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Abstract

Contamination of terrestrial and marine environments by plastic waste has been widely
documented. Most research into the distribution of microplastics has focused on water
but here we show that wind transport can be very effective in mobilising microplastic
particles. A series of wind tunnel experiments using two different substrates (sand and
soil), two different microplastics (microbeads and fibres) and 5 different concentrations of
microplastics (ranging from 0 mg kg 4w to 1040 mg kg'4w) is used to demonstrate that
microplastics are preferentially transported by wind compared to sand and soil. When
compared to either of the untreated substrate beds (0 mg kg'sw), the inclusion of
microplastics was not found to significantly affect the wind erosion threshold for any of
the concentrations or geometric forms (fibres or beads) tested. Averaged over all
concentrations of microplastics and both substrate types, microplastic enrichment was
lower for microbeads than fibres. The enrichment of microplastic fibres within the
entrained particulate matter was one to two orders of magnitude higher for both test bed
substrates, ranging from 98 to 498 for the sand and 278 to 726 for the soil. This suggests
microplastic shape needs to be carefully parameterized in models of atmospheric
microplastic transport. We suggest that microplastic research could benefit from previous

investigations into the wind erosion of soil organic carbon.
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Highlights

e We ran experiments to determine the susceptibility of microplastics to wind

erosion
e Fibrous microplastics are preferentially transported compared to microbeads

e Particle shape may affect the atmospheric transport distance for microplastics
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1. Introduction

Plastics are highly versatile, low-cost, lightweight, materials and hence in high societal
demand for innovation-driven growth and development (North and Halden, 2013;
PlasticsEurope, 2019). The properties that make plastics useful - strength, flexibility,
durability - also make them difficult to dispose of, and their resistance to degradation has
introduced persistent, complex materials to the environment that may have serious
consequences for environmental pollution (e.g. Andrady, 2011; Barnes et al., 2009; Free
et al., 2014; Jambeck et al., 2015), environmental health (e.g. Gasperi et al., 2018; He,
D. et al., 2018; Wright and Kelly, 2017) and ecosystem functionality (e.g. Hu et al., 2019;
Lwanga et al., 2016; Arias-Andres et al., 2018). This paper focuses on microplastics,
defined as solid synthetic-polymer-containing particles less than 5 mm in size
(NOAA/European Marine Strategy Directive). Microplastics can be purposefully
produced to be small in size (primary microplastics) or derived from the breakdown of
macroplastics (to form secondary microplastics) by chemical (Mailhot et al., 2000; Song
et al., 2017), microbial (Yuan et al., 2020) and mechanical processes (Song et al., 2017).
Breakdown of plastics since the onset of mass production 70 years ago has resulted in a
decrease in the average size of plastic particles and an increase in the abundance and
distribution of secondary microplastics, which are pervasive and difficult to remove from

the environment (Barnes et al., 2009).

Microplastics have potentially deleterious effects on terrestrial, freshwater and marine
environments (e.g. recent reviews by Beaumont et al. 2019; Wang et al., 2020; Li et al.,
2020). Research into their long-term effects is in its infancy, but the risks may include
damage to organisms’ digestive systems (von Moos et al., 2012; Tanaka & Takada, 2016;
Wright et al., 2013), facilitating the transfer of harmful chemicals, including persistent

organic pollutants (e.g. Hidalgo-Ruz et al., 2012; McCormick et al., 2014; Carbery et al.,

4
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2018), and alterations to soil stability (Boots et al., 2019; Barnes et al., 2009; Lehmann

et al., 2019; Zhang et al., 2019; Machado et al., 2018).

Microplastics derive from land-based anthropogenic activity with >50% of all microplastics
estimated to be retained in the terrestrial environment (Boucher and Friot, 2017;
Zalasiewicz et al., 2016). Despite this, most scientific and media attention has focused
on microplastics in the marine depositional sink and presence/absence in the terrestrial
environment. The main focus for research in to microplastic transport pathways has been
via rivers to the oceans, however recent studies of soils (Scheurer and Bigalke 2018;
Allen et al., 2019; Rezaei et al., 2019), snow (Bergmann et al., 2019), supraglacial debris
(Ambrosini et al., 2019) and total atmospheric fallout (Dris et al., 2016) indicate airborne
transport may be important. The wind erosion and transport of microplastic can not only
redistribute particles within the terrestrial environment but atmospheric fallout is also likely

to contribute to marine pollution (Evangeliou et al., 2020).

