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H I G H L I G H T S

Microplastics collected in atmospheric fallout at a remote New Zealand site.
Daily microplastic deposition fluxes (150 MP m−2 day−1) are on average 6× higher than weekly deposition fluxes (26 MP m−2 day−1).
Dispersion modelling reveals source regions from remote, terrestrial and oceanic regions.
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A B S T R A C T

Airborne microplastics have emerged in recent years as ubiquitous atmospheric pollutants. However, data from
the Southern Hemisphere, and remote regions in particular, are sparse. Here, we report airborne microplastic
deposition fluxes measured during a five-week sampling campaign at a remote site in the foothills of the
Southern Alps of New Zealand. Samples were collected over 24-hour periods for the first week and for 7-
day periods thereafter. On average, atmospheric microplastic (MP) deposition fluxes were six times larger
during the 24-hour sampling periods (150 MP m−2 day−1) than during the 7-day sampling periods (26
MP m−2 day−1), highlighting the importance of sampling frequency and deposition collector design to limit
particle resuspension. Previous studies, many of which used weekly sampling frequencies or longer, may
have substantially underestimated atmospheric microplastic deposition fluxes, depending on the study design.
To identify likely sources of deposited microplastics, we performed simulations with a global dispersion
model coupled with an emissions inventory of airborne microplastics. Modelled deposition fluxes are in
good agreement with observations, highlighting the potential for this method in tracing sources of deposited
microplastics globally. Modelling indicates that sea-spray was the dominant source when microplastics
underwent long-range atmospheric transport, with a small contribution from road dust.
1. Introduction

Microplastics (plastic debris 1–5000 μm in size) and nanoplastics
(<1 μm) are near-ubiquitous atmospheric pollutants (Beaurepaire et al.,
2021; Allen et al., 2022). Due to their small size and relatively low
density, they are easily transported by wind (Bullard et al., 2021) and
thus atmospheric transport is a major pathway for microplastics (MP)
to reach remote regions (Evangeliou et al., 2020; Brahney et al., 2021).
Microplastics are hazardous to marine and terrestrial ecosystems (de
Souza Machado et al., 2018; Andrady, 2011) and can be harmful to
human health through their introduction of toxic organic pollutants and
potential interference with biological processes (Goodman et al., 2021;
Prata, 2018).

Little is known about airborne microplastics in remote terrestrial
areas of the Southern Hemisphere outside of a few studies carried out
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in Antarctica (Aves et al., 2022; Marina-Montes et al., 2022; González-
Pleiter et al., 2021; Chen et al., 2023). Measurements from remote re-
gions of the world are important to provide the background abundances
needed to constrain the climate impacts of airborne microplastics (Rev-
ell et al., 2021), and as a benchmark to understand how environmental
microplastic burdens are influenced by future potential policy actions
(Allen et al., 2022).

Airborne microplastics are typically collected via passive collec-
tion or active sampling (Chen et al., 2020). These differing collection
techniques mean comparisons between studies are difficult as standard-
ized sampling protocols currently do not exist. Even with individual
sampling techniques large variations exist. For example, deposition
studies may use an automatic wet deposition sampler, or a simple open
vailable online 1 March 2024
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beaker or funnel over a bottle to collect total atmospheric fallout (Allen
et al., 2019; Brahney et al., 2020; Knobloch et al., 2021). Knobloch
et al. (2021) tested the impact of deposition sampler design on the
abundance of microplastics collected, finding that a funnel over a bottle
and an open beaker were similarly effective; while the funnel likely
prevents sample re-suspension, it also may prevent particles from being
collected in the first place. The duration of sampling may also play
a role, with current studies being undertaken over days, weeks and
months (summarized by Allen et al. (2022) and studies therein).

To assess the presence of airborne microplastics at a remote New
Zealand site and test the influence of sampling frequencies, we collected
airborne microplastics across both daily (24-h) and weekly (7-day) sam-
pling periods (see Methods). The study was carried out in the foothills
of the Kā Tiritiri o te Moana | Southern Alps of New Zealand; the first
remote site used in an airborne microplastics study in New Zealand
to date. To assess long-range transport of the microplastics deposited
at the study site, we use a Lagrangian model, which we combine
with recently published global emission inventories for microplastics
(Evangeliou et al., 2022). This provides a modelled source contribution
analysis to the measured deposition rates giving a novel insight into
their origin.

