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ABSTRACT

Plastic materials are increasingly produced worldwide with a total estimated production of >8300 million tonnes
to date, of which 60% was discarded. In the environment, plastics fragment into smaller particles, e.g. micro-
plastics (size < 5 mm), and further weathering leads to the formation of functionally different contaminants —
nanoplastics (size <1 pm). Nanoplastics are believed to have entirely different physical (e.g. transport), chemical
(e.g. functional groups at the surface) and biological (passing the cell membrane, toxicity) properties compared
to the micro- and macroplastics, yet, their measurement in the environmental samples is seldom available. Here,
we present measurements of nanoplastics mass concentration and calculated the deposition at the pristine high-
altitude Alpine Sonnblick observatory (3106 MASL), during the 1.5 month campaigh in late winter 2017. The
average nanoplastics concentration was 46.5 ng/mL of melted surface snow. The main polymer types of nano-
plastics observed for this site were polypropylene (PP) and polyethylene terephthalate (PET). We measured
significantly higher concentrations in the dry sampling periods for PET (p < 0.002) but not for PP, which in-
dicates that dry deposition may be the preferential pathway for PET leading to a gradual accumulation on the
snow surfaces during dry periods. Air transport modelling indicates regional and long-range transport of
nanoplastics, originating preferentially from European urban areas. The mean deposition rate was 42 (+32/-25)
kg km~2 year™!. Thus more than 2 x 10'! nanoplastics particles are deposited per square meter of surface snow
each week of the observed period, even at this remote location, which raises significant toxicological concerns.

1. Introduction

protected areas of the USA), and the latter illustrates the important role
of long-range transport of airborne microplastics (Allenet al., 2019;

Plastics pollution has been recognised to be a global problem, as
particles of various sizes have been detected in water, soil and air, from
urban to remote areas (Allenet al., 2019; Dris et al., 2016; Ivleva et al.,
2017; Ter Halleet al., 2017). Plastics are one of the most commonly used
materials, with an annual production of 359 million tonnes worldwide,
of which 61.8 million tonnes (17.2%) are produced in Europe (Plas-
ticsEurope, 2019). It is estimated that >4900 million tonnes of plastics
have been disposed in the environment to date (Geyer et al., 2017).
There, plastics fragment from bigger to smaller particles, e.g. from
macroplastics (>5 mm) to microplastics (size <5 mm), and then further
down to nanoplastics (particles <1 pm) (Ivleva et al., 2017; El Hadri
et al., 2020; Pradelet al., 2020; Lehner et al., 2019; Mintenig et al.,
2018).

Recent studies reported high amounts of microplastics in urban (e.g.
London) and remote air (e.g. French Pyrenees, Arctic Fram Strait and
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Wright et al., 2020; Evangeliouet al., 2020; Bergmannet al., 2019). It has
also been shown that microplastics can be transported from air to sea,
and very recently, a study showed emission from the sea surface back to
air (Allenet al., 2020; Liuet al., 2019). These studies suggest that
different environmental systems (sea, land and freshwaters) are inter-
connected and exchange large amounts of plastics via the air. Further-
more, it has been reported that plastic material exposed to the air
fragments more quickly compared to, for example, plastics submerged in
seawater (Napper and Thompson, 2019). Accordingly, we can expect a
faster degradation of microplastics to nanoplastics in the air (or at the
polymer surfaces exposed to the air), and the resulting loads of nano-
plastics could be concerning.

The smaller the particles are, the more prominent their toxicological
importance becomes (Lehner et al., 2019). Nanoplastics have been re-
ported to cause various adverse effects in studies where organisms or
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cells have been artificially exposed, usually to a high dosage of poly-
styrene (Lehner et al., 2019; da Costa et al., 2016; Ferreira et al., 2019).
However, data on nanoplastics types and loads that we are exposed to
are exceedingly scarce for environmental samples (Mintenig et al., 2018;
Schwaferts et al., 2019). Furthermore, most of the current studies focus
on the adverse effects that nanoplastics cause in model organisms after
ingesting a certain amount of polymer. However, there is growing evi-
dence that a significant part of micro- and nanoplastics exposure could
enter the body via air inhalation (Lehner et al., 2019).

While more data are becoming available on urban and remote
microplastics pollution, the concentration of airborne nanoplastics has
not been measured yet in the natural environment, primarily due to
analytical challenges (Mintenig et al., 2018). We recently developed a
chemical method based on Thermal Desorption - Proton Transfer Re-
action - Mass Spectrometry (TD-PTR-MS), to selectively quantify nano-
plastics of different types with the highest sensitivity reported to date
(Materic et al., 2020). In this work, we quantified different types of
nanoplastics sampled daily in surface snow at the high-altitude research
station Sonnblick Observatory of the ZAMG (Zentralanstalt fiir Meteor-
ologie und Geodynamik) in the Austrian Alps over the winter-spring
transition 2017. The Sonnblick Observatory is located on the peak of
the mountain Hoher Sonnblick at 3106 m above sea level. Sonnblick
data are regularly used in air quality research and monitoring on
regional, continental and global scales (Holzinger et al., 2010; Karlet al.,
2001; Kasper and Puxbaum, 1998; Els et al., 2019). Using meteorolog-
ical data and backward trajectories of air movement, we were able to
infer source regions and transport pathways to this remote area.

