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The existence of nano sized plastic (NP) has been discussed heavily in recent years, however physical proof from 

environmental samples and direct comparisons to characterized microplastics is limited. Here we compare mi- 

croplastic (MP) particles and counts ( > 10 μm) to NP particle ( < 0.45 μm) mass concentrations from deposition at 

a remote field site in the French Pyrenees (elevation 1425 m a.g.l.). Using Thermal Desorption – Proton Transfer 

Reaction – Mass Spectrometry (TD-PTR-MS) analysis, the data shows that NP is present in atmospheric deposition 

in quantities up to 2.0 × 10 5 nanograms m 

− 2 day − 1 (1.1 × 10 5 nanograms m 

− 2 day − 1 standard deviation), compa- 

rable to that of the > 10μm microplastic (up to 1.1 × 10 5 nanograms m 

− 2 day − 1 , 2.7 × 10 4 nanograms m 

− 2 day − 1 

standard deviation). This comparison indicates the quantity of NP and MP may be similar in this atmospheric 

deposition, however the estimated particle count for NP is understandably multiple orders of magnitude greater 

compared to MP. Backward trajectory modelling was used to consider the transport of these MP and NP particles. 

This highlighted the extended spatial influence of NP and its propensity to remain elevated over a 7-day period. 
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The issues surrounding plastic pollution are currently receiving mul-

idisciplinary attention, with its discovery in all environmental matri-

es and in some of the most remote locations (for example, the Arc-

ic, Antarctic, Alps and Ecuadorian Andes) ( Ambrosini et al., 2019 ;

ergmann et al., 2019 ; Cabrera et al., 2020 ; Kelly et al., 2020 ). While

esearch has focused on finding, quantifying and assessing the environ-

ental impact of microplastics (MP, 1 μm-5 mm plastic particles), there

s a growing interest in nanoplastic occurrence in the environment. 

Nanoplastics have been described as plastic particles smaller than

 μm and also confusingly as particles smaller than 100 nm. The defini-

ion of nano has meaning when applied to materials below 100 nm if that

aterial behaves differently to its larger counterparts ( Joachim, 2005 ).

his is the level at which many materials start to exhibit Brownian mo-

ion ( Feynman, 1963 ) as it bounces off molecules it is in suspension

ith. As both diffuse and ballistic Brownian motion are known to oc-

ur in particles up to 2.5 μm (Silica) in air, the term nano encompasses

he small particle sizes in this study ( Li & Raizen, 2013 ). Whist it is

cknowledged that 100 nm is a practical limit for the safety regula-

ions of industry, among the plastic pollution research community sev-
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ral papers and research groups consider and describe sub-micron syn-

hetic polymer material as nanoplastic (NP are particles < 1 μm) ( Frias

 Nash, 2019 ; Gigault et al., 2021 ). This simpler definition being easier

or policy makers and the general public to understand without having

o further explain the definition. With this in mind, the definition of NP

sed in this study is 1 nm -1 μm. 

Nanoplastic particles form an important element in the global plas-

ic cycle and plastic pollution impact ( Allen et al., 2022 ; Mitrano et al.,

021 ). NP occur as primary (designed as nano sized plastic particles)

r secondary (larger particles degraded to nano size) and their presence

as been inferred from assessment of marine waters ( Gonçalves & Be-

ianno, 2021 ; Piccardo et al., 2020 ), soil ( Wahl et al., 2021 ), air ( Materi ć

t al., 2021 ) and biota ( Ferreira et al., 2019 ). NP can be more easily

aken up (ingested, inhaled or adsorbed) by biota due their small size

 Banerjee & Shelver, 2021 ), entering the ecosystem. Due to the small size

nd often jagged shape, secondary NP (and small MP) can pass through

r impact on epithelial membranes and early studies suggest there may

e a link between changed function, compromised immune systems

nd cytotoxicity ( Deng et al., 2020 ; Huang et al., 2020 ; B. Li et al.,

020 ). As a result, NP could potentially influence the cellular to organ-

sm functionality, a concern to both environmental and human health
22 

ticle under the CC BY-NC-ND license 
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 Banerjee & Shelver, 2021 ; Rubio et al., 2020 ; Wright & Kelly, 2017 ;

ee et al., 2021 ). Given this risk, understanding the extend of MP and NP

ollution is crucial. The ratio of MP to NP is still generally hypothesised,

ith limited data to directly compare MP to NP within individual sam-

les. Formative studies indicate notable atmospheric NP mass (in snow

nd dry atmospheric deposition) 42 ( + 32/-25) kg km 

− 2 year − 1 ( Materi ć

t al., 2021 ) and 13.2-52.3 ng mL − 1 (in ice) ( Materi ć et al., 2022 ). 

