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ABSTRACT

It has been established that various anthropogenic contaminants have already reached all the world’s pristine
locations, including the polar regions. While some of those contaminants, such as lead and soot, are decreasing in
the environment, thanks to international regulations, other novel contaminants emerge. Plastic pollution has
been shown as a durable novel pollutant, and, since recently, smaller and smaller plastics particles have been
identified in various environments (air, water and soil). Considerable research already exists measuring the
plastics in the 5 mm to micrometre size range (microplastics). However, far less is known about the plastics
debris that fragmented to the sub-micrometre size (nanoplastics). As these small particles are light, it is expected
that they have already reached the most remote places on Earth, e.g. transported across the globe by air
movement. In this work, we used a novel method based on Thermal Desorption — Proton Transfer Reaction —
Mass Spectrometry (TD-PTR-MS) to detect and measure nanoplastics of different types in the water sampled from
a Greenland firn core (T2015-A5) and a sea ice core from Antarctica. We identify polyethylene (PE), poly-
propylene (PP), polyethylene terephthalate (PET), polystyrene (PS), polyvinyl chloride (PVC), and Tire wear
nanoparticles in the 14 m deep Greenland firn core and PE, PP and PET in sea ice from Antarctica. Nanoplastics
mass concentrations were on average 13.2 ng/mL for Greenland firn samples and 52.3 ng/mL for Antarctic sea
ice. We further discuss the possible sources of nanoplastics that we found at these remote locations, which likely
involve complex processes of plastic circulation (emission from both land and sea surface, atmospheric and
marine circulation).

1. Introduction

Brahney et al., 2020; Materic et al., 2021b; Zhang et al., 2021). Most of
the research and plastic inventories assessments have focussed on a

It has recently been discovered that novel anthropogenic pollution
which originate from fossil fuel polymer production are present in the
air, water and soil. Polymers such as plastics have been commonly used
since the middle of the last century with increasing yearly production
that in 2019 reached 368 million tonnes worldwide (Geyer et al., 2017;
PlasticsEurope, 2019, 2021). Such a massive production of durable
polymers results in a littering problem. Polymers that are disposed of in
the environment fragment to microplastics (1 pm-5 mm size) and
nanoplastics (particles size <1 pm) (Bianco et al., 2020; Bond et al.,
2018; Dawson et al., 2018; Geyer et al., 2017; Napper and Thompson,
2019; Vicente et al., 2009). Mismanaged plastics enter soils and rivers,
have been delivered to the world’s oceans (Gonzalez-Fernandez et al.,
2021; Lebreton et al., 2017; Liss, 2020; Wayman and Niemann, 2021;
Weiss et al., 2021), and transported to remote places (Allen et al., 2019;
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fairly large size fraction of plastics — micro and macroplastics (pieces >5
mm), while nanoplastics have escaped attention because they are not
detectable by the standard sampling and measuring protocols (Lindeque
et al., 2020; Poulain et al., 2019; Wayman and Niemann, 2021).

Large unknowns also exist in our present-day understanding of the
global scale circulation of plastics through our environment. While the
transport of microplastics between terrestrial and marine areas is to
some degree understood (Allen et al., 2020; Brahney et al., 2021;
Evangeliou et al., 2020), far less is known about the nanoplastics.
Nanoplastics seem to compose a significant proportion of the plastics
debris budget. Several methodological approaches, both quantitative
and semi-quantitative, indicated the presence of nanoplastics in envi-
ronmental samples of seawater (North Atlantic, Dutch Warden Sea),
rivers (the UK), regional and remote surface waters (Sweden and
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Siberia, Russia) and snow in the remote high-altitude Alps (Austria)
(Davranche et al., 2020; Materic¢ et al., 2020, 2021a, 2021c; Sullivan
et al., 2020; Wahl et al., 2021; Xu et al., 2020). These first measurements
of environmental nanoplastics already suggest the omnipresence of
nanoplastics. They confirm the hypothesis that nanoplastics do form in
the environment and can be transported to locations far away from the
original sources.

Natural, environmental erosion of bigger plastic materials may form
the nanoplastics in various ways that involve physical, chemical and
biological processes (Dawson et al., 2018; El Hadri et al., 2020; Napper
and Thompson, 2019). As these small particles are light, they have a
potential to get airborne and deposited in urban, rural and remote areas.
They are also good candidates for reemission from secondary sources
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such as urban surfaces and agricultural soil (Brahney et al., 2021; Rezaei
etal., 2019; Tagg et al., 2021). However more measurements are needed
to understand the magnitude of all the processes involved including
sources, sinks and transport of nanoplastics.