2. Materials and methods
2.1. Sampling

The samples were taken at a high-altitude, remote site close to the
Sonnblick Observatory, Austria (3106 m above sea level), 50 m south
from the station building. Daily samples were taken at ~8 a.m. local
time (7 a.m. UTC), from 2017 to 02-08 until 2017-03-19 where the
surface snow (2 cm depth) was directly sampled (scooped) into 50 mL
clean polypropylene vials. This procedure resulted in a volume of 10-25
mL liquid equivalent for each sample (38 samples in total for all the
period). We did not take sampling replicates. All the samples were taken
at the same location within 1 m distance from each other (the exact
location was marked by a tall metal rod). We also took 4 field blanks
(distributed throughout the sampling period, see SI), pouring similar
amounts of ultrapure water (HPLQ water, VWR International, France)
into the same type of vials (polypropylene). Samples and field blanks
were kept frozen until analysis.

2.2. Sample preparation and TD-PTR-MS

The samples and field blanks were melted at room temperature, well
shaken (not vortexed), and directly filtered with PTFE syringe filters
(hand pressure, no wetting agents used), pore size 200 nm into clean
glass vials (10 mL, transparent GC-MS vials, VWR International, France).
Sample preparation and successive TD-PTR-MS was performed
following the detailed methodological protocols defined in our previ-
ously published works (Materi¢ et al., 2020; Materi¢ et al., 2019;
Matericet al., 2017; Peacock et al., 2018). In short, 1.5 mL of sam-
ples/blanks were loaded into new, prebaked (250 °C, overnight) 10 mL
chromatography vials and the water was removed in a low-pressure
evaporator. Dried samples, field blanks and procedural blanks (HPLQ
water loaded in the lab) were thermally desorbed using the following
protocol: 3 min incubation at 35 °C, temperature ramp 40 °C/min until
350 °C, then 5 min at 350 °C. The organics coming from the TD were
continuously monitored with 1 s time-resolution by PTR-TOF-MS
(PTR8000, Ionicon Analytik, Austria) using the protocol described
earlier (E/N 120 Td, drift tube temperature 120 °C, Inlet temperature
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180 °Q).

2.3. Data analysis

TD-PTR-MS data were analysed as described in our previous work
(Materic et al., 2020; Materi¢ et al., 2019; Peacock et al., 2018). In short,
ion concentrations presented in the data obtained by TD-PTR-MS were
extracted using the software package PTRwid (Holzinger, 2015). Final
mass spectra were generated by integrating the signal from the point
where the TD oven temperature reached 50 °C for the next 10 min of the
TD program (mass spectra available in the Supplementary Information).
Background subtraction and detection of ions was done according to the
procedures developed for ions close to the detection limit (Matericet al.,
2017). In short, firstly, we analysed the total volume of each sample
(divided into 1.5 mL loads); secondly, we generated average mass
spectra for each sample representing 1.5 mL sample load; and finally, we
applied subtraction (using the mean of the blanks) and detection limit
filtration (3¢ of the blanks) based on 1.5 mL sample load. The resulting
mass spectra were converted to concentration information (in ppb) for
each organic ion, which was calculated according to the formula:

(m/Z)H30’

(m/2) p.p+

1 ]
C= o X H:07] X

where C is concentration, k is reaction rate coefficient, t the residence
time of the primary ions in the drift tube, [M-H"] and [H30"] are ion
counts representing the protonated analyte and primary ions, respec-
tively, (m/z)yso+ and (m/z)y.p; represent mass-to-charge ratio of
protonated water and the protonated analyte M, respectively. This
concentration calculation is possible based on the extensive knowledge
of proton transfer reactions that occur in the instrument chamber, and it
is generally accepted with the uncertainty of + 30% (Matericet al., 2017;
Peacock et al., 2018; Cappellinet al., 2012; Lindinger et al., 1998;
Holzingeret al., 2019). Results from a recent intercomparison campaign
of 11 PTR-MS instruments (Holzingeret al., 2019) suggest that if the
PTR-MS transmission is known through calibration with multi-trace
standards (i.e., standards containing known traces covering the rele-
vant time-of-flight span of the instrument), such as in our case, the un-
certainty is even ~10%. However, we took a more conservative
approach and reported 30% uncertainty for all of our measurement.