Nano sized plastics (NP, 1 nm -1 μm) have been difficult to assess

n environmental matrices due to their small size. Published and func-

ional limitations of individual particle spectroscopy are approximately

Raman-1 μm and FTIR-10 μm ( Xu et al., 2019 ; Zheng et al., 2021 ). The

imitations of environmental mass concentration analysis by methods

uch as Py-GCMS are micrograms ( Akoueson et al., 2021 ; Okoffo et al.,

020 ). The vast majority of studies assessing NP have thus far have been

heoretical or laboratory based, providing a limited understanding of the

ossible quantities in the environment. However, recent research from

ateri ć et al. ( Materi ć et al., 2020 , 2021 , 2022 ) illustrates the effective

se of Thermal Desorption – Proton Transfer Reaction – Mass Spectrom-

try (TD-PTR-MS) for environmental NP analysis. The use of this new

ethod has paved the way for analysis of the elusive nanoplastics in

nvironmental samples. 

aterials and methods 

Atmospheric deposition samples were collected from the remote

ountain location of Bernadouze, a long-term monitoring station

n the central Pyrenees, France (42° 48 ′ 14.6 ″ N, 1° 25 ′ 06.8 ″ E,

,425 m above mean sea level). Standard total atmospheric deposition

ollectors were used over the course of 5 months, November to March

018, to collect monthly cumulative total deposition (sample time steps

ere constrained by access due to snow closure of the access road) (Sam-

le durations: November – 12 days, December – 19 days, January –

4 days, February – 41 days, March – 34 days). Samples were collected

s total atmospheric deposition (wet + dry deposition) using a Palmex

ain Sampler (sampling area of 0.014 m 

2 , open diameter of 135 mm)

nd a NILU Particle Fallout Collector (sampling area of 0.03 m 

2 , open

iameter of 22 mm). Both samplers had sufficient capacity to ensure

o overflow occurred during the sample period (in excess of 3 L). At-

ospheric deposition collectors were open for the full sampling period

nd acted as duplicate sample sets. Multiple field blanks that underwent

he full laboratory procedural process were collected on site during this

ampling period (November – March 2018) (additional field blank in-

ormation provided in Supplementary Information). Sample collectors

ere rinsed thoroughly on site (3 times, approximately 250 mL) with

illiQ water and the sample was decanted into sterilised glass contain-

rs (including the equivalent field blanks) and transported back to the

aboratory where they were stored in a temperature controlled, dark,

ridge (4 degrees) until sample preparation and analysis ( Allen et al.,

019 ). 

Samples were pre-filtered through a 0.45 μm pore 47 mm diameter

olytetrafluoroethylene (PTFE) filters that had been pre-flushed using

ltered MilliQ water (250 mL MilliQ flush) ( Materi ć et al., 2020 ). The

ltrate was placed in sterilised 25 mL glass vial for TD-PTR-MS analysis

vials prepared by heating to 450 ̊C overnight (in a Carbolite CWF1200

ven/kiln), sterilised containers were wrapped in sterilised aluminium

oil after heading to minimise external contamination). No sample pre-

reatment was undertaken. The remaining material on the PTFE filter

as then flushed with H 2 O 2 (30% w/w) into covered, sterilised borosil-

cate glass test tubes in a dry heat block at 55 ˚C to complete organic

igestion (7 d with no agitation, further peroxide added on day 8 if

ecessary and second 7 day digestion at controlled temperature com-

leted) ( Allen et al., 2019 ). After organic material was adequately re-

oved the sample was filtered onto pre-flushed PTFE filters to remove

esidual H 2 O 2 and liquid and then flushed into sterilised glass density

eparation tubes with ZnCl 2 (1.6 g mL − 1 density) and agitated to aid

P separation from mineral and residual organic material ( Allen et al.,
2 
019 ). Due to the use of PTFE filters, PTFE particles and mass were

ot counted within this study. Settled material was removed from the

ottom of the density separation tubes and the remaining upper liquid

lus microplastic material was filtered onto 25 mm diameter aluminium

xide (Whatman Anodisc) filters for μRaman analysis. 