In this work, we went to the most remote places on Earth, beyond the
South and North polar circle, in search of nanoplastics in polar ice. We
analysed samples from a 14 m deep firn core from central Greenland and
from a sea ice core from Antarctica. Our goal was to demonstrate the
presence of nanoplastics in these remote areas, to characterize them and
to give a first insight into possible processes involved in their transport.

Ross Ice
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R
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Fig. 1. Location of the study sites: a) Greenland —75N37.501’, 35W58.809’ close to the EastGRIP deep drilling site; b) Antarctica — Cape Evans 77°38'S, 166°23'E in
McMurdo Sound (adapted from Van der Linden et al., 2020). The sampling locations are presented as red dots. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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2. Material and methods
2.1. Sampling of the shallow firn core, Greenland

During a traverse from NEEM (North Greenland Eemian Ice Drilling
Project) to EastGRIP (East Greenland Ice core Project - Kjaer et al., 2021a,
2021b) in 2015 a shallow firn core (T2015-A5) was collected at
75N37.501’, 35W58.809" down to 14.02 m close to the EastGRIP deep
drilling site (Fig. 1a).

The firn core was drilled using the U.S. Ice Drilling and Design Op-
erations hand auger (76 mm diameter). In the field, the cores were split
into 55 cm long segments and packed into plastic bags made from
polyethylene (PE). They were then stored in cooler boxes made from
expanded polypropylene (PP) and transported on sledges to the East-
GRIP site, from where they were flown first to Kangerlussuaq,
Greenland, and then shipped further to Copenhagen, Denmark for
storage and analysis. In Copenhagen, the cores were stored at —20 °C
until further cutting into sections of 3.4 x 3.4 cm just prior to mea-
surements by Continuous Flow Analysis (CFA) at the Niels Bohr Institute
(Bigler et al., 2011).

Continuous flow analysis is a common method for analysing ice cores
and for the Copenhagen CFA system, as presented by Bigler et al. (2011),
determines conductivity (c), insoluble dust, ammonium (NH4") and
calcium (Ca®"). The system was slightly adjusted (Kjzr et al., 2016) so
that hydrogen peroxide (H205) and acidity were also analysed on the
firn core T2015-A5. Details of the CFA setup and instrumentation is
presented in (Kjer et al., 2021b). Based on annual layer counting of
H202 summer peaks and insoluble dust/calcium winter peaks, we
observed a mean annual accumulation of 14.6 + 3.1 cm w.eq and date
the bottom of the firn core T2015-A5 back to ~1966.

2.2. Subsampling and melting of firn for nanoplastics analysis

During the melting and continuous flow analysis, one meltwater line
was devoted for subsampling for the TD-PTR-MS analysis. Discrete
samples were collected every 27.5 cm of the core (two samples per 55
cm segment). Great care was taken that only the inside part of the core
was sampled, thus, our sample never had contact with the field or lab
atmosphere, packing material, or sampling equipment. However, it had
contact with the melting head and the pipes of the CFA system. Between
the melting of the core sections, we melted and subsampled the blanks.
The blanks for this analysis were made by freezing Milli-Q water in
plastic bags similar to the ones used for transport of the firn cores from
the field, and cut into 3.4 x 3.4 cm sections. Such ice blanks were melted
in-between the continuous firn sample melting and thus represent the
blanks for the entire CFA system, including the cutting in the freezer and
the exposure to the plastic bags (PE) used for transport. In other words,
these complete process blanks were exposed to all the impurities the
core was exposed to. As the relevant inner part of the cores were not
directly exposed to contamination at any moment in the field, core
transport or storing, no field blanks (e.g. Milli-Q water exposed to the air
of the site) were taken. After the melting at the CFA system, the samples
and complete process blanks were stored in dark and cold (4 °C) in PP
vials.