Nanoplastics fingerprinting and quantification was performed as
described earlier in (Materic et al., 2020). We used 40 unique ions from
the mass spectra of virgin plastics (each plastic type separately) and
performed fingerprinting over the mass spectra of the snow samples. The
similarity between the library mass spectra and samples mass spectra
was scored (Materic et al., 2020) and, if above the calculated threshold,
the fingerprint was set as positive (for the details refer to our previous
work (Materic et al., 2020)). The threshold score was calculated based
on 1000 random/synthetic mass spectra, which included the same 40
ions as in the library mass spectra. If the signal was 2c above the average
of the synthetic spectra (z-score = 2, p < 0.02275, one tail distribution,
e.g. score 47.8 or 32.7 for the algorithm 1 and 3 respectively, for PET),
we assigned a positive fingerprint. Many positive fingerprints in our
sample were 36 (p < 0.00135) or more above the calculated synthetic
spectra (see the Supplementary Information).

2.4. Deposition calculation

The snow surface is a dynamic system where deposition and loss of
the nanoplastics particles, and other analytes, happen simultaneously
(Materic et al., 2019). In the case of no precipitation, the snow surface is
exposed to the air and over time the concentration of the analyte in-
creases due to dry deposition (assuming no losses). In this work, we took
a conservative approach and did not compensate for possible losses.
Thus, the dry deposition rate (D) is calculated from the difference
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between concentrations (C) measured at two different times (days).
D= Cduy x = Cday x—1

During precipitation days, the concentration of nanoplastics
measured in new snow was entirely attributed to wet deposition
(without correcting for the precipitation column).

The deposition per surface area was calculated assuming on average
2 cm sampling depth (+£0.5 cm) and a snow density of 250 mg/mL
(+100 mg/mL). That way we calculated that 1 cm? of snow surface on
average corresponds to 0.5 mL of melted snow (+75%, —60% - the
uncertainties are calculated using the above-mentioned maximum de-
viations of the sampling depth and snow density).

The deposition loads reported here are not correct for any losses (e.g.
losses of neutral molecules during proton transfer reaction (Materic
et al., 2020), losses at the snow surface due to the wind, see Appendix
Fig. A.4). The processes at the snow surface, such as sublimation and
“scrubbing effect” of the snow, might to some extent enrich the initial
concentration of nanoplastics and, in turn, affect our deposition esti-
mation. Furthermore, nanoplastics might come to the site and deposit as
much larger particles, e.g. hetero-aggregates (Oriekhova and Stoll,
2018), and might also dynamically form from already aged micro-
plastics. Thus, the deposition values we report here might have large
uncertainty.

Regarding the number concentration, we assumed that all nano-
plastics particles have the maximum possible size of the filter mesh (200
nm). The real number concentration is likely much larger as the number
of particles exponentially grow as the particle sizes decrease, and the
filter mesh could retain some particles smaller <200 nm.

2.5. HYSPLIT model

The HYSPLIT dispersion model (Steinet al., 2015) was used to track
the particles 96 h h backwards, considering a particle size of 0.2 pm
(cut-off size of our filtering), a density of 1 g/cm®, spherical shape and
no deposition forced. We noticed no impact on the resulting footprint
when nanoplastics were modelled as gas or as particles of 0.2 pm
diameter, since gravitational settling is negligible for such small parti-
cles. Footprints also did not differ between simulations without and with
deposition (e.g. deposition velocities of 0.034 cm s~1) (Duan et al., 1988;
Gallagheret al., 2002). The sampling location was at the top of the
mountain (3106 m above sea level), and the HYSPLIT model does not
accurately calculate altitude but rather uses the average altitude of the
topography at the resolution of the grid. To compensate for this, we
started the trajectories at the pressure level corresponding to the pres-
sure measured at the Sonnblick Observatory (where the samples were
taken) at the sampling time. Particles were released at Sonnblick over
24 h (corresponding to frequency of the daily samples) and then fol-
lowed backward in time over 72 more hours. The total time of a simu-
lation was thus 96 h. The resulting source footprint area is the area
where the dispersed particles were in contact with the surface (<100 m
above ground level, a default set up (Steinet al., 2015)). To investigate
the influence of human activity, we weighted the surface contact with
population density from GEOSTAT (T - Eurostat (Novem, 2020). The
frequency map for the entire period was calculated based on the 96 h
HYSPLIT backward trajectories. The model outputs are available in the
Supplementary Information.