2. Materials and methods

2.1. Field sampling

Sampling was carried out at the University of Canterbury’s Mt John
Observatory in the Mackenzie district (43.9853◦S, 170.4641◦E, 1031 m
bove sea level, Fig. S1). Ōtehīwai | Mt John is situated in the foothills
f the Southern Alps on the eastern side, and approximately 80 km from
ither coast. The Mackenzie district is largely unpopulated: the nearest
own Tekapo has a population of 550, with the total population of the
ntire Mackenzie district 4866 over an area of 7139 km2 (Statistics New
ealand, 2018), which equates to 1 person per 1.42 km2.

Two sampling periods were completed to collect both daily and
eekly deposition data. In the first sampling period, samples were

ollected in triplicate every 24 h for 7 days (21 samples total), hereafter
4-h samples. In the second sampling period, samples were collected
n triplicate every 7 days for four weeks (12 samples total), hereafter
-day samples. These sampling periods were selected to investigate
hether sampling frequency significantly influences the number of
icroplastics collected. For both sampling periods, three 1 L glass

ampling vessels with a surface area of 0.006 m2 (mouth diameter of
.09 m) were placed in a purpose-built stainless-steel holder (Fig. S24)
nd the lids were removed. After the sampling period, the collectors
ere sealed with their lids at the site and replaced with new, pre-

leaned sampling collectors for the next sampling period. The collection
nd set-up of this study followed methods previously reported in the lit-
rature (Table. S9), which presents deposition sampling as an accessible
ption for passive microplastic collection.

Weather data was taken from a nearby weather station (Table. S4
nd Table. S8) which sits at an elevation of 762 m a.s.l. Over the
aily sampling periods there was no precipitation recorded, tempera-
ure averaged 3.3 ◦C across the daily sampling periods and the wind
ame from a predominantly North to North-West direction with a 3 m
−1 average wind speed. Over the weekly sampling periods, week 1
eceived 13.9 mm of precipitation, week 2, 2.1 mm, week 3, 0 mm
nd week 4, 2.5 mm. Average temperature across the four weeks was
.7 ◦C, with week 1 averaging under 0 ◦C. Wind direction was mostly

−1
2

W–NW, with wind speeds averaging 2.7 m s .
.2. Laboratory analysis

Each sample collector was rinsed with 100–200 mL of ultra-pure
ater to ensure re-suspension of any particles present. The contents
f the sample were vacuum filtered onto a glass microfibre filter
Whatman GF/C; 1.2 μm pore size; 47 mm diameter). All glassware
as flushed five times with approximately 100–200 mL of ultra-pure
ater to ensure all sample contents were removed. The sample was

hen vacuum filtered, rinsing all sides of the filter apparatus three times
ith ultra-pure water and once with 70% ethanol after filtration. The

iltering apparatus opening was covered in aluminium foil during the
iltering process. Once dry, the filter was removed with stainless steel
weezers and placed in a petri dish ready for visual analysis.

.3. 𝜇FTIR identification of microplastics

Filter papers were analysed using a Leica MZ125 stereomicroscope
10× magnification) for visual identification of microplastics. Visual

identification was based on previously identified characteristics of mi-
croplastics related to type, shape, degradation, colour and physical
characteristics, as well as equal thickness of fibres, lack of cellular
structure, and homogeneous colour (Chen et al., 2020). Four main mor-
photypes were used to categorize microplastics: films, fibres, fragments
and beads. Colours were also recorded for each suspected microplastic
particle.

