Drimarene turquoise X-2G and Mortoperm. This is the first study to estimate wet
deposition of microfibres across three stations with wet-only precipitation collectors,

which had an average annual wet deposition of ~26,300 mf m. Meteorological
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variables such as rain, wind direction, wind speed, relative humidity, vapor pressure,
and mean sea level pressure were correlated with the amount of microfibres in
deposition. There was no difference in the magnitude and size of microfibres between
the four meteorological stations. There was a difference in the deposition of microfibres
between wet-only and bulk collectors, as bulk deposition is a mix of wet and a fraction

of dry deposition.

In Chapter 3, the abundance, size and colour of microfibres were evaluated in moss,
water and sediment collected at three background headwater lake catchments in
Ireland. Anthropogenic microfibres were present in all media samples from the three
lake catchments. Microfibres were visual identified using modified methods supported
by Raman spectroscopic analysis. Raman analysis verified the visual method by
identifying synthetic pigments, Indigo, Eriochrome blue, Cobalt phthalocyanine,
Hostasol green G-K and Hostopen Violet. The average number of microfibres per lake
catchment was 47,700 mf m™ in moss, 0.70 mf m= in surface trawl, 9, 690 mf m=3in
subsurface, 915 mf kg! in lake sediment and 576 mf kg™ in lakeshore sediment. This was
the first study to estimate atmospheric deposition from moss, which suggests it may be
suitable as a biomonitor for the atmospheric deposition of microfibres. There was no
difference in the microfibre abundance and length in the moss, lake water and lake

sediment samples collected at the three headwater lake catchments
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4.2 Contributions to research

There have been few studies focusing on the atmospheric deposition of microfibres
(Dris et al., 2016; Cai et al., 2017; Stanton et al., 2019; Allen et al., 2019) with the
majority of them being conducted in urban centres (e.g., Dris et al., 2016; Cai et al.,
2017; Stanton et al., 2019). Additionally, these studies have only collected bulk
deposition (wet and a fraction of dry deposition) (Allen et al., 2019). The research in this
thesis contributes to the literature surrounding the presence of anthropogenic

microfibres in background headwater lake catchments and atmospheric deposition.

Specifically, Chapter 2 is the first study to characterize the abundance of microfibres in
wet-only deposition. This study also determined meteorological variables, such as rain,
relative humidity, mean sea level pressure, vapor pressure, wind direction, and wind
speed, were correlated with the abundance of microfibres. Chapter 3 characterized
microfibres from a catchment approach, which indicated that microfibres input from
atmospheric deposition are likely to sink and concentrate in lake sediment. This was the
first study to estimate deposition of microfibres from moss samples, which suggests that

moss may be a suitable biomonitor for atmospheric deposition of microfibres.

4.3 Recommendations
The results determined from Chapter 2 of this study are the first to analyse wet and bulk
deposition of microfibres. Only a fraction of microfibre dry deposition was collected in

the current study, therefore it is recommended that further research is conducted to
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determine total microfibre dry deposition. Due to the majority of published papers
having different methods, it is recommended that methods become standardized in

order to properly compare studies.

There is a need to assess the impacts that microfibres have on human health. Studies
have indicated that depending on the demographic, people could ingest 26—-146
microplastics per day, with an additional 97—170 daily from inhalation, and the majority
of these microplastics are microfibres (Prata, 2018; Cox et al., 2019). This indicates that
people are estimated to ingest 81,000—123,000 microplastics per year (Cox et al., 2019).
The biggest risks to people have been identified as inhalation and drinking water (Cox et
al., 2019). There is currently no known risk associated with the ingestion of microfibres
into the digestive tract or lungs (Wright and Kelly, 2017; Cox et al., 2019). Due to the
lack of knowledge surrounding health impacts, it is recommended that the potential

health impacts from microfibres should be further assessed.
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