2.6. Statistics

Differences were examined for significance using t-test (two groups/
levels) or and one-way ANOVA (more than two groups/levels). In both
cases, we used a two-tailed distribution, and n-1 degrees of freedom
(where n is the number of groups/levels). After one-way ANOVA, to
determine where the significance exist, we used Tukey’s test (95%
family-wise confidence level), and p-values are reported in the figures.
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2.7. Quality assurance

Contamination of nanoplastics coming from the air is virtually
impossible to avoid in the analytical procedure. It is also currently not
possible to completely avoid the plastics material used as the labware.
Accordingly, great care was taken to evaluate possible contamination.
To do so, we took field blanks throughout the monitoring period (4 in
total) which were exposed to the same conditions and possible con-
taminations as the surface snow samples and underwent the same
sample preparation procedures. The same personnel of the station took
the samples throughout the period in order to make the contamination
level constant. We regularly cleaned the lab and working space and
avoided movement in the lab (e.g. walking) while handling the open
samples (e.g. loading).

Our analysis showed no measurable plastics traces in any of our field
blanks when tested for PE, PET, PP, PS and PVC. However, we detected
traces of polypropylene carbonate (PPC) in some field blanks 6.3 ng/mL
(ranging 0-15.2 ng/mL, see Supplementary Information), likely coming
from our labware. The sampling protocol for this experiment was
initially designed to characterise dissolved organic matter in the snow
(e.g. organic aerosols) (Materic et al., 2019; Matericet al., 2017), and 50
mL PP containers were used. The samples and blanks were stored in
these containers for several months until analysis. However, we did not
detect any PP in any of the field blanks (the PP container material was
used to create a PP spectra for the library).

The mass spectrometric fingerprints of PP and PPC are not suffi-
ciently different to clearly separate these plastics in natural samples that
contain natural dissolved organic matter (Materic et al., 2020). In this
work, we refer them as PP following the negligible production/use rate
of PPC compared to PP (PlasticsEurope, 2019). Possible contamination
of our PP/PPC measurements was corrected in our data processing by
means of blank subtraction.

Given the detection limit of the technique (0.2 ng in a sample)
(Materic et al., 2020), and our sample loads of 1.5 mL, we calculated that
if any contamination of PE, PET and PS occurred in our experiment, it
was below 0.13 ng/mL (0.2 [ng]/1.5 [mL]).

In addition to the previously published quality assessment of our
method (considering potential false-positive and false-negative finger-
prints due to the presence of natural dissolved organic matter) (Materic
et al., 2020) we performed additional experiments to exclude artefacts.
1) We ran an experiment with common natural polymers (cellulose and
humic acids) to experimentally test their potential to produce
false-positive attributions. We conclude that there is no positive match
between these polymers and any of the plastics we analysed (PE, PET,
PS, PP, PPC, PVC, Tire wear) (see the SI). 2) To test for potential
false-negatives, we spiked mix of natural polymers (cellulose and humic
acids) with 100 ng of PS. Our fingerprint match was positive, concluding
that the presence of these common natural polymers does not signifi-
cantly disturb the fingerprint performance (see the SI). The measured
mass of PS in these spiked samples by TD-PTR-MS was 9.2 + 1.2 ng,
which is in the expected range reported earlier for semi-quantitative
measurements (e.g. neutral molecules formed in the PTR, molecule
fragments, CH4 and CO, are not visible by PTR-MS) (Materic et al.,
2020).

3. Results
3.1. Nanoplastics concentrations

Measured nanoplastics concentrations in surface snow samples in the
period 2017-02-08 until 2017-03-19 (38 daily measurement points) are
presented in Fig. 1 together with meteorological conditions (detailed
meteorological conditions in Appendix Fig. A.1, Table A.1). The nano-
plastics concentrations are retrieved using the TD-PTR-MS method
published earlier, utilising the mass spectrometric fingerprints for each
plastics type (e.g. see Appendix Fig. A.2) (Materi¢ et al., 2020;
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Fig. 1. Concentrations of nanoplastics (NP) in high-altitude surface snow and associated meteorological conditions for the site. PET — polyethylene terephthalate, PE
— polyethylene (2017-03-06), PP — polypropylene, PS — polystyrene, (2017-03-01 and 2017-03-03), Tire — tire wear (2017-02-28). Uncertainty bars represent general
PTR-MS quantification associated uncertainty of 30% (see method section for details) (Cappellinet al., 2012; Holzingeret al., 2019). Daily fresh snow precipitation in
mm represents 24 h precipitation prior to the sampling time (~7:00 UTC). Maximum 10 min average wind comes from S and SW, 26 m/s (SI Appendix Table SI1). For

detailed meteorological conditions, see SI Appendix Fig. SI1.

Matericet al., 2017; Peacock et al., 2018). The mass spectral library we
use contains standard polymers that have no additives. This way, we
aimed to fingerprint only the ion products of the plastics polymer and
minimize the potential impact of different additives or degradation
stages expected in nature on the analysis.