Following visual identification, all suspected microplastics were
chemically analysed using micro-Fourier Transform Infrared Spectro-
scopy (μFTIR) as described by Aves et al. (2022). Between 0%–50%
of chemically analysed particles were confirmed as plastic polymers
in each sample (Table. S2 and Table. S6). Using pre-existing methods
for image analysis of microplastic characterization (Primpke et al.,
2018), a Hyperion 2000 microscope (Bruker Optics) attached to a
Vertex 70 (Bruker Optics) spectrometer, mercury cadmium detector
(MCD) super-cooled with liquid nitrogen, was used for polymer iden-
tification. Suspected polymers were manually placed onto a calcium
fluoride disk (CaF2; 6 mm) using tweezers and a drop of 96% ethanol
(to aid in transfer). An overview image was taken before infra-red
measurements were performed at 15× magnification. Scans were run
in transmission mode (10 scans, 4 cm−1 resolution, spectral range of
000–1000 cm−1) using OPUS 7.8 software. A Wiley spectral library
as used to run all spectra against (databases: industrial chemicals,
ure organic compounds; organosilicons; polymers, Hummel defined
asic; Sadtler acrylates and methacrylates; Sadtler fibres and textile
hemicals; Sadtler fibres by microscope; Sadtler inorganics; Sadtler
olymers and monomers (comprehensive); Sadtler polymers, Hummel;
adtler standards (organic and polymeric compounds subset); Sigma-
ldrich library of FTIR spectra). Particles returning a hit quality index

HQI) of >70% were accepted as microplastics and anything less that
isplayed characteristic plastic peaks was compared against library
eference spectra to confirm identification.

.4. Modelling

To track the transport and origin of the deposited atmospheric
icroplastics, the Lagrangian particle dispersion model FLEXPART

ersion 10.4 was used (Pisso et al., 2019). The model was driven
ith hourly ERA5 assimilated meteorological analyses (Hersbach et al.,
020) retrieved from the European Centre for Medium-Range Weather
orecasts (ECMWF) consisting of 137 vertical levels and a horizontal
esolution of 0.5◦ × 0.5◦. The emission sensitivities were calculated in

backwards time (retroplume) mode, using a new feature of FLEXPART
that reconstructs wet and dry deposition with backward simulations
(Eckhardt et al., 2017).

Wet deposition of microplastics was reconstructed after releasing
computational particles at Mt John Observatory (receptor) at altitudes

of 0–20 km above sea level, as scavenging occurs at any height of the
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atmosphere, depending on the location of clouds. For dry deposition,
particles were released at 0–30 m at the same receptor, as this shallow
layer is equal to the height of the layer in which, in forward mode,
particles are subject to dry deposition. All released particles represent
a unity deposition amount, which was converted immediately (i.e. upon
release of a particle) to atmospheric concentrations using the deposition
intensity as characterized by either the dry deposition velocity or wet
scavenging rate (in-cloud and below-cloud scavenging; Eckhardt et al.
(2017) and Grythe et al. (2017)). This gives the sensitivities between
emissions and deposition amounts (30-day backward tracking).

The model output consists of a spatially gridded sensitivity of
microplastic deposition (wet and dry) at the receptor point to the
respective emissions, equivalent to the backwards time mode output
for concentrations (Seibert and Frank, 2004). Deposition rates of mi-
croplastics (in particles m−2 day−1) can be computed by multiplying the
mission sensitivities (in m) divided by the lowest model layer (100 m)
ith gridded emissions (in MP m−2 day−1). In the present study, we

used global emissions for microplastics and microfibres from Evange-
liou et al. (2022) calculated with inverse modelling. Five sources for
atmospheric microplastics were considered, namely (i) ejection from
the surface of the ocean due to wave breaking and bubble bursting, (ii)
from the agricultural sector (e.g., loss from agricultural nets), (iii) from
mineral dust (e.g., previously deposited microplastics in desert regions
remobilised with dust), (iv) from road dust of freight and passenger
automobiles (e.g., tyre and brake wear), and (v) microfibres from
clothes (population-constrained emissions). This provides a modelled
source contribution analysis to the measured deposition rates giving a
novel insight into their origin.

2.5. Quality control

The collection jars used were glass with the holder used for the col-
lectors made entirely out of stainless steel. Placement and changeover
of collectors were always undertaken standing downwind of the sam-
plers. When sample collectors were placed in the field, natural fibre
clothing was worn and fieldwork was completed by the same two
people over the sampling period. Lids were removed, wrapped in foil
and stored inside a cardboard box during the sampling periods. The site
chosen was located on private land, next to a private accommodation
site for researchers. This site had limited access over the duration of
sampling.