A recent review of atmospheric microplastics (Zhang et al., 2020) highlights that most
research has focused on atmospheric deposition of plastic particles. In particular, studies
of atmospheric deposition have focused on cities in China (e.g. Cai et al., 2017; Liu et al.,
2019; Zhou et al., 2017), France (Dris et al., 2015, 2016, 2017), Germany (Klein and
Fischeretal., 2019), Iran (Dehghani et al., 2017; Abbasi et al., 2019) and the UK (Stanton
et al., 2019; Wright et al., 2020), where outdoor microplastic abundance ranges from <5
to >1000 particles m2d-!, or 2 ->9000 mg kg-!. Studies of rural and remote environments
have identified microplastics in snow in the Pyrenees mountains (Allen et al., 2019), Alps
(Ambrosini et al., 2019) and Arctic (Bergmann et al., 2010) and in remote lake catchments

in Ireland (Roblin and Aherne, 2020). Microplastics have also been found in floodplain
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soils in nature reserves in Switzerland (Scheurer and Bigalke, 2018). The distance of
these rural or remote locations from urban areas suggest that airborne, rather than fluvial,

transport is a more likely source of at least a proportion of the microplastics found there.

Microplastics take a variety of forms including fragments (flattened, angular), fibres (even-
thickness, linear, flexible), films (thin and typically transparent), foams (compressible,
sponge-like texture) and beads (granular, rounded). The shape depends both on the
specific type of plastic, the original form of the primary plastic, the processes operating to
degrade macroplastics to microplastics, age and environmental residence time. For
example, fibres are often associated with shedding from textiles, beads with personal
care products, foams with insulation or food packaging, and fragments as by-products of
manufacturing or the breakdown of macroplastics (Rochman et al., 2019). The most
common shapes identified for atmospheric microplastics are fibres e.g. >90% in Paris
(Dris et al., 2015); >80% in Dongguan (Cai et al., 2017); 95% in Yantai (Zhou et al.,
2017),China; and 92% in London (Wright et al., 2020): or fragments e.g. >90% in
Hamburg (Klein and Fischer, 2019) and 68% in the Pyrenees (Allen et al., 2019). This is
likely to reflect a combination of the prevalence of shapes at nearby sources (e.g. urban
areas that are production centres for synthetic fibres) and the influence of shape on

atmospheric transport and residence time.

The small size and often low density of microplastics means that when they are exposed
to wind erosion they are likely to be very susceptible to entrainment and transport. This
may mean microplastics form a potential risk to human (Gasperi et al., 2018) and

ecosystem health in locations far-removed from their origin (Rezaei et al., 2019). To date
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there have been very few studies of the entrainment potential of microplastics by wind
nor of the impact of particle properties on the mode and distance of airborne transport
(Waldschlager et al., 2020). Rezaei et al., (2019) used a field wind tunnel study to
demonstrate that wind-eroded sediments from both agricultural and natural areas were
enriched with microplastics compared to the original soils but there is no indication of

whether particular forms (shapes) of microplastics are preferentially eroded.

The aim of this paper is to explore the extent to which microplastic particles are
preferentially-transported compared to natural sediments using a series of controlled wind
tunnel experiments. Two different substrates (sand and soil) and two different shapes of
microplastic (bead and fibre) were used to determine the impact of substrate and shape

on microplastic entrainment.

2. Materials and Methods

2.1 Materials

Experiments were performed in the Trent University Environmental Wind Tunnel (TEWT),
a boundary layer simulation tunnel with an open-loop suction design. The tunnel working
section is 12.5 m long, with a cross section 0.7 m wide by 0.76 high, and the whole tunnel
is housed in an environmental chamber which, for this study, was held constant at 20 °C
and 20% relative humidity to control electrostatics. Further details of the TEWT facility
are provided in previous publications (Nickling and McKenna Neuman 1997; McKenna

Neuman and Nickling, 2000; Li and McKenna Neuman, 2012).