We note that chemical ionization of thermally desorbed plastics va-
pours also generates neutral molecules (e.g. COy) that are not seen by
the method, thus the concentrations we report are conservative and
represent lower limits (for details see the methods section and our
previous publication (Materic et al., 2020)).

Over the study period, the mean nanoplastics concentration in the
surface snow was 46.5 ng/mL, the predominant detected plastics types
were polyethylene terephthalate (PET) and polypropylene (PP) with
mean concentrations of 15.1 and 29.5 ng/mL of melted snow, respec-
tively. Both plastics belong to the most used non-fibre plastic materials,
contributing up to 7.7% and 19.3% to the European demand (PET and
PP respectively) and, PET accounts for 70% of synthetic fibre production
(PlasticsEurope, 2019; Geyer et al., 2017). The PP contribution that we
measured was increasing towards the end of the period (Fig. 1), together
with the concentrations of other organics (e.g. dissolved organic matter
signatures detectable with TD-PTR-MS) (Appendix Table A.2). In this
period, besides PP and PET, we occasionally also measured small
amounts of polyethylene (PE) and polystyrene (PS), 25 and 5 ng/mL
respectively. This increase in the nanoplastics concentration and variety
over the monitoring period agrees with the previously observed seasonal
change of fine particle deposition at the site due to seasonal variations in
the efficiency of upward transport of air from the planetary boundary
layer (e.g. notably lower deposition rates from October to February,

compared to the rest of the year) (Kasper and Puxbaum, 1998).

We compared the nanoplastics concentrations to the total organics
retrieved with TD-PTR-MS (<200 nm) and noted that nanoplastics
contribute on average 14.2% (range 6.6-44.5%) to the organics
measured by the method (Appendix Table A.2). Since the TD-PTR-MS
technique is only selective to low molecular weight organic matter
(<500 Da) covering on average 5.5% (0.4-11.8%) of natural dissolved
organic matter (Peacock et al., 2018), this translates into an average of
0.8% (0.3-2.4%) of dissolved organic matter present in the surface snow
consisting of nanoplastics colloids <200 nm.

3.2. Dry and wet deposition of nanoplastics

We further explore the correlations between nanoplastics deposition
and precipitation events in order to understand which types of nano-
plastics are preferentially delivered to the site as a dry or wet deposition.
During the measurements period, we had 20 wet and 21 dry days. We
measured significantly higher concentrations in the dry sampling pe-
riods for PET (Fig. 2, p < 0.002), but not for PP. Thus, dry deposition
may be the preferential pathway for PET leading to a gradual accumu-
lation on the snow surfaces during dry periods. The importance of dry
deposition for small nanoplastics would provide a mechanistic expla-
nation for the observation in protected areas of the US where dry periods
typically had microplastics particles smaller in size compared to the wet
period (Brahney et al., 2020). However, measured PP concentrations,
which are not correlated with precipitation levels, suggest that different
deposition mechanisms may apply for different nanoplastics types.
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Fig. 2. Comparison between nanoplastics concentrations and snow precipita-
tion levels (High >50 mm/day, Low >0 and < 50 mm/day and Zero — no
precipitation). Symbols “**” and “.” represent significant difference of p <
0.002, p < 0.072, respectively (one-way ANOVA analysis of variances, F-value
= 7.62) between the bars linked by the line. Error bars are SD of measurements
in each precipitation group (n = 5, 7 and 20 for High, Low and Zero,
respectively).

3.3. Nanoplastics deposition rates and upscaling

Weekly deposition rates of different types of nanoplastics are shown
in Fig. 3a, where on average we measured nanoplastics deposition of
167.6 ng/mL week !, albeit with huge variability (range: 28-429 ng/
mL week 1). Considering that according to our sampling protocol 1 mL
of snow corresponds to roughly 2 cm? of snow surface (25), we calculate
a mean deposition rate of 800 pg m~2 week ! (uncertainties +608 and
—486 pg m~2 week ). This translates to a yearly deposition of 43.7
(+32.8/-26.2) kg of nanoplastics per km?. We measured the nano-
plastics after filtering the water with a 200 nm pore size filter. If we
assume that all the nanoplastics particles in the sample are spherical
particles of 200 nm diameter and density ~1 g/cm?®, 1 ng of nanoplastics
consists of 4 x 10° 200 nm particles. This, translates to a minimum
deposition rate of 200 billion (2 x 10'!) nanoplastics particles per
square meter per week (Fig. 3a).