The samples were analysed for MP by μRaman spectroscopy (785 nm

aser, 1200 l/mm grating, scanning 200-2000 cm 

-1 with 15s acquisition

ime and 10 accumulations) and Nile Red fluorescence to quantitatively

haracterise the atmospheric deposition of MP at this site for this mon-

toring period ( Allen et al., 2019 ). Raman spectra analysis was under-

aken using open source Spectragryph software and available databases

 Menges, 2018 ; Munno et al., 2020 ; Primpke et al., 2020 ). The limits of

uantification for μRaman analysis for these samples was set to 10 μm.

NP analysis was completed as a blind test by Thermal Desorption –

roton Transfer Reaction – Mass Spectrometry followed protocols pre-

iously developed by Materi ć et al. (2020) herein briefly described. TD-

TR-MS is a destructive analytical method, similar to Py-GCMS, but can

e used for nanoplastic analysis in line with microplastic assessment.

iltered ( < 0.45 μm) samples were well mixed (shaken but not vortexed

o ensure sample particle integrity) to ensure homogeneity throughout

he sample, then sub-sampled into three 0.5 mL replicates that were

ndividually analysed by TD-PTR-MS (PTR-MS model PTR8000, IONI-

ON Analitik, Austria) directly via sterilised glass vials (10 mL) ( Materi ć

t al., 2020 ). Field blanks were analysed in the same way and used to

lank correct all results. Process blanks were carried out using MilliQ

ater and underwent the same procedures and durations as the sam-

les and quantities subtracted from final results (see supplementary in-

ormation). The TD-PTR-MS analysis of NP was undertaken using the

ngerprinting algorithms created and published in Materi ć et al., 2020 ,

021 , 2022 . 

All samples and field blanks were transported to the laboratory

here sample preparation occurred in a clean and access-controlled

pace. Field blanks underwent full procedural processing and analy-

is therefore representing the cumulative field activity and procedu-

al activity contamination potential. Additional lab procedural blanks

ere created and analysed specifically for NP analysis and sample blank

orrection (see supplementary information). Cotton clothing and lab

oats were worn to minimise sample contamination and laboratory sur-

aces were cleaned and covered with non-plastic material (sterilised alu-

inium foil). Field blanks were processed following the same proce-

ures (full process blanks) ( Allen et al., 2019 ) and counts subtracted

rom the final results (counts in supplementary). 

esults and discussion 

P and NP quantitative characterisation 

The μRaman analysed MP particle counts and polymer types and the

D-PTR-MS analysed NP mass and polymer types were compared by

alculating the respective mass and particle counts for each sample (see

upplementary Information and data for additional details). MP results

ere converted from particle count to mass relative to their particle size

ollowing. The resulting mass were presented relative to particle size

 Fig. 1 c) and to total MP in each sample ( > 10 μm) ( Fig. 1 a). Similarly,

he NP mass relative to polymer type ( < 0.45 μm) were converted to par-

icle counts (assuming a spherical conservative particle size of 0.45 μm)

o enable direct comparison to the MP particle counts ( Fig. 1 b, c). It

s noted that some of the NP particles within the samples may have re-

ulted from UV degradation during the more extended sample durations

e.g. samples over 34 to 41 days). However, analysis of the environmen-

al MP stability to UV degradation over this sample period was beyond

he scope of this study. The total deposited MP > 10 μm mass ranged

etween 44 × 10 3 - 109 × 10 3 ng m 

− 2 day − 1 with an overall average

or the monitoring period of 87 × 10 3 ng m 

− 2 day − 1 . Comparably, total

P < 0.45 μm mass ranged from below detection to 203 × 10 3 ng m 

− 2 

ay − 1 , with an average NP mass for the monitoring period of 50 × 10 3 
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Fig. 1. Comparison of NP and MP mass (a), number (b), and the relative number of particles across samples considering both the analysed MP and NP results (c). It 

is noted that the NP results for February fell below the limits of quantification. 
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− 2 day − 1 . The mass of MP > 10 μm and NP < 0.45 μm deposited at

his location for this period is comparable (average results and range are

ithin an order of magnitude) and are in agreement with the simulated

P fibre and MP release experiment findings of Yang et al. (2021) . The

P mass results (18 ( + 55/-17) kg km 

− 2 year − 1 ) are also comparable

o previously published results, 42 ( + 32/-25) kg km 

− 2 year − 1 ( Materi ć

t al., 2021 ). 