Experiments were conducted using two substrates and two types of microplastic. With a

particle density of 2.65 g cm?, substrate one was well-sorted quartz sand (hereafter

7
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‘sand’) similar to that found on beaches (Constant et al., 2019) and lakeshores (Zhang et
al., 2016) from which high concentrations of macro- and microplastics have been reported
(Fig. 1a; Table 1). Substrate two was a poorly-sorted soil containing 13.2% organic matter
(calculated by loss on ignition at 850 °C) (hereafter ‘soil’) (Fig.1b; Table 2). Both
substrates were air-dried and stored in the same environmental chamber that houses the
wind tunnel. The sand is likely to have similar erodibility to dry, loose in situ sand e.g. on
dry beaches or dunes, because it is well-sorted and, in the absence of organic crusting,
not subject to aggregation in the field. The soil may be less-representative of in situ field
conditions as the degree of aggregation and sorting may have been changed during the
preparation process, however the soil experiments are comparable with each other in
relative terms. The microplastics were (i) fluorescent, red, polyethylene microspheres in
the size range 212-250 um with a density of 1.2 g cm? (hereafter ‘microbeads’), and
chosen to be similar in size/shape, but lower in density to the sand bed; and (ii) 5 mm
long polyester fibres (hereafter fibres’) having a width of 0.5-1 mm and a density of 1.38
g cm?3. Plastics were mixed with the substrate at concentrations of 40, 240, 640 and 1040
mg kg'aw. For the microbeads, the associated range in particle count per kg is from 6200
to 160,000 (particle count for fibres could not be calculated). The lower concentrations
are comparable with field measurements (Scheurer and Bigalke, 2018; Zhang et al.,
2016) and predicted (Amec Foster Wheeler Environment & Infrastructure, 2017)
environmental concentrations for agricultural soils, whilst the highest is at the lower end

of that reported for industrial areas (Fuller and Gautam, 2016).



177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

%)

Class Weight (
Class Weight (%)

0

<
& ,\<'; QQ \QQ \,)59 \‘OQ \%Q ’i\@ ,‘é:)b ’bQQ n;é’) ';ﬁ') (DQQ A 'JQQ'\Q%({:)\QJQ\%Q "i@’f’g'bgg’bhb';f’?&%gg’\ \Q‘?;??QQ?\%Q S QQQQ@QQQQJQQQ

Particle Diameter (x:m)

Particle Diameter (.:m)

<< Figure 1: (A) Particle size distribution of substrate one (sand) and (B) substrate 2

(soil). >>

2.2 Methods

For each experiment, test surfaces were prepared by filling a 0.025 m by 0.35 m by 1.0
m metal tray with the given mixture of test material (substrate, or substrate + microplastic),
which was prepared by weighing and manually mixing the appropriate ratios of substrate
to plastic (Table 3). The test material was levelled such that the substrate surface was
level with the tunnel floor and finally an airtight seal was secured around the tray
perimeter. The upwind fetch was 8 m, wherein the flow travelled over a loose bed of
randomly distributed gravel to adjust and achieve the desired aerodynamic roughness

upon reaching the test bed.
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For each threshold experiment, the freestream wind speed was increased from well below
threshold up to 14 m s in 0.25 m s increments to determine wind speeds for the
inception of intermittent and continuous saltation (Davidson-Arnott and Bauer, 2009); i.e.
particles moving across the bed surface in low ballistic trajectories. The freestream wind
velocity was sampled throughout the experiments at an elevation of 0.35 m using a micro
pitot tube positioned 1.42 m upwind of the test bed. Freestream wind speed was
controlled by a stepper motor with each “step” lasting 30 seconds with this stepping wind
speed pattern being typical of emissions threshold testing for dust and soils
(Ogungbemide, 2017). Experiments were performed in triplicate for each test material
(ratio of substrate to plastic). Vertical velocity profiles were collected at each wind speed
step and used to calculate the aerodynamic roughness and friction velocity by fitting the

velocity data to the Law of the Wall equation.