2.3. Antarctic sea ice core sampling and ancillary measurements

The sea ice core sampling took place at Cape Evans (77°38' S,
166°23'E), located on the eastern side of McMurdo Sound, under the
western slopes of Mt Erebus, Ross Island, Antarctica (Fig. 1b), in the
framework of the YROSIAE (Year-Round Ocean-Sea Ice Atmosphere
Exchanges) Belgian project. A smooth and flat fast sea ice cover develops
each year under quiescent conditions and typically reaches thicknesses
between 1.5 and 2.5 m. Sampling occurred in two phases: from 28
November to December 8, 2011, and from 19 September to November 1,
2012 (see Carnat et al., 2014 for a full description). During the first
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phase, an ice coring site was delineated with flags approximately 400 m
away from the shore. The exact same location was re-visited during the
second phase but, obviously, with a renewed sea ice cover.

The sea ice coring site was visited three times during phase 1 and five
times during phase 2. We show here measurements performed on ice
collected during the sampling event of October 17th, 2012 (YROSIAE
Station 6) of phase 2. Each time the site was visited, a small sampling
square area (10 m?) was delineated. Sampling always started with a
basic description of the snow cover. Ice cores were then taken using an
electropolished stainless-steel ice corer (14 cm ID). Ice cores were
immediately wrapped in polyethylene bags and kept at < —30 °C, hor-
izontally in the dark to prevent brine drainage from the cores (Cox and
Weeks, 1986) and limit the physiological activity of ice algae. In the
field, this was achieved by placing the cores in an insulated box pre-
filled with cold packs frozen at —30 °C.

All the physical properties of the sea ice cover were assessed on a
dedicated ice core. The first half of the core was used to determine the ice
texture. Thick vertical sections of the core were cut with a bandsaw and
attached to glass plates by freezing Milli-Q water along the edges of the
sections. The thick sections were planed down to thin sections of
600-700 pm using a Leica® SM2400 microtome. These thin sections
were then installed on a light table equipped with cross-polarized sheets
(Langway, 1958). Ice types were identified based on visual observation
of the size, shape, and orientation of the ice crystals, and compared to
descriptions found in the literature (Eicken and Lange, 1989; Tison et al.,
1998).

Ice temperature was measured on site on the second half of the core
dedicated to physical properties, using a fast response handheld portable
digital thermometer equipped with a TESTO®720 calibrated probe
(precision +0.1 °C, accuracy +0.2 °C). The probe was inserted in 2 mm
diameter holes freshly drilled along the core every 5 cm.

Bulk ice salinity was measured using the same vertical resolution as
for ice temperature. In the cold room, the half core was bisected down
the middle and sectioned (5 cm increments) using a stainless-steel band
saw. The sections were then allowed to melt at room temperature in
sealed plastic containers, a process taking approximately 12 h. Bulk
salinity was determined through conductivity by inserting the probe of a
Thermo-Orion® WP-84 TPS meter in each melted ice section (accuracy
of +0.1%o). Finally, the brine volume fraction (proportion of salty liquid
inclusions entrapped in the ice as pockets, intracrystalline layers or brine
channels) was calculated from temperature and bulk ice salinity, using
the formulation recommended by Petrich and Eicken (2017).

2.4. Subsampling and melting of sea ice for nanoplastics analysis

The top and bottom part of the sea ice core was cut with a clean
stainless-steel blade, so the surfaces were for the first time exposed
during this process. Such samples were placed in a new clean glass jar.
The samples were cut immediately before the analysis and were melted
for the first time just before the TD-PTR-MS analysis.

2.5. Analysis by TD-PTR-MS

The analysis was performed as previously described in Materic et al.,
(2020). In short, 1.5 mL of melted ice samples (and blanks, ultrapure
HPLC water, VWR Chemicals) were filtered through a 200 nm mem-
brane syringe filter (UNIFLO 25/0.2 PT FE) to separate microplastics
from nanoplastics. Filtered water was loaded as 1.5 mL aliquots and
processed by low-pressure evaporation/sublimation as described in our
previous work (Materic et al., 2017, 2020). After the water had been
removed, we performed thermal desorption of the remaining material
starting from 35 °C and ramping to 350 °C at the rate of 40° per minute,
keeping at 350 °C for 5 min. During the thermal desorption, we
continuously (every second) monitored the organic ions signals with a
PTR-TOF-MS (PTR8000, IONICON Analytik, AU), using previously
described settings (E/N 120 Td) (Materic et al., 2017, 2020).
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The procedural blanks were treated the same as the sample. The
same filtering procedure, labware and processing was used for the
procedural blanks (more on the blanks and contamination assessment in
the Quality control section). Samples were analysed in triplicates.