Particle counts for MP > 10 μm were several orders of magnitude

ower than that calculated for NP < 0.45 μm. MP and NP particle counts

ave been shown to increase with decreasing particle size ( Kooi & Koel-

ans, 2019 ), resulting in up to orders of magnitude greater particle

ounts as macroplastic degrades to MP and NP. MP particle counts

anged from 297- 462 particles m 

− 2 day 1 (average of 365 particles m 

− 2 

ay 1 ) whereas NP estimated particle counts (adopting the conservative

article size of 0.45 μm) ranged from below detection to 43 × 10 8 par-

icles m 

− 2 day 1 (11 × 10 8 particles m 

− 2 day 1 ). This agrees with the in-

reasing particle count relative to decreased particle size found in both

icroplastic and nanoplastic studies ( Bianco & Passananti, 2020 ). This

uggests that while comparable mass of MP and NP occur in the atmo-

pheric deposition at this site, a far greater number of NP particles are

eing deposited compared to MP. 

To ensure comparability, five of the classic hydrocarbon based poly-

er types were specifically analysed (polystyrene-PS, polyethylene-

E, polypropylene-PP, polyvinyl chloride-PVC and polyethylene

erephthalate-PET) ( Plastics Europe & Organisations, 2021 ). Multiple

lastic polymer types were found in each sample at both MP and NP par-

icle size range ( Fig. 2 a). With the exception of the February NP sample

here results were below detection limits, all samples contained PVC as

oth MP and NP. Similarly, PET was found in all NP samples (excl. Feb)

ut was absent in the MP samples for November and March. Conversely,
 i

3 
E and PP were found in the MP samples for January, but reported be-

ow the limits of detection for NP in the same samples. 

The overall (cumulative) mass of each plastic type for MP and NP is

omparative ( Fig. 2 b), with greater NP quantities of PVC, PET and PP

ompared to MP. When compared as a proportion of the total mass of

P or NP, this differentiation in polymer composition is more easily vi-

ualised, with PS, and PE predominantly occurring as MP, PP occurring

n moderate proportions in both MP and NP particle size ranges, and

VC and PET occurring predominantly in NP. 

There does not appear to be a direct link between MP and NP poly-

er type occurrence in this limited dataset, and it is suggested this may

e because of the long-distance transport and distal source of MP and

P. The deposited MP and NP may have been transported an extensive

istance (100’s km) and due to their different particle characteristics

ay have come from different sources and travelled different distances

ue to the relative remote location of the sample collection site, and

herefore may not be directly related. 

P and NP atmospheric transport 

Simple, indicative atmospheric back trajectory and air/particle his-

ory modelling can provide a valuable insight into where MP and NP

ay have been transported from, what elevation in the atmosphere they

ere transported through, and how far they have travelled. To provide

 high level comparative overview of MP and NP atmospheric trans-

ort for particles deposited at this Pyrenean field site, long time step

tmospheric particle transport modelling was undertaken. This mod-

lling was designed to illustrate the difference in atmospheric transport

extent, elevation) between MP and NP and not to be prescriptive or

llustrative of individual sample findings in detail. 
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Fig. 2. Types of plastic found in the MP atmospheric deposition and NP deposition. Fig. 2 (a) presents the mass of each polymer type within each sample relative 

to the two particle size groups (NP < 0.45 μm or MP < 10 μm), (b) the mass of each polymer type over the total monitoring period relative to the particle size 

(NP < 0.45 μm or MP < 10 μm), (c) the percentage of polymer relative to the total MP (or NP) mass. Further information is provided in the Supplementary 

information. 
∗ denotes the < 0.45 μm mass of plastic in the January sample after the detection limit is lowered from 80% to 30% accuracy. At 80% both January and February 

present < 0.45 μm plastic masses below the detection limit ( < 10 ng/mL). When the accuracy of plastic identification is loosened from an 80% correlation to a 30% 

correlation (of spectral peaks) then PP, PET and PVC can be identified and quantified in the < 0.45 μm samples for January. nb denotes the < 0.45 μm mass of plastic 

in the February sample that fall below the limit of quantification. 