Particle transport was approximated by particle counts which were measured using two
fork-type Wenglor™ gate sensors secured to the bed 2 cm downwind of the test surface.
These sensors were attached equidistant from the walls of the tunnel, and particle counts
were measured approximately 0.5 cm above the surface. Due to natural variability in the
streamwise distribution of particle transport, data from both Wenglors were summed

during analysis.

Trapped samples of mobilised material were retrieved after each run at distances of 5,
30, 60, 100, 150 and 200 cm downwind of the test bed using glycerol-coated microscope
slides attached to the wind tunnel base. The trapped samples were used to determine
microplastic enrichment ratios (Sharpley, 1985) — the ratio of microplastic content in the

particulate matter transported by creep and saltation to that in the original substrate.

10
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Published relationships between saltation and suspension are expected to provide insight

into long distance microplastic transport potential.

2.3 Quantification of Microplastic Entrainment

Although each wind tunnel experiment was repeated three times, quantities of entrained
sediment and microplastics were small and therefore the material captured on the
glycerol-coated slides was bulked together for replicate tests. Particles trapped on the
slides were transferred onto cross hatched filter papers and distributed to ensure that
samples were only one grain thick. Where large amounts of sediment were transported,
multiple filter papers were used to ensure a single thickness of grains. Averages were
taken of the derived data if more than one filter paper was needed per sample. Images
of the filter papers were captured using a Leica S9D stereomicroscope microscope. The
images were imported into Imaged, a free image processing and analysis software
package. The version used in this work was ImagedJ 1.8.0_172 with the extension plug-

in Threshold Colour.

For each image a central sub region was cropped and the scale applied such that images
were scaled to their actual size. The total area of the image covered by sediment was
calculated using the Threshold Colour plug-in. This plugin can threshold a specific colour
from an image by selecting a range of values within the HSB (Hue, Saturation, Brightness)
range. Given photographs of the samples were taken under constant light conditions,
once the HSB value was derived for the first image it was kept constant for all subsequent
analysis. Following this thresholding procedure, a binary transformation was applied to
separate the selected colour from all other pixels. The surface area of the thresholded

pixels was then automatically calculated using ImageJ.

11
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In addition to the total area covered by sediment in each image, the total number of
microplastic particles was manually counted. The microplastic spheres were of a known
calibrated diameter of 212 ym so once the total number per image was known the total
area they occupied could be calculated. A greater range in sizes was observed for the
fibres so for each image alongside the total number of fibres, the length, width and total
area of individual fibres was also measured. For all fibres analysed the median area was
3.8 mm?, mean area was 4.35 mm? and the standard deviation of the area was 4.36 mm?.
In the results presented herein the median area was multiplied by the number of fibres to

give the total area per image.

3. Results

3.1 Velocity-flux profiles

For the test beds without microplastics, the threshold for intermittent saltation was 7.25-
7.5ms " for sand and 11-12 m s™' for soil (Table 4). The threshold for continuous saltation
was higher in each case at 7.5-8 m s for sand and 12.5-13.5 m s for soil. Mineral
particles and microplastics were entrained and transported during all the experiments.
For the sand and soil test beds including microplastics intermittent saltation occurred in
the range 6.75to 7.5 m s and 10.0 to 13.5 m s™, respectively, as compared to the higher
wind speeds required for continuous saltation which were 7.5 to 8 m s' (sand) and 11.5
to 14 m s (soil)(Table 4). When compared to either of the untreated test beds, the
inclusion of microplastics was not found to significantly affect the wind erosion threshold
(continuous or intermittent) for any of the concentrations or geometric forms (fibres or