2.6. Data processing and evaluation

Raw mass spectra were analysed first using PTRwid (Holzinger,
2015), where the measured mole fractions were exported for each ion of
the mass spectra. The signal for each ion was integrated for 8 min (7 min
for sea ice samples) starting when the temperature of the thermal
desorption oven reached 50 °C. This resulted in one mass spectrum per
TD run.

The ion signal of samples was corrected for the mean signal of the
blanks from HPLC water for sea ice samples and system blanks (clean
vials) for Greenland samples, and a 3-sigma detection limit was applied.
The blank correction and detection limit filter were applied to all the
replicates.

The final mass spectra were used for nanoplastics fingerprinting, as
explained in our previous work (Materic et al., 2020, 2021b). In short,
the mole fraction ratios of 40 ions from virgin plastics were compared to
the same ions measured in the environmental samples. The similarity
between plastics and sample ions was compared, scored and evaluated.
The threshold score that defined a positive match 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 2¢ above the average
of the synthetic spectra (z-score = 2, p < 0.02275, one tail distribution),
we assigned a positive fingerprint for that particular plastic type (for
more details, see Materic et al., 2021b). The similarity in mass spectra
between pure plastics standards (PET and PE) and ice samples are shown
in Fig. 2.

When the fingerprint score was positive, each organic ion typical for
the matched plastics type was quantified in the environmental samples
according to the standard PTR-MS formula (Cappellin et al., 2012;
Holzinger et al., 2019; Lindinger et al., 1998; Materi¢ et al., 2017;
Peacock et al., 2018):

(m/2)py0r

(m/Drr.u+

0 e
M=% X o <

where [mf] is mole fraction in ppb, 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,
respectively, (m/z)gso+ and (m/z)y.pg+ represent the mass-to-charge
ratio of protonated water and the protonated analyte M, respectively,
which corrects for the TOF duty cycle. Mole fractions are further con-
verted to the final concentrations (ng/mL), considering dilution of the
airstream and the volume of the samples loaded, preserving the ratio of
ion intensities as in the mass spectrum of the virgin plastics — thus cor-
recting for the overestimation as explained in Materic et al. (2020). All
the data processing stages including the raw data files are available in
the Supplementary Data (see the Appendix).

The final concentrations we present in this work are the amounts of
plastic vapours successfully ionised in the TD-PTR-MS system. As the
ionisation efficiency is not 100% (e.g. some organic ion-fragments and
CO3 do not ionise in the system), these results (£60% uncertainty, see
quality control section) should be considered semi-quantitative, and as
such, they represent low threshold values of the actual concentrations in
the environmental samples (Materic et al., 2020, 2021b). Unfortunately,
at the moment, the ionisation efficiencies for different plastic polymers
cannot be experimentally deduced (apart from PS) due to the lack of
analytical standards for nanoplastics (Holzinger et al., 2019; Materic¢
et al., 2020).
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Fig. 2. PTR-MS mass spectra for plastic standards and sea ice samples from the
Antarctic (bottom part of the core). a) mass spectrum of the Antarctica sea ice,
standard deviation of replicas are shown in red, note that the y-axis has a
logarithmic scale; b) zoomed-in mass spectra with plastics fingerprinting ions
shown in colour (PE red, PET green); ¢) normalised mass spectra for PET
standard and the sea ice sample — match confidence “***” >4c (p < 000032); d)
normalised mass spectra for PE standard and the sea ice sample — match con-
fidence “**” >30 (p < 0.00135). Note the similarity between organic ion pro-
files of the virgin plastic standards and the sea ice samples (panels ¢ and d). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

2.7. Quality control

During our sampling and analyses, it was impossible to avoid the use
of plastic polymers. For example, both ice cores (Greenland and
Antarctica) were initially stored in a polymer material of certain types
(PE, PP). However, those plastics only touched the surface of the cores.
So, the inside part of the cores was not in contact with a plastics polymer,
and it was all the time shielded from air exposure by at least 1.4 cm of
ice. The Greenland ice core was melted in the continuous melting system
so that only the inside, most pristine, part of the core was sampled for
TD-PTR-MS analysis. The Antarctic sea ice core was cut before analysis,
and only the inside part of the core was used, which had not been in
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contact with plastic material or directly exposed to the air before cut-
ting. That way, we avoided/minimised the possibility of the plastic
materials and dust particles touching our samples and contaminating
them during processing.