For comparison, the deposition rate of microplastics in remote pro-
tected areas of the US (Brahney et al., 2020) was estimated as 4.2 kg per
km? per year and 2.8 times higher in the French Pyrenees (only the
number of microplastics particles was reported, 336 per m? per day)
(Allenet al., 2019). This might indicate that the mass concentration of
nanoplastics in the air may be 3-10 times higher than what was reported
previously for microplastics. However, Bergmannet al., 2019 reported
microplastics number concentration in surface snow/ice on average
~1760 and ~700 MP per L in Arctic and Alps (Bergmannet al., 2019).
Note these are number concentration values. If we assume MPs size of
11 pm (the detection limit for FTIR), the density of 1 g/cm® and
spherical shape, we calculate the mass concentration of 1672 and 665
pg/L in snow from the Arctic and Alps, respectively. These concentra-
tions of MPs are order(s) of magnitude higher than what we measured
for NPs <200 nm (on average 46.5 pg/L). Apparently, there is a large
MPs concentration difference, possibly site-specific and related to the
sampling strategies.

4. Discussion
4.1. Atmospheric transport of nanoplastics

It is not surprising that airborne transport of nanoplastics is much
more effective than for microplastics, because lighter particles can be
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transported over longer distances from the sources. Also, plastics
extensively fragment when exposed to the air (Napper and Thompson,
2019), which implies that open-air exposure of plastics surfaces, e.g.
microplastics fibres from clothing (mostly PET), can lead to the forma-
tion of nanoplastics during atmospheric transport. This might be a sig-
nificant contributor to the overall PET burden we observed throughout
the measurement period. Furthermore, nanoplastics might come to the
site and deposit as hetero-aggregates (e.g. with organic matter and black
carbon) (Oriekhova and Stoll, 2018; Dubaish and Liebezeit, 2013) and
might also dynamically form from already aged microplastics after
deposition.

Linking the temporal evolution of our measurements to air mass
transport elucidates potential sources and pathways of nanoplastics
transport to the observatory. Accordingly, we used the HYSPLIT
dispersion model (Steinet al., 2015) to calculate source footprints for
surface contact of the air parcel, and footprints weighted by population
density (Fig. 3c, for the model setup, see methods). We found that the
deposition rate of the nanoplastics strongly correlates (r? = 0.8293,
p-value = 0.0036) with the population weighted footprint classes
(Fig. 3b). Although nanoplastics deposition is a complex process
involving a mix of potential local, regional and global sources, our data
provide evidence that densely populated urban areas might be hotspots
of nanoplastics emission. For example, on 2017-03-11 we recorded the
single highest nanoplastics concentration of >200 ng/mL, and the
associated footprints indicate a major contribution from populated areas
in England, France, the Netherlands and Germany, including the major
cities: London, Paris, Amsterdam, Frankfurt, Stuttgart and Munich
(Fig. 3¢).

However, our data also suggest that some deposition could come
from a long distance, beyond the European continent. On 2017-02-15,
we measured a deposition rate of 6 ng/mL, but the vertical profile of
particle dispersion suggests that the air stayed at high altitudes above
Europe and had no contact to the surface. The last surface contact was
96 h backwards, above the Atlantic Ocean — more than 3000 km away
from the site (Appendix Fig. A3, Appendix Table A.2). These nano-
plastics may originate from sources that are even further away and are
(at least sometimes) present at significant concentrations at high-
altitudes in the free troposphere above continental Europe. Marine
sources have been suggested as significant contributor to atmospheric
microplastics (Allenet al., 2020), which may be another process
explaining the nanoplastics deposition we measured for this date.

The footprint analysis presented in Fig. 3d illustrates the origin of the
air reaching the Sonnblick Observatory during the entire monitoring
period. Most of the trajectories (>30%) indicate a potential particle
origin from densely populated, nearby European areas that are 200 km
away from the site (Southern Germany, Northern Italy, Switzerland,
Eastern France and Slovenia). The trajectories also suggest possible
long-range and global transport of nanoplastics, with 10% of the tra-
jectories originating from more than 2000 km away (Fig. 3d). This is
consistent with the previously observed reported atmospheric transport
and potential source analysis for other fine particles (aerosol, microor-
ganisms) monitored at the station (Holzinger et al., 2010; Karlet al.,
2001; Kasper and Puxbaum, 1998; Els et al., 2019).