4 
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Fig. 3. MP (a) and NP (b) particle plot for all sample periods with the respective particle elevation above ground level. 
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Controlled environment laboratory examination of the

eld/laboratory assessed atmospheric settling velocity of MP or

P particles is a new area of research, but early atmospheric modelling

as been completed using estimations of MP settling velocities from

tokes Law ( Allen et al., 2019 ; Trainic et al., 2020 ; Wright et al., 2020 ).

herefore, for the purposes of this discussion, MP settling velocities

ave been calculated using Stokes Law, to consider the potential atmo-

pheric transport of sampled MP and to compare this to the potential

tmospheric transport of newly quantified NP. For simplicity, particles

ere considered to be cylindrical (acknowledging that fibres or a range

f lengths and diameter were found in the MP samples and that NP

article shapes were not defined). For the purposes of this modelling

ssessment MP particles were defined as 25 μm (the predominant size
 p  

5 
ange for the MP particles) and NP as 0.45 μm (acknowledging that

here will potentially have been greater particle counts for smaller

article sizes in the NP samples). Settling velocities for the 25 μm and

.45 μm generic plastic particles were calculated following: 

 𝑡 = 

𝑔𝑑 2 
(
𝜌𝑝 − 𝜌𝑚 

)

18 𝜇

Where g is acceleration due to gravity (9.8m s − 2 ), 𝜌p defines the den-

ity of the plastic particle (1 g cm 

− 3 ), 𝜌m 

is the density of the medium

air, 1.27 kg/m 

3 at 5 ̊C), and μ is the dynamic viscosity of the medium

air, 1.74 × 10 − 5 kg m 

− 1 s − 1 at 5 ̊C). Settling velocities were estimated as

.02 m/s for 25 μm MP spheres and 6.3 × 10 − 6 m s − 1 for 0.45 μm plastic

articles. This results in a simplistic atmospheric transport time (from
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Fig. 4. Visualisation of particles at or below 10m a.g.l. during the backward trajectory particle modelling. 
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stimated planetary boundary layer upper elevation of 600 m Above

round Level (a.g.l.)) of 8.5 hours for a 25 μm MP particle if no dynamic

ixing, turbulence or change in atmospheric conditions occurred dur-

ng transit. For the smaller particles, this duration extends out past one

onth ( > 744 hrs). The dynamic mixing, atmospheric characteristics,

article removal due to precipitation (scavenging) and dry deposition

herefore potentially have a significant influence on the transport and

eposition of these < 0.45 μm particles. 

To illustrate the potential influencing area of MP relative to NP, the

ynamic HYSPLIT atmospheric transport modelling for the sample parti-

les was completed relative to selected size and settling velocities. Whilst

t is clear that the ∼ 1 month time step for sampling precludes accurate

article back trajectory analysis for the specific samples, the following

nalysis was carried out to attempt to elucidate any difference between

icro and nano plastics transport and sources. 

HYSPLIT particle dispersion modelling was undertaken using the

YSPLIT concentration module and particle analysis, backwards mod-

lling the trajectory using both wet and dry deposition for a conservative

nd illustrative release of 1 particle per hour for a 24 hr period, with

yclic emission repeated every 24 hours for the duration of the sam-

le period. Particles were parameterised as: MP - 25 μm (the average

P particle size in the MP dataset), 1 g cc − 1 ( Kooi & Koelmans, 2019 ),

ettling velocity 0.02 m s − 1 , default wet deposition of in and below

loud wet removal of 8.0E-05 s − 1 ( Draxler & Hess, G, 2018 ; Stein et al.,

015 ); NP - 0.45 μm, 1 g cc − 1 ( Kooi & Koelmans, 2019 ), settling velocity

.3 × 10 − 6 m s − 1 , cyclic emission of 1particle/hr for 24 hours repeated

very 24 hours. The resulting particle plots were created to illustrate

he extent of particle transport and the elevation (above ground level)

elative to the monitoring period ( Fig. 3 ). The atmospheric model was

apped to 10,000 m a.g.l.. 
6 
The model outputs identify MP to be transported generally at or

elow 2000 m a.g.l., with particles transport from relatively close to

he site ( < 100 km, potentially due to resuspension of previously de-

osited atmospheric MP) to 10,000 km away. The spatial distribution

or this high level visualisation of MP particle movement suggests par-

icles to have been transported from and passing over Europe, north

merica, northern Africa and the Atlantic Ocean. Comparatively, NP

articles appear to extend over a greater northern hemisphere spatial

istance, extending down the north western (Atlantic) African coast,

cross China and the north Pacific Ocean and encroaching further into

he Atlantic side of the Arctic circle than the modelled MP. NP par-

icles occur through the modelled atmosphere, with notable particles

redicted to occur above 2000 m a.g.l. compared to very few MP mod-

lled at these higher elevations. NP in general were suggested to travel

xtended distance ( < 100 km) prior to occurring at the field site, with

ess occurrence of shorter travel compared to MPs. 