Two laboratory blanks were made up of 500 mL of ultra-pure
water (<18 MΩ) in the glass sampling collectors and were refrigerated
for the sampling duration. Storing for the duration of sampling was
done to mimic the field samples which were also being stored for the
same length of time and in the same way before being processed for
analysis. Samples were refrigerated prior to analysis to prevent growth
of any biological material that may have been collected. These then
underwent identical laboratory analysis as field samples to identify any
contamination from the sampling collectors. Daily blanks were pro-
cessed alongside the field sample analysis to ensure any contamination
was identified throughout the laboratory process. These samples were
processed following identical methodologies of field samples, with the
sample made up of approximately 500 mL of ultra-pure water.

All equipment was rinsed thoroughly before use. Sample collectors
were washed with Decon90 detergent and soaked for 24 h before they
were rinsed three times with ultrapure water and once with acetone,
and left covered in aluminium foil to dry in a fume hood. Plastic use
was minimized throughout the whole sampling and extraction process
to ensure contamination levels from sampling were as low as possible.

The glass collectors used for sampling had an orange seal that sits
between the lid and the body of the vessel. Spectroscopic analysis of
the seal was undertaken to ensure contamination was accounted for.
3

2.6. Blank corrections

Spectroscopic analysis of orange and pink fragments identified in
both the laboratory blanks and in field samples confirmed them to be
alkyd and silicone particles. These particles were excluded from further
analysis and the results. Daily laboratory blanks contained zero plastic
particles so no further corrections were made to the results.

3. Results

3.1. Microplastic characteristics

Characteristics of airborne microplastics collected in the 24-h sam-
ples and 7-day samples are shown in Figs. 1 and 2, respectively.
There were a total of 12 types of plastic polymers identified, with
polyethylene terephthalate (PET) being the most common (29%). Fibres
were the most common morphotype (65%), followed by fragments
(32%), with a single bead present during weekly sampling. Blue was
the most common colour identified (47%). Microplastic sizes ranged
from 50–3550 μm, with 74% of particles <600 μm and the smallest
identified particle 52 μm, which was limited by the analysis technique
used of manual μFTIR.

3.2. Deposition fluxes

24-h deposition fluxes averaged 150 ± 25 (SE) MP m−2 day−1

Fig. 3), while the 7-day deposition fluxes were significantly smaller,
veraging 26 ± 8 (SE) MP m−2 day−1 (Fig. 3). The closest previous
tudy to the measurement site was carried out in Christchurch, ap-
roximately 200 km to the north-east of this study site (Knobloch
t al., 2021). Knobloch et al. (2021) used 6-day sampling periods and
dentified deposition rates of 19–47 MP m−2 day−1, which is similar to
hose for the 7-day sampling periods reported here. Table 1 provides
comparison of deposition fluxes, sampling frequencies and analysis
ethods from previous studies.

.3. Modelling microplastic transport and sources

Modelled deposition of microplastics ranged from 4.5–48
P m−2 day−1 for the daily samples (Fig. 4). Since the emissions

nventory assumes that fibres correlate with population and do not
ndergo long-range transport (Evangeliou et al., 2022), we compare
odelled (fragment) deposition fluxes with measured fragment depo-

ition fluxes, and find good agreement between the two. The 7-day
odelled deposition rates are between 4.3–35 MP m−2 day−1. 24-h
odelled deposition fluxes show closer agreement with observations

han the 7-day modelled deposition fluxes as the modelled meteorol-
gy is more accurate. This further highlights the advantage of daily
eposition sampling when combining observations with modelling to
dentify source contributions.

Several particle sizes were simulated to track the origin and sources
f atmospheric microplastics deposited at the Mt John Observatory
easurement site. The resulting footprint emissions sensitivities for the
et and dry deposited mass can be seen in Fig. 5. During the daily

ampling periods, atmospheric microplastics originated from the north-
est, west and south-west, consistent with prevailing winds at Mt John
bservatory and the nearby township of Tekapo (Macara, 2016).