For assessing possible contamination during the sampling and sam-
ple handling, we performed different blank measurements. We analysed
clean vials as the system blanks, Milli-Q water or HPLC water as process
blanks, and frozen Milli-Q ice that was melted and run through the
entire automated melting process as the Greenland ice core (complete
process blanks).

Some plastics materials were used for handling samples and process
blanks, such as syringes (PE, rubber stopper), membrane filters (PE,
PTFE) pipet tips (PP). However, all our process blanks were exposed to
the same impurities (filtered with the same kit, the same labware used).
Our process blanks were assessed for plastic traces, and no plastic
contamination on any plastic types analysed here has been found in any
of the blanks (see the supplement for the mass spectra and fingerprint
scores). To our best knowlage, nanoplastics contamination does not
happen much from new, high-quality labware, but rather from exposure
of the samples/blanks to the air. Thus, we minimised the air exposure of
the samples at all times.

The downside of the TD-PTR-MS method we used in this work is that
we cannot provide the size distribution of the nanoplastic particles,
neither their shapes or colour. Furthermore, due to the mass spectra
similarity, it is not possible with the current fingerprint method to
differentiate PP from PPC (polypropylene carbonate), or to resolve PE of
different densities. There is also some similarity between mass spectra of
PP and PE. For example the fingerprint method used in this work, “Al-
gorithm 17 and “Algorithm 3" (Materic et al., 2020), which are the most
conservative routines, show a weak false positive fingerprint (match
score “*”) when a PP standard is compared against virgin PE, but not the
other way round (see SD). This means that the relative contribution of
PE might be underestimated at the expense of PP. Thus, the reported PE
loads are on the conservative side (no PE false positive in PP), however,
0-58% of semi-quantitative PP loads reported in this work might be PE
nanoplastics (see SD for the calculation). It is important to note, though,
that the PP fingerprint for many of our ice samples had a stronger match
score (e.g. “**” or , see caption Figure Al and Fig. 2, all scores
available in SD) compared to the false positive match score between
pure PP and PE, which suggests that PP is indeed present in our samples
(see Figure Al).

The ion similarity of the mass spectra for different plastics types
(even one that did not pass the threshold of fingerprint detection) could
contribute to the ion signal in a sample. Considering all the limitations
(e.g. mass spectra similarity between different plastic types, PTR-MS
standard quantification error), we estimate an uncertainty of +60%
for the reported semi-quantitative results.

e

Environmental Research 208 (2022) 112741

3. Results and discussion
3.1. Greenland

The average concentration of the nanoplastics found in the
Greenland ice core was 13.2 ng/mlL. Different plastics types were
detected with mean concentrations for PE 6.5 ng/mL, PET 2.7 ng/mL, PS
0.11 ng/mL, PVC 0.11, PP/PPC 0.57 ng/mL and Tire wear 3.2 ng/mL.
Other data measured on the CFA system for the core, averaged to the
same sampling resolution of the plastics analysis are available in SD (see
the Appendix).

PE was the dominant plastics type in the Greenland firn core (Fig. 3)
and contributed 49% to the total nanoplastics mass. PE is one of the most
used types of plastic, common in single-used packing materials
(disposable bags and food containers), houseware, pipes and agricul-
tural foils (PlasticsEurope, 2019). PE demand in Europe in 2019 was
more than 14 million tonnes and accounted for 29.8% of all plastics used
(PlasticsEurope, 2021). Earlier work shows that PE is one of the most
common microplastic types found in the Greenland subsurface seawater,
Arctic snow, and surface sea water of the North sea (Bergmann et al.,
2019; Lorenz et al., 2019; Morgana et al., 2018), which is consistent with
our results. PE nanoplastics may come from multiple sources to this
remote site: 1) from land via atmospheric long-range transport (Legrand
et al., 2016; Schiipbach et al., 2018) or 2) from the sea surface (Allen
et al., 2020), where PE macro- and microplastics fragment to nano-
plastics via e.g. UV degradation (Wayman and Niemann, 2021), which
airborne via bubble burst process (Masry et al., 2021) and finally deposit
at the sampling site.