beads) tested (Table 4).
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The velocity-flux profiles for Run 1 of each experiment are shown in Figure 2. For the
sand beds the similarity of threshold is evident but there are differences in the relationship
between total particle count (mineral particle + microplastic) and wind velocity. Above
threshold for a given wind speed the flux over the sand bed is higher for experiments
including microplastics than for sand without microplastics, and higher where the
microplastics are fibres than for experiments including beads. For example, for a wind
speed of 7.75 m s the flux is 7.6 counts cm™'s™ for the pure sand bed, 18-16.5 counts
cm's™ for the sand bed including microplastics, and 11-31.5 counts cm's™! for the sand
bed including fibres. Experiments using the soil bed are less systematically variable. At
low wind speeds the flux fluctuates but following the onset of continuous saltation the soil
beds including fibres generally have a higher flux than those containing beads for the
same wind speed. One exception is the run with the lowest concentration of fibres (40
mg kg'aw), where flux is lower for beds including microplastics than for the soil bed with

no microplastics added.
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<< Figure 2: Relationship between wind speed and flux (mineral particle + microplastics)

for A) sand bed, and B) soil bed. >>

3.2 Microplastic Enrichment Ratios

The susceptibility of microplastic particles to wind entrainment was determined by
calculating the ratio of microplastic content in the transported material to that in the
original substrate. The mean number of microplastic particles transported in each
experiment ranged from 11 to 78 for the microbeads and 3 to 191 for fibres. Averaged
over replicates of all concentrations of microplastics, distances and both substrate types,
microplastic enrichment was lower for microbeads than fibres (Figure 3; Table 3). For

the soil tests, the enrichment ratio for microbead entrainment was lowest and close to 1

14
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for most concentrations. This suggests the relative quantity of microbeads transported is
similar to that for natural particles in the soil population. Enrichment ratios for microbeads
entrained from sands ranged from 5.03 for the lowest concentration to 3.12 for the highest
concentration. Notably, the enrichment of microplastic fibres within the entrained
particulate matter was one to two orders of magnitude higher for both test bed substrates,

ranging from 98.15 to 498.25 for the sand and 278.14 to 726 for the soil (Table 3).
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<< Figure 3. Summary of the ratio of microplastic content in eroded material compared
to that in the original substrate. Box indicates median (centre line), 25" and 75®
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15



309

310

311

312

313

314

315

316

317

318

319

320

321

In order to determine the likelihood of microplastic particles being transported long
distances entrained material was trapped at differences downwind, up to 2 metres from
the downwind edge of each test bed. The enrichment ratios for each distance downwind
do not demonstrate any significant or systematic variability which suggests once

entrained into the airflow particles may be transported away from the source (Figure 4;

Table 5).
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4, Discussion

Microplastics have recently been detected in the atmosphere, and in remote sites where
the most likely source of contamination is via atmospheric deposition (Zhang et al., 2020).
There has been very little research to date concerning the entrainment of microplastics
by wind at source, despite the fact that microplastic occurrence can be high in soils
susceptible to wind erosion (Rezaei et al., 2019). Similarly, very little is known about the
processes governing airborne microplastic transport (Horton & Dixon, 2017). The data
presented in this paper provide insights for a better understanding of the entrainment,
transport and deposition of microplastics by wind when considered alongside previous
research relating to the effects of particle density and shape on wind erosion and dust

emission.

The low density of plastics is expected to affect both their entrainment potential at source
and settling velocity, which will determine long-distance transport potential and deposition
rates. In this experiment, the density of microplastic particles (1.2-1.38 g cm?) is similar
to that of organic soil components, which range from 1.0-1.5 g cm® depending on the
degree of decomposition (Zenchelsky et al., 1976; Skopp, 2000). Wind-eroded material
from soils is often enriched in organic matter (ER = 1 to 10) as compared with the
substrate from which it is entrained (Ruhlmann et al., 2006; Webb et al., 2013; lturri et
al., 2017). Whilst this enrichment varies on an event-by-event basis (Panebianco et al.,
2016), a common observation is that soil organic carbon enrichment is greater for soils
with a high sand content when compared to clay-rich soil (Webb et al., 2013; Panebianco
et al., 2016). This outcome is consistent with the experimental results presented here for
microbead entrainment where the ER is slightly higher for the sand as compared to the
soil. Microbead ERs observed here are similar in magnitude to ERs measured in the only

published field study of microplastic wind entrainment at source (Rezaei et al., 2019) (ER
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= 0 to 7.63), which also identifies a positive relationship between microplastic enrichment
and sand content, but does not provide information on particle shape. In contrast, the ER
outcomes for fibre entrainment (Table 3) have a less clear association with substrate type
where enrichment is generally, but not always, higher for soil rather than sand. Building
on existing wind erosion studies of organic matter enrichment as an analogue, future
research carried out in the laboratory and field should aim to quantify the relationship
between microplastic enrichment and increasing wind speed, given the mobilisation of

larger soil particle diameters with increased fluid drag.