During days 2–4 of sampling, atmospheric-transported microplas-
ics that were collected at Mt John Observatory originated from the
outh. The air shifted in days 5–7, coming from the west. Modelling
ndicates that atmospheric microplastics may have originated from the
ustralian coasts, which are approximately 2000 km away (Fig. 6). For

he 7-day samples, the average footprint emission sensitivities showed
ulti-directional origin of the deposited microplastics. Dry deposition
ominated and was responsible for >70% of the mass deposited at the
eceptor site.
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Fig. 1. Characteristic data of microplastics collected during daily sampling periods. (a) Count of MP’s split by colour and morphotype; (b) count of MP’s grouped by polymer type;
(c) count of MP’s grouped by size.
Global dispersion models like FLEXPART are suitable to investigate
sources that are resolved by the meteorological fields used. In the
present case, the transport can be resolved in a 0.5◦ × 0.5◦ resolution
grid. While this is sufficient for the map domain of Fig. 6, it cannot track
the terrestrial contribution from New Zealand as it is a small country
with complex terrain.

To investigate whether local sources could contribute to the findings
at the receptor, the mesoscale model, FLEXPART-WRF version 3.3.2
was used (Brioude et al., 2013). The model is based on the same
principles as FLEXPART and is not described here to avoid repetition.
However, one feature that has not been implemented yet is wet and
4

dry deposition backwards such as in the standard FLEXPART (Eckhardt
et al., 2017). This means it cannot calculate deposited concentrations,
but it can only give an indication of the origin of the air at the surface of
the receptor (Mt John Observatory). Here, we use a version specifically
designed to model microplastics with respect to measured density and
wet removal. The respective footprint emissions sensitivities in 12 and
3 km resolution are depicted in Supplementary Figures S1–S11. The
footprints, although they correspond to surface air and not deposited
mass, correlate very well with those from the main FLEXPART sim-
ulations shown in Fig. 6. They all agree that transport of air to Mt
John Observatory was predominantly coming from a south-westerly
direction or from the ocean and never from the populated cities of the

north (Auckland and Wellington) or east (Christchurch).



Atmospheric Environment 325 (2024) 120437A. Aves et al.

t

4

r
r
s
u
t
s
d
m

Fig. 2. Characteristic data of microplastics collected during weekly sampling periods. (a) Count of MP’s split by colour and morphotype; (b) count of MP’s grouped by polymer
ype; (c) count of MP’s grouped by size.
. Discussion

This study identified the presence of airborne microplastics at a
emote site in New Zealand, with deposition rates comparable to those
eported at urban sites around the world (Table 1). The study site was
ituated at 1031 m above sea level in a district with a very low pop-
lation density. This region is usually dominated by tourism, however
he New Zealand border was closed to international visitors at the time
ampling was carried out due to the pandemic restriction measures. The
eposition fluxes reported highlight the ubiquitous nature of airborne
icroplastics even in sparsely populated regions (Table 1).
5

The contribution of airborne microplastics originating outside of
New Zealand is a possibility. Mineral dust has a reported density of
2.65 g cm−3 (Osborne et al., 2008) compared to microplastics which
range from 0.85–1.41 g cm−3 (Morét-Ferguson et al., 2010), identifying
the potential for plastics to remain airborne for long periods of time and
be transported over large distances. Dust originating from Australia can
be transported 3000 km over open ocean to the West Coast of New
Zealand before being deposited in the Southern Alps (McGowan et al.,
2005). The Australian bush-fires in 2019–2020 left West Coast glaciers
in New Zealand covered in layers of smoke, ash and dust which has the
potential to influence albedo in the region (Yasunari et al., 2011). With

the addition of deposited microplastics in an assortment of colours and
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Fig. 3. Measured deposition rates of microplastics at the remote station. Daily and weekly sample means ±SE.
Table 1
Deposition fluxes reported by previous studies in ascending order of average deposition flux.