The model results were disaggregated to try and identify the spatial

source’ areas for MP and NP to this field site using these very general

article parameters and gross sampling conditions. Modelled particle

ackward trajectories were followed to identify which particles would

e found at ‘ground level’ (0-10 m a.g.l. adopted as the surface and en-

rainment zone), during the sample period (samples November to March

018). All particles that fell to or below 10m a.g.l. were spatially plotted

o identify indicative possible source locations for MP and NP for this

ite using this simple overview model. 

High quantities of MP were found at or below 10m a.g.l. during

he backward trajectory particle modelling, but notably fewer NP were

ound at this low elevation. The NP are noted to predominantly stay

levated over the modelled duration therefore presenting a lower parti-

le count within the 0-10 m a.g.l. ‘ground level’ illustrated in Fig. 4 . NP
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Table 1 

Potential source areas of MP and NP to this site for the monitored and modelled duration. Possible entrainment areas have been derived through comparison 

of HYSPLIT backward particle trajectory modelling (latitude, longitude and elevation to country spatial extent defined in the ESRI world country file WGS48 

( Belgiu, 2015 ). 

Microplastic Nanoplastic 

Location MP km 

− 2 
Potential 

source ∗ Location MP km 

− 2 
Potential 

source ∗ Location NP km 

− 2 
Potential 

source ∗ 

Spain 0.00602 3% Germany 0.000142 < 1% Norway 3.34E-06 1% 

France 0.005094 3% Kazakhstan 0.000136 < 1% Afghanistan 3.2E-06 1% 

Norway 0.002261 1% Montenegro 0.000132 < 1% United States 3.04E-06 15% 

Andorra 0.001799 < 1% Belarus 8.52E-05 < 1% Kazakhstan 2.73E-06 4% 

Canada 0.001395 24% Mongolia 5.48E-05 < 1% Morocco 2.6E-06 < 1% 

Portugal 0.001379 < 1% Poland 5.38E-05 < 1% Canada 2.54E-06 18% 

Croatia 0.001237 < 1% Kyrgyzstan 4.65E-05 < 1% Mauritania 2.22E-06 1% 

Oceans and Seas 0.000120 43% Hungary 4.53E-05 < 1% Uzbekistan 2.07E-06 < 1% 

Switzerland 0.000941 < 1% Macedonia 3.64E-05 < 1% Mali 1.88E-06 1% 

Iceland 0.000879 < 1% Slovakia 3.35E-05 < 1% Algeria 1.87E-06 2% 

Greenland 0.000851 6% Czech Republic 3.05E-05 < 1% Sweden 1.27E-06 < 1% 

Finland 0.000806 1% Belgium 2.57E-05 < 1% Turkey 1.23E-06 < 1% 

Netherlands 0.000684 < 1% Italy 2.42E-05 < 1% Russia 1.16E-06 15% 

Romania 0.000615 < 1% Afghanistan 2.08E-05 < 1% Egypt 1.11E-06 < 1% 

Denmark 0.000537 < 1% Bulgaria 1.64E-05 < 1% Iran 6.4E-07 < 1% 

Russia 0.000522 15% Algeria 1.5E-05 < 1% Greenland 6.05E-07 2% 

Bosnia and 

Herzegovina 

0.000414 < 1% Mauritania 1.33E-05 < 1% Saudi Arabia 5.75E-07 < 1% 

Faroe Islands 0.000393 < 1% Georgia 1.31E-05 < 1% Deomocratic 

Republic of the 

Congo 

5.27E-07 < 1% 

Ireland 0.000385 < 1% Lithuania 1.09E-05 < 1% Sudan 4.79E-07 < 1% 

Estonia 0.00031 < 1% Austria 9.96E-06 < 1% Oceans and Seas 2.44E-07 38% 

Moldova 0.0002 < 1% Western Sahara 8.33E-06 < 1% China 1.05E-07 < 1% 

United Kingdom < 1% < 1% Tajikistan 6.8E-06 < 1% 

Sweden < 1% < 1% Uzbekistan 6.2E-06 < 1% 

United States < 1% 2% Ukraine 5.44E-06 < 1% 

Serbia < 1% < 1% Turkey 4.93E-06 < 1% 

Latvia < 1% < 1% China 3.47E-06 < 1% 

Morocco < 1% < 1% Mali 2.81E-06 < 1% 

∗ % of total representative MP and NP particles derived from this location 
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t  
emain elevated for an extended period of time compared to MP, and ex-