A substantial unknown is the effect of low particle density on the vertical displacement of
particles at the soil surface via saltation impact. Saltation is well-known as a process for
driving not only the mobilization of surface particles by creep and dynamic saltation, but
also for the ejection of small and/or light particles higher in to the airstream where it is
transported via suspension and may amplify long range transport (lturri et al., 2017). The
impact of particle density on the rate and nature of aeolian particle transport is poorly
understood particularly for mixed substrates (Sherman, 2020). In a study to consider the
behaviour of snow particles, Gordon and McKenna Neuman (2011) compared the particle
splash dynamics of quartz sand (density 2.63 g cm?®) and acrylic particles with a density
of 1.21 g cm™® and mean diameter of 192 um. They found the acrylic particles impacted
the bed surface at lower velocities and angles but caused the ejection of a greater number
of particles than the sand particles. The shape of the particles was argued to be important
due to its impact on particle packing and bed porosity. Owing to their low density, we
suggest that microplastic particles are unlikely to have sufficient kinetic energy to eject
mineral particles from the bed surface and thereby contribute to the development and
maintenance of the saltation cloud. This remains to be confirmed, however, as no

statistics exist on the number, launch angle and velocity components for microplastic
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particles splashed from a mixed bed surface as a consequence of particle impact.
Analogous to dust emission modelling, such information is required for estimating the
sandblasting efficiency associated with release of microplastic particles to the
atmosphere. Microplastic shape is also likely to influence the transfer of momentum from
dynamic to static particles where compact (spherical) particles may be more effective
than pliant (fibrous) particles. The relative proportion of mineral and microplastic particles

would there be expected to affect overall aeolian transport.

With regards to the effect of particle shape, existing studies of microplastic deposition in
both cities (Dris et al., 2016) and at remote mountain sites (Free et al., 2014; Allen et al.,
2019) have found that fragments, films and fibres are more common than beads and
pellets. Results presented in this paper indicate that the entrainment of microbeads is
similar to, or slightly higher than, the entrainment of sand or soil, but that fibres are
considerably more likely to be entrained than either substrate. Although it was not
possible explicitly to differentiate whether microplastic particles were entrained at lower
wind speeds than mineral particles in the experiments reported here, Figure 2 suggests
that in the case of the sand bed this is likely to have been the case. Particle counts and
higher flux rates occurred at lower wind speeds for sand beds containing microplastics
than those without. This may be because the bed was loose and well-sorted and the low
density microplastic particles were more readily entrained than the mineral particles at
low wind speeds between intermittent and continuous saltation. Once the wind speed is
above the continuous saltation threshold the whole bed, including both sand and
microplastics, is mobilised. The dynamics of the soil beds are somewhat different to those
of the sand beds because the poorly-sorted soil substrate is more susceptible to
armouring as winnowing of fine particles takes place. Spherical microbeads are more

likely to be sieved down through the soil during the armouring process which would
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protect them from erosion whereas microplastic fibres may be less susceptible to sieving
due to their shape and pliability. This may help to explain why fibres are more likely to
be entrained but more research will be required to establish this. It is likely that fibres
lying horizontally on the soil surface can be easily entrained but those caught in sediment
interspaces and partially buried are likely to require higher shear stresses to be mobilized
(Waldschlager and Schattrumpf, 2019). Waldschlager and Schuttrumpf, (2019) suggest
that within water the drag force is probably more important for the erosion of beads and
the lift force more important for fibres and this may be the same for transport in air. The
preferential entrainment of fibrous microplastics may also be due to their impact on soil

porosity (de Souza Machado et al., 2018; Zhang et al., 2019).