Location Sampling frequency Deposition flux
(MP m−2 day−1)a

Analysis technique

Nottingham, United Kingdom (Stanton et al., 2019) 2 weeks 2.9 Visual; μFTIR
Kassel, Central Germany (Kernchen et al., 2022b) Monthly 10 (wet); 5 (dry) (0–23) Visual; μFTIR; μRaman
Gdynia, Poland (Szewc et al., 2021) 1–8 days 10 (0–30) Visual; μATR FTIR
Ireland (Roblin et al., 2020) 24 h 12 (10–15) (fibres) Visual; hot needle; μRaman
Shiraz, Iran (Abbasi and Turner, 2021) Monthly 64 (27–116) (City); 12 (6–19)

(Remote)
Visual; μRaman

Ancol, North Jakarta, Indonesia (Purwiyanto et al., 2022) Monthly 15 (3–40) Visual; μFTIR
Christchurch, New Zealand (Knobloch et al., 2021) 6 days 19–47 Visual; μFTIR
Mackenzie District, New Zealand (This study) Weekly 26 (0–90) Visual; μFTIR
Paris, France (Dris et al., 2016) Various frequencies 110 (urban); 53 (suburban)

(2–355)
Visual; μFTIR

Guangzhou, China (Yuan et al., 2023) Monthly 66 (21–109) Visual; μFTIR
Ho Chi Minh City, Vietnam (Strady et al., 2021) 3–4 days 71–917 Visual; μFTIR
Weser River catchment, Germany (Kernchen et al., 2022a) Monthly 99 (10–367) μFTIR
Guangzhou, China (Huang et al., 2021) 22–40 days 114 (51–178) Visual; μFTIR
Sao Paulo, Brazil (Amato-Lourenço et al., 2022) 15 days 123 (4–203) Nile red; FTIR-ATR
North American wilderness areas (Brahney et al., 2020) Weekly, bi-weekly, monthly 132 (48–435) Visual; μFTIR
Mackenzie District, New Zealand (This study) Daily 150 (0–314) Visual; μFTIR
Dongguan, China (Cai et al., 2017) 30–31 days 228 (175–313) Visual; μFTIR
Hamburg, Germany (Klein and Fischer, 2019) Bi-weekly 275 (136–512) Nile red; μRaman
New Jersey, USA (Yao et al., 2022) 14 days 327 Visual; SEM; μRaman
Lanzhou, China (Liu et al., 2022) 1–14 days 354 (57–689) Visual; μFTIR
Pyrenees Mountains, France (Allen et al., 2019) Monthly 365 (204–599) Visual; Nile red; μRaman
London, United Kingdom (Wright et al., 2020) 3.5 days 771 (575–1008) Nile red; μFTIR
Qaqulluit National Wildlife Area, Nunavut, Canada (Hamilton et al., 2021) 24–48 h periods 2433 Visual; μFTIR; μRaman
Shanghai, China (Jia et al., 2022) Daily 3261 Visual; μFTIR
Auckland, New Zealand (Fan et al., 2022) Weekly 5955 (73–19,476) (urban);

3349 (582–12,159) (suburban)
Nile red; Py-GC/MS

Quzhou County, North China Plain (Li et al., 2023) Individual rainfall event 7125 (79–74,808) Nile red; μFTIR
Shiraz, Iran (Abbasi, 2021) 10 min 12,672 (2880–22,608) SEM-EDX; μRaman

a The average deposition flux is reported with the range in brackets.
morphotypes, these pollutants may then also play a role in influencing
the Earth’s radiative balance (Evangeliou et al., 2020; Revell et al.,
2021).

Here, we used emissions from Evangeliou et al. (2022) to calculate
modelled deposition fluxes that compare fairly well to those observed,
given the large uncertainties associated with current emissions. Some
of the agreement likely originates from the fact that the same analysis
technique used here, μFTIR spectroscopy, was also used to analyse
he samples from which the emissions inventory is derived (Brahney
t al., 2020). As shown here, Lagrangian modelling enables the origin of
he deposition fluxes to be mapped to identify what sectors contribute
6

the most and also to identify which regions are responsible for the
deposited microplastic fluxes.

Fig. 4 depicts the percentage that every sector contributes to the
modelled deposition fluxes. In all cases, both for 24-h and 7-day sam-
ples, the deposited microplastics were mostly emitted from the ocean,
with a smaller portion from road dust due to transport on roads in
New Zealand, but also in Australia. The other sectors had a diminutive
contribution. Fibres have previously been shown to correlate with
population (Brahney et al., 2021). Although detected in the samples
(Figs. 1 and 2), they are not projected to be transported from nearby
sources due to the low population density of the area (1 person per
1.42 km2) and prevailing wind direction: the nearest town is east of the
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Fig. 4. Measured and modelled deposition rates of microplastics at the remote station. Observation minimum, maximum and mean values from the triplicate sampling are shown
as circles for all microplastics (fragments and fibres) and as triangles for fragments only. Modelled deposition rates are shown as squares. (a) 24-h samples; (b) 7-day samples.
Microplastics originated from sea-spray and road dust sources, as indicated by the coloured shading.