5. Conclusions

Our detection of nanoplastics in the remote Alps together with pre-
viously published measurements of microplastics in remote areas
demonstrate global scale atmospheric pollution with these emerging
contaminants. The total nanoplastics mass deposition we estimate in this
study might be similar to previously published atmospheric microplastic
deposition in remote areas (Brahney et al., 2020). Considering the
potentially greater toxicological importance, it is crucial that further
research in the field focuses on atmospheric nanoplastics pollution. It is
well established that aerosol pollution significantly affects human
health, decreasing life expectancy up to 5 years in urban areas (Apte
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Fig. 3. Deposition of nanoplastics at the Sonnblick Observatory, Austria (3016 m above sea level); source dependent deposition rates and trajectories. A) Weekly
mass and lower limit of number deposition rate of the nanoplastics. Error bars represent general PTR-MS uncertainty of 30% associated with quantification
(Cappellinet al., 2012; Holzingeret al., 2019). Dashed lines represent estimated uncertainty ranges (+75 and —60%) associated with sampling conditions (e.g.
changes in snow density, see the Method section). B) Nanoplastics deposition rate as a function of the population exposure. Error bars represent the standard de-
viation of measurements in each population group (n =9, 14, 5 and 10 for <40, 40-80, 80-120 and > 120 million people hours, respectively). p-value = 0.0036. C)
Source areas (footprint) calculated with HYSPLIT backward dispersion simulations for air arriving at Sonnblick on 2017-03-11, representing the single highest
nanoplastics concentration observed (>200 ng/mL). D) HYSPLIT source areas averaged over the whole sampling period, ranging as far as 2000 km with

>10% frequency.

et al.,, 2015). The size of aerosols plays an important role for their
toxicity. Small particles of size <1 pm can penetrate deep into the lungs,
but larger particles >10 pm are likely filtered out by the upper respi-
ratory system (Oberdorster, 1993). Thus, nanoplastics can penetrate
deep in the lungs (alveoli) and given their small diameter can even pass
the cell membrane barrier and enter the bloodstream (Lehner et al.,
2019; Oberdorster, 1993; Stapleton, 2019; Wright and Kelly, 2017;
Revel et al., 2018). Further measurements of nanoplastics in urban, rural
and remote areas are essential to assess the extent of nanoplastics
pollution. This will provide insight into the levels of human exposure so
that accurate air-quality protocols, toxicological assessment and miti-
gation efforts can be established.
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Table A.1
Average daily wind direction and speed for the sampling period. The average was taken 24h back from the sampling time (7.00 UCT).

Date Average direction [deg] Average direction Average speed [m/s] Maximum speed [m/s] Fresh snow [cm] — 7-7 AM UCT
2017-02-07 35.2 NE 10.4 13.2 6.4
2017-02-08 218.9 w 4.9 11 0
2017-02-09 157.3 NE 5.0 8.6 0
2017-02-10 226.9 SwW 11.7 18.9 0
2017-02-11 248.2 SW 12.9 17.9 2
2017-02-12 251.2 Sw 12.9 17.2 0
2017-02-13 186.3 W 3.4 7 0
2017-02-14 217.2 SwW 8.9 13.1 0
2017-02-15 172.7 S 5.2 10.1 0
2017-02-16 206.5 sw 7.5 9.3 0
2017-02-17 252.7 W 5.5 8.8 0
2017-02-18 103.9 NE 7.2 14.4 9
2017-02-19 57.9 NE 7.2 9.8 2.4
2017-02-20 231.5 W 8.2 15.3 1.6
2017-02-21 289.6 w 9.0 18.9 1.2
2017-02-22 273.9 w 6.4 14 30.5
2017-02-23 284.6 W 12.2 18 0
2017-02-24 257.5 W 14.3 21.6 4
2017-02-25 39.8 NE 8.2 13.6 9.3
2017-02-26 108.3 NE 6.0 12.5 0
2017-02-27 265.8 W 7.4 13.9 0
2017-02-28 245.4 SW 16.6 21.5 0
2017-03-01 152.5 NE 12.6 22.8 20.9
2017-03-02 219.8 W 9.4 14.5 3
2017-03-03 284.0 W 7.2 14.1 1.3
2017-03-04 244.3 sw 19.1 25.5 0
2017-03-05 241.4 W 16.8 26 3.1
2017-03-06 243.7 SwW 8.8 13.8 7.7
2017-03-07 173.1 w 9.0 13.8 10.2
2017-03-08 27.4 NE 9.4 12.9 12.1
2017-03-09 268.5 W 6.8 14.1 20.3
2017-03-10 216.3 w 5.4 10.6 44.9
2017-03-11 25.2 NE 9.6 15 11.1
2017-03-12 128.7 NE 11.2 15.1 0
2017-03-13 222.4 w 9.5 12.8 0
2017-03-14 25.5 NE 8.7 15.2 0
2017-03-15 22.7 NE 12.5 15.8 0
2017-03-16 54.8 NE 11.3 15.3 0
2017-03-17 82.5 NE 6.5 11.6 0
2017-03-18 292.6 W 10.0 20.7 0
2017-03-19 299.5 W 10.1 19.7 22.9
Table A.2

Time-resolved summary of measured nanoplastics (NPs) concentrations, depositions and its contribution to the bulk dissolved organic matter.