Particle shape can be summarised by aspect ratio (1 — the ratio of particle length to width)
and for natural mineral particles A is usually around 1.5 with a maximum of 5, although
for some mineralogies 4 of up to 10 can occur (Ginoux, 2003). For microplastics, 1 varies
substantially depending on type and origin. For the present study, A = 1 for the
microbeads, and for the fibres the modal 4 = 5 and mean A1 = 8 (range 1-40). Particles
with high A generally have an increased surface area to volume ratio, which for
microplastics descending in air, increases the opposing fluid drag relative to the
gravitational force. Neglecting particle interactions and Magnus effects (spin), the higher
drag associated with aspherical particles contributes to lower settling velocities, meaning
that once entrained the particles stay in the atmosphere for longer periods of time than
do spherical particles (Yang et al., 2003). Particle size modifies this effect to some extent
such that for a given shape, settling velocity is decreased less for small particles (<5 pm)
than larger ones. Ginoux (2003) determined that for 100 ym particles with 4 = 10, the
settling velocity was close to an order of magnitude slower than for a sphere of the same
size. This has implications for the residence times of particles in the atmosphere, where
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A =10 may result in a doubling of particle lifetime due to gravitational settling and
suggests that once microplastic fibres have been entrained they are more likely to travel

longer distances than plastic microbeads.

Allen et al. (2019) estimated the distance over which microplastics deposited in a remote
mountain catchment might have travelled (by assuming a settling velocity equivalent to
that for a 25 ym dust particle) to be up to 95 km. Using the same approach, and
accounting for the size and density of the microbeads used here (particle diameter 250
um, particle density 1.2 g cm?3), we estimate that dispersion up to 126 km from the source
could occur for wind speeds averaging 7 m s™. It is not yet possible to do the same
calculation for fibrous microplastics and given the likely influence of particle shape on
suspension and settling, we suggest that microplastic shape needs to be carefully

parameterized to predict the transport distance for microplastic fibres and fragments.

5. Conclusions

Novel laboratory experiments have quantified, for the first time, the extent to which
microplastic particles are preferentially-transported compared to natural sediments.
Specifically, using sand and soil substrates containing either microplastic beads or fibres,
wind tunnel experiments were used to determine the impact of substrate and shape on
microplastic entrainment. At the concentrations tested here, results show that although
the inclusion of microplastics within a substrate was not found significantly to affect wind
erosion thresholds, overall particle flux for beds containing plastic particles was higher in
conditions above threshold. There is an enrichment of both types of microplastic particles
within the entrained particulate matter. This enrichment is of one to two orders of

magnitude for the microplastic fibres from both test bed substrates. The enrichment ratios
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of plastic particles do not demonstrate any significant or systematic variability with
distance down wind (over 2 m) which suggests once entrained in to the air flow, particles

may be transported away from source.

The results reported here have provided first insights into the entrainment and transport
of microplastics from source substrates but questions remain as to the detailed particle-
scale processes by which microplastics are entrained in to the airflow. Considerably more
research into the roles of microplastic shape and density on their susceptibility to wind
erosion and long distance transport needs to be undertaken to effectively parameterize
models of atmospheric microplastic transport. Previous investigations into the wind
erosion and modelling of soil organic carbon enrichment and dispersal may provide a

useful starting point for future research in to airborne microplastics.
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686
687  Table 1: Folk and Ward (1957) statistics for substrate one (sand)
688

Geometric (um) Logarithmic () Description

Mean 254.2 1.976 Medium sand
Sorting 1.412 0.497 Well sorted
Skewness -0.129 0.129 Fine skewed
Kurtosis 1.099 1.099 Mesokurtic

689

690

691

692

693

694  Table 2: Folk and Ward (1957) statistics for substrate two (soil)
695

Geometric (um) Logarithmic () Description
Mean 671.5 0.574 Coarse sand
Sorting 2.789 1.480 Poorly sorted
Skewness -0.025 0.025 Symmetrical
Kurtosis 0.832 0.832 Platykurtic
696
697
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698  Table 3: Initial microplastic concentrations and average enrichment ratio (all distances) of

699  microplastics in wind-eroded material.