end vertically across the entire troposphere (PBL and free troposphere)

hile MP altitudes are generally lower ( < 3000 m a.g.l.). Both MP and

P backward particle modelling suggests long distance transport, with

articles falling close to ground level at distal locations relative to the

onitoring location, alluding the sample plastic particles are not pri-

arily locally sourced. 

If the percentage of particles modelled at an elevation of ground

evel ( ≤ 10 m a.g.l.) are counted, the potential spatial source extents

an be tentatively identified ( Table 1 ) (for this sample period at this

ocation). The backward particle modelling can identify possible source

reas (through analysis of the location where particles are modelled to

e at ground level), however, whether there is a plastic pollution source

t the modelled location needs further detailed analysis. 

Potential source areas were estimated from model outputs as MP

r NP per km 

2 and as a percentage of all particles ≤ 10 m a.g.l.. MP

r NP per km 

2 provide a spatially comparable surface ‘emission’ rate

er designated area (country or ocean areas). The percentage values

rovide an indicative comparable land mass or ocean specific general

ontribution to the overall field site during this sample period. While it

s acknowledged this is very indicative and not directly representative of

he field samples, these results provide a first assessment of the potential

ross source areas that may contribute MP and NP to this site. 

The simplistic model assessment of potential MP and NP source ar-

as suggests continental Europe (France, Spain, Andorra) and Norway

o be key possible areas of MP when source is considered relative to area

MP km 

− 2 ). When considered as a proportion of the total modelled MP

otentially transported to the field site during this monitored period,

he marine environment (for example Atlantic Ocean, Mediterranean

cean) are suggested to be significant contributors to atmospheric MP

43%).The Arctic Ocean also appears to be a contributor, conceding the
7 
arine Arctic plastic pollution as a possible source ( Bergmann et al.,

022 ). NP appears to be transported from a greater distance, with Nor-

ay, south central Asia (Afghanistan), and north America suggested as

ossible areas of NP contribution. However, when considered by conti-

ent or ocean, the marine environment is suggested to a notable contrib-

tor to atmospheric NP at this site (38%), similar to MP model outputs

D. Allen et al., 2022 ; S. Allen et al., 2020 ). It is noted that a much

reater number of NP particles would be expected for ≤ 10 m a.g.l. if

he model was extended backward in time (if the backward particle tra-

ectories were run for long enough to follow particle down to lower

tmospheric elevations) rather than being constrained to the monitored

uration of the field samples. However, for small NP this could be weeks

r more and would change for each particle depending on its trajectory

nd environmental conditions, resulting in a highly complex and exten-

ive dataset that is not considered appropriate for the overview trans-

ort modelling intended to support the MP and NP field findings in this

tudy. 

onclusion 

This study presents a direct comparison of NP and MP content in

tmospheric deposition samples collected in a relatively remote area of

he Pyrenees, France. While MP is analysed by particle and NP is anal-

sed by mass, using simple volume to mass calculations a comparison

as been made of both mass and particle count for MP and NP for this

onitoring period. NP ( < 0.45 μm) were found to present a comparative

ass compared to MP in the same sample, and a correspondingly much

igher particle count (NP >> MP particles per sample). The MP and NP

ample composition varies, with plastic polymer predominance in the

P particle size range not directly reflected in the NP proportion of

he sample. This may be due to the atmospheric transport dynamics of
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he different particle sizes, acknowledging the smaller NP particles fall

ithin the realms of Brownian motion. The long distance transport nec-

ssary to create MP and NP at this sample location may also influence

he sample composition, suggesting that NP may have been transported

rom more extensive distances from the site than MP particles. The HYS-

LIT back trajectories illustrate the global long range atmospheric trans-

ort of nanoplastic and give indications of the possible source areas.

ost notably the ocean is illustrated as the source of ∼38% of global

tmospheric emissions of nanoplastics. This finding suggests that whilst

revious work has shown the ocean as a source for MP, it is also clearly

he source of a much greater amount of nanoplastic, and as such requires

rgent investigation. 
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