Date Nanoplastics concentration [ng/mL] Nanoplastics deposition [ng/(mL day)] PTRdom [ng/mL] NPs in PTRdom [%] Modelled NPs in DOM [%]
PET PE PP PS
2017-02-08 0.0 0.0 0.0 0.0 0.0 59.5 0.0 0.0
2017-02-10 0.0 0.0 0.0 0.0 0.0 144.9 0.0 0.0
2017-02-11 15.7 0.0 0.0 0.0 15.7 74.5 21.1 1.2
2017-02-12 28.3 0.0 0.0 0.0 12.6 163.4 17.3 1.0
2017-02-13 19.5 0.0 0.0 0.0 0.0 125.8 15.5 0.9
2017-02-14 30.4 0.0 0.0 0.0 11.0 181.9 16.7 0.9
2017-02-15 36.3 0.0 0.0 0.0 5.9 222.8 16.3 0.9
2017-02-16 20.7 0.0 0.0 0.0 0.0 174.3 11.9 0.7
2017-02-17 33.1 0.0 0.0 0.0 12.4 183.5 18.0 1.0
2017-02-18 0.0 0.0 0.0 0.0 0.0 30.6 0.0 0.0
2017-02-20 33.9 0.0 0.0 0.0 33.9 181.4 18.7 1.0
2017-02-21 0.0 0.0 0.0 0.0 0.0 94.1 0.0 0.0
2017-02-22 0.0 0.0 0.0 0.0 0.0 19.3 0.0 0.0
2017-02-23 0.0 0.0 0.0 0.0 0.0 5.4 0.0 0.0
2017-02-24 13.0 0.0 0.0 0.0 13.0 63.8 20.4 1.1
2017-02-25 19.3 0.0 0.0 0.0 19.3 92.9 20.8 1.1
2017-02-26 35.1 0.0 37.4 0.0 53.1 334.1 21.7 1.2
2017-02-27 61.1 0.0 79.4 0.0 68.0 517.8 27.1 1.5
2017-02-28 33.5 0.0 0.0 0.0 0.0 282.0 11.9 0.7
2017-03-01 0.0 0.0 0.0 5.4 5.4 128.8 0.0 0.0
2017-03-02 0.0 0.0 58.3 0.0 58.3 922.6 6.3 0.3
2017-03-03 0.0 0.0 0.0 5.9 5.9 829 0.0 0.0
2017-03-04 0.0 0.0 35.1 0.0 35.1 142.7 24.6 1.4

(continued on next page)
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Date Nanoplastics concentration [ng/mL] Nanoplastics deposition [ng/(mL day)] PTRdom [ng/mL] NPs in PTRdom [%] Modelled NPs in DOM [%]
PET PE PP PS
2017-03-05 0.0 0.0 0.0 0.0 0.0 132.0 0.0 0.0
2017-03-06 0.0 25.2 21.6 0.0 46.8 119.7 39.1 2.2
2017-03-07 9.5 0.0 14.0 0.0 23.5 52.7 44.5 2.4
2017-03-08 0.0 0.0 87.1 0.0 87.1 951.7 9.2 0.5
2017-03-09 4.8 0.0 9.9 0.0 14.7 91.8 16.0 0.9
2017-03-10 0.0 0.0 0.0 0.0 0.0 33540.0 0.0 0.0
2017-03-11 0.0 0.0 220.5 0.0 220.5 2252.4 9.8 0.5
2017-03-12 36.2 0.0 49.9 0.0 36.2 305.9 28.1 1.5
2017-03-13 38.1 0.0 59.3 0.0 11.3 469.1 20.8 1.1
2017-03-14 20.4 0.0 45.4 0.0 0.0 257.7 25.5 1.4
2017-03-15 0.0 0.0 106.6 0.0 61.2 616.0 17.3 1.0
2017-03-16 45.6 0.0 79.3 0.0 45.6 498.9 25.0 1.4
2017-03-17 41.2 0.0 71.4 0.0 0.0 513.7 21.9 1.2
2017-03-18 0.0 0.0 147.4 0.0 76.0 831.4 17.7 1.0
2017-03-19 0.0 0.0 0.0 0.0 0.0 117.6 0.0 0.0
Average
Total 575.7 25.2 1122.5 11.3 972.6 44979.6 14.3 0.8
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Fig. A.2. Fingerprinting PET nanoplastics in a sample (match confidence ‘***¢, z-score > 4), a) Ions in PET library, b) Mass spectra of the surface snow sample (2017-
02-28), ¢) PET nanoplastics signal in the sample (2017-02-28). The signals are normalised to the highest peak. The fingerprint algorithm, scoring and evaluation were
in details addressed in our previous work (Materic et al., 2020).
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Fig. A.3. HYSPLIT backward dispersion model for 2017-02-15. a) Modelled dispersed particle position 48 h backwards in time indicating that most of the particles
are at high-altitude — no surface contact, b) particle position 96 h backwards in time reaching the Atlantic Ocean surface, indicating possible marine sources.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.envpol.2021.117697.
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