700
Average enrichment ratio
(all distances)
Substrate Concentration  Ratio of Microbead Fibre
(mg kg "aw) microplastic:substrate
Sand 40 1:25,000 5.03 129.05
240 1:4167 5.38 498.25
640 1:1563 3.84 98.15
1040 1:962 3.12 193.64
Soil 40 1:25,000 3.49 726.40
240 1:4167 1.59 278.14
640 1:1563 0.89 606.67
1040 1:962 1.06 305.40
701
702
703
704
705
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706
707  Table 4: Thresholds for intermittent and continuous saltation for each substrate/microplastic combination and r? regression coefficients for best-fit

708  relationships between enrichment ratio and distance downwind for different concentrations of microplastic (plotted in Figure 3 main text).
709

Substrate microplastic Microplastic Intermittent saltation threshold Continuous saltation threshold r? relationship between
type concentration (ms™ (ms™ enrichment ratio and
(mg kg "aw) distance downwind
Run 1 Run2 Run3 Run 1 Run 2 Run 3
Sand (no microplastic) 0 7.5 7.25 7.5 8 7.5 8 -
Sand_microbead 1040 7.25 7.5 7.25 7.75 7.75 7.75 0.305
Sand_microbead 640 7.5 7.25 7.25 8 8 7.75 0.038
Sand_microbead 240 7.25 7.25 7.25 8 8 8 0.021
Sand_microbead 40 7.5 7.5 7 8 8 8 0.754
Sand_fibre 1040 7 7.25 7 7.75 8 7.75 0.556
Sand_fibre 640 6.75 7 7 7.75 7.75 7.5 0.086
Sand_fibre 240 7.5 7 7.25 8 7.75 7.75 0.438
Sand_fibre 40 7.5 7.5 7.25 7.75 8 8 0.017
Soil (no microplastic) 0 12 11 12 13 12.5 13.5 -
Soil_microbead 1040 12.5 11 11.5 13 12.5 13 0.011
Soil_microbead 640 13.5 13 11 14 13.5 12.5 0.197
Soil_microbead 240 12 10.5 11 13.5 12 12 0.138
Soil_microbead 40 12 11.5 11.5 13 12.5 13 0.255
Soil_fibre 1040 12 10.5 10 13 12 13 0.110
Soil_fibre 640 10 12 12 11.5 13.5 13.5 0.636
Soil_fibre 240 12 12 11 13.5 13 12 0.195
Soil_fibre 40 11 12 12 14 13 13 0.163
710
711
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712 Table 5: Microplastic enrichment for each substrate/microplastic combination, concentration

713 and distance.

714
Microplastic Distance Enrichment ratio
concentration downwind
(mg kg'a)  (cm)

Sand_microbead Sand_fibre Soil_microbead Soil fibre

1040 200 4.73 59.36 0.53 181.95
1040 150 2.14 143.83 1.39 221.07
1040 100 3.31 119.50 0.67 333.57
1040 60 3.44 348.13 2.30 332.26
1040 30 3.22 281.66 0.91 652.55
1040 5 1.86 209.38 0.55 111.00
640 200 4.10 76.98 0.37 241.75
640 150 3.73 93.12 1.23 422.07
640 100 3.34 92.51 0.95 431.65
640 60 5.34 109.16 0.55 621.91
640 30 5.02 153.46 0.77 574.40
640 5 1.51 63.64 1.47 1348.23
240 200 4.75 76.99 0.67 118.73
240 150 5.79 435.57 1.67 254.31
240 100 4.67 213.66 1.89 308.78
240 60 10.71 1049.70 0.50 302.81
240 30 4.06 393.94 3.52 531.05
240 5 2.16 819.63 1.28 153.17
40 200 8.94 150.34 0 778.83
40 150 7.47 0 2.03 0
40 100 3.08 0 5.02 598.38
40 60 6.17 204.26 7.19 987.48
40 30 30.08 0 5.09 0
40 5 1.46 419.72 1.63 1993.68
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