Fig. 5. Footprint emissions sensitivities for dry and wet deposited mass using the FLEXPART retroplume mode developed by Eckhardt et al. (2017). The emission sensitivity
expresses the probability of any release occurring in each grid cell to reach the receptor (Mt John Observatory).
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Fig. 6. Source contribution to modelled microplastic deposition rates on days 5 and 6 in FLEXPART simulations with 0.5◦ × 0.5◦ resolution. Five sources of microplastics were
considered, namely from sea-spray, agricultural activity, mineral and road dust and fibres.
study site, while winds originated predominantly from the northwest
to southwest during the study period. Yang et al. (2022) found from
tank experiments that fibres are not co-emitted with sea-spray aerosol
due to their large size and density. Hence, the presence of fibres in
the measured samples might be (i) due to the resuspension of fibres
previously transported and deposited at remote sites of New Zealand
from populated areas (e.g. the North Island or the East coast of the
South Island) or (ii) due to actual resuspension from the ocean with
wave breaking and bubble bursting. Note that the emissions of microfi-
bres used here to calculate modelled deposition fluxes for microfibres
(Evangeliou et al., 2022) were obtained assuming they only correlate
with population and, thus, they are not emitted from the surface of the
ocean.

The regions that contributed to deposited microplastics at Mt John
Observatory are mapped in Fig. S13–S23. In almost all cases, the re-
gions contributing to the modelled fluxes are oceanic domains south or
west of New Zealand. To show how long-range transported microplas-
tics could affect even this remote site, we focus on samples taken on
days 5 and 6 (Fig. 6). During these two days, the air was coming from
the northwest, mainly from the ocean, but extending to the Australian
coasts (Fig. 5). However, road dust was also transported from the
Australian coast and deposited in Mt. John Observatory. Although the
portion of the deposited road dust is rather small, it proves that even
large-size microplastics can be transported from very far distances and
deposited in remote sites.

The total microplastic deposition fluxes recorded over the four
7-day sampling periods were on average 6× less than the number
of microplastics collected over the total 24-h sampling periods. This
difference may be due to the longer time frame which allows for
the re-suspension of particles to leave the collectors, compared to
24-h samples which are capped after a shorter period, highlighting
the importance of sampling duration and design. Table S9 presents
the differing collection types used throughout past studies as well as
sampling duration. Studies with the shortest sampling frequencies of
10 min and 1 rainfall event, presented the highest average deposition
fluxes of 12,672 MP/m−2/d−1 and 7125 MP/m−2/d−1, respectively
(Abbasi, 2021; Li et al., 2023), whilst deposition rates decreased for
studies of increased duration (Table 1).

To investigate this, further sampling needs to be undertaken across
different time periods to determine if re-suspension was the leading
cause for lower rates over a longer sampling period. Different sampling
techniques and sampler designs also need to be considered, and the
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pairing of both passive and active sampling methods would permit
further understanding of the extent of this problem (Zhang et al., 2020).
Therefore, we recommend completing multiple sampling periods of
differing durations for passive airborne microplastic studies to gain a
deeper understanding of the impact of resuspension on deposition sam-
pling studies. It is also recommended that future airborne microplastic
field studies should include field blanks which are exposed to the
sampling site for a short period (i.e. 30 s) and handled in the same
way as field samples to account for any contamination from sample
handling.

Future work will explore simultaneous sample collection over differ-
ing durations to further understand the impact this has on microplastic
deposition study findings. Studies completed using daily sampling fre-
quency over longer time periods would allow us to explore seasonal
trends and couple findings with weather data and sampling techniques
more accurately. These findings draw attention to the many variables
within airborne microplastic research, starting from the sampling fre-
quency of the study, the collection type used and the analysis technique
performed for microplastic identification.

Previous studies in Antarctica, the Pyrenees and the USA have all
identified PET in deposition studies in remote areas (Aves et al., 2022;
Allen et al., 2019; Brahney et al., 2020). PET represents over 50% of
synthetic fibres produced globally (Sinha et al., 2010), highlighting
the textile industry as a dominant source for airborne microplastic
pollution. This study aligns with previous findings (Aves et al., 2022;
Liu et al., 2019; Dris et al., 2016; Bullard et al., 2021; Cai et al., 2017;
Knobloch et al., 2021) which also identified fibres as the most common
morphotype in airborne studies compared to previous findings from
European studies which found higher levels of fragments (Allen et al.,
2019; Klein and Fischer, 2019). There were no obvious patterns for
microplastic characteristics across the samples collected (Figs. 1 and 2),
likely because the number of microplastics identified in the study was
small. Furthermore, given the analysis techniques used, sizes reported
are limited to >52 μm.

The chemical analysis technique used in this study, manual μ-
FTIR, is limited in its ability to report particles <52 μm, in this study,
which limits the understanding of smaller microplastic particles (1 μm–
50 μm). Most studies to date have explored the long-range transport
of microplastics assuming spherical properties, yet fibres are generally
the most abundant morphotype (Mbachu et al., 2020). Recent work has
pointed to a change in the settling velocity and differences in long-
range transport capabilities compared to previously explored spherical
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particles (Xiao et al., 2023). As fibres made up the largest proportion
of morphotypes in our study, it is evident that fibrous microplastics
are being moved through the atmosphere to these remote locations,
with recent research highlighting the specific characteristics of fibres
make them more susceptible to longer vertical and horizontal airborne
transport compared to spherical particles (Tatsii et al., 2023). The anal-
ysis technique used limits the size of reported particles, yet previous
literature shows the size distribution skewed to sub 10 μm particles
(Levermore et al., 2020). Based on this assumption, modelling results
presented are exploratory.

Deposition collection is an accessible, affordable and effective sam-
pling technique for airborne microplastic research. For more in depth
understanding, the pairing of both passive air sampling and active
air sampling methods would be beneficial. This study highlights that
changing just one variable – sampling frequency – can yield major im-
pacts on reported results. This indicates that sampling frequency should
be carefully considered in future atmospheric microplastic deposition
studies. Further research is required to understand the scale of air-
borne microplastic pollution across other regions of New Zealand and
the wider Southern Hemisphere. For future studies, the collection of
long term, simultaneous data collection using varied sample collection
techniques, sampling durations and analysis methodologies would be
beneficial for the microplastic community. The microplastic deposition
fluxes reported in this remote region were similar in magnitude to those
recorded in urban Christchurch, suggesting the potential for airborne
microplastics to be abundant across New Zealand, even in remote areas.
Further research into the potential risks and impacts for human, aquatic
and terrestrial organisms in New Zealand is required now that airborne
microplastics have been identified in both urban and remote regions.

5. Conclusions

Deposition fluxes of atmospheric microplastics from this study of
a remote site in New Zealand averaged 150 MP m−2 day−1 over 24-h
collection periods and 26 MP m−2 day−1 over 7-day sampling periods.
At present, these results report the first remote deposition fluxes of
airborne microplastics in New Zealand. Samples collected over 24-h
periods showed significantly larger microplastic deposition rates than
samples collected over 7-day periods. Re-suspension of microplastic
particles is likely to have occurred during the 7-day sample periods
due to the extended length of sampling and the type of sample col-
lector used. In response to these findings, we recommend that future
deposition studies for airborne microplastic research prioritize daily
sampling and consider all aspects of variation in sample collection,
duration and analysis. Further research is needed to investigate how
variable these results are across different seasons and at urban sites
within New Zealand, as well as the influence of sampling duration
as a variable in particle re-suspension. Through the use of a global
dispersion model coupled with an emissions inventory of airborne
microplastics, this research highlights the long-range transport which
microplastics undergo through the atmosphere. Microplastics travelled
over thousands of kilometres to reach the studied sampling site, with
sources predominantly from sea-spray and road dust.
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