The next most important nanoplastic types at the Greenland site were
PET and Tire, with respective relative contribution of 21 and 24%. PET
fibres are associated with the clothes and clothing industry (Chan et al.,
2021; Liu et al., 2021). It is also extensively used in bottle productions
(e.g. for water and soft drinks), and the European demand for such use in
2019 was ca. 4 million tonnes (PlasticsEurope, 2021). PET is one of the
dominant forms of microplastic fibres in the urban atmosphere (Cai
etal., 2017; Dris et al., 2016; Zhu et al., 2021). The wind trajectories for
the sampling site in Greenland have been previously modelled, and
point to long-range transport from North America and Asia (Legrand
et al., 2016). Previous research showed that PET microplastics had been
transported via air and sea currents to remote North Arctic sites, and it
has been measured in seawater, snow and ice (Bergmann et al., 2019;
Morgana et al., 2018; Ross et al., 2021). On the continent, PET micro-
plastics have been identified in many remote locations and the transport
modelling indicates urban areas as dominant sources (Allen et al., 2019;
Bergmann et al., 2019; Evangeliou et al., 2020; Zhang et al., 2021). Less
is however known so far for nanoplastics transport. PET nanoplastics
deposition has been only measured in the remote high-altitude Alps
where back trajectory analysis points to urban, populated areas in
western Europe as main source (Materic et al., 2021b).

Thus, the origin of nanoplastics at this Greenland site is likely a
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Fig. 3. Nanoplastics concentrations at different depths of our Greenland’s firn-core (T2015-A5) sampled at 27.5 cm length resolution. a) Polymer type contribution
for each sampling depth. The error bars represent the standard deviation of the replicas. B) average contribution of each polymer type in the analysed samples.
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combination of different transport processes involving sea and air
transport. Recent increase in visits (tourism, expeditions) might also be a
contributor for the most recent ice sections. Nanoplastics found here
may be deposited from primary sources (e.g. urban places, agricultural
fields, mismanaged waste sites) or originate from secondary sources (e.
g. microplastics that have previously been deposited far away from the
original sources and recirculate in the environment - e.g. sea surface,
roads) (Brahney et al., 2021; Evangeliou et al., 2020).

3.2. Antarctica

For the Antarctic sea ice samples, the average nanoplastics concen-
tration at the top and bottom were 67.0 and 37.7 ng/mlL, respectively
(Fig. 4). The relative contribution of the different plastic types is also
shown in Fig. 4. PE is the most abundant type of nanoplastics in this
Antarctic sea ice core, contributing more the 50% by mass (38.0 and
19.8 ng/mL for the top and bottom of the core, respectively). The second
most common type of nanoplastic measured at this site was PP with a
concentration of 20.7 ng/mL at the top and 9.0 ng/mL at the bottom
(relative contribution of 31 and 24%, for the top and the bottom part of
the core, respectively). While the PE and PP nanoplastics concentration
is higher in the top layer of the sea ice core, the mass of PET seems
similar at the top and bottom of the core, 8.3 and 8.9 ng/mlL, respec-
tively. No Tire-generated nanoplastics were detected in our Antarctic sea
ice samples.

It has been previously reported that the dominant types of micro-
plastics in the Ross Sea and Antarctica sea ice are PE and PP, which
agrees with our results for nanoplastics (Cincinelli et al., 2017; Kelly
etal., 2020). Unlike these previous works, which showed the presence of
little or no PET microplastics in Antarctica, we found a noticeable
contribution of PET nanoplastics in the sea ice.

We have not observed PS nanoplastics, although some research
indicated PS microplastics presence in the ice and atmosphere from
Antarctica (Gonzalez-Pleiter et al., 2021; Marina-Montes et al., 2022).
The absence of PS nanoplastics in our sample could be explained by the
processes at work during the sea ice formation. Impurities show con-
trasting behaviour regarding initial incorporation at the growing sea ice
interface: some show conservative behaviour with respect to sea water
salinity, others are decoupled due to biological processes (e.g. NOs,
SiO,, dissolved and particulate Fe, Op, CO3, CHy4) transport processes
within the brine inclusions (e.g. gas bubbles) or interactions with
biogenic biofilms (e.g. EPS; CaCO3, NO3 ™, dissolved and particulate Fe).
Very little is known for nanoplastics. A recent study from Alice et al.
(2021) suggests that large PS particles, such as microplastics, are
selectively incorporated into the sea ice, while nanoplastics are expulsed
from it and stay in the water below. An experimental study from Geilfus
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Fig. 4. Nanoplastics concentration and types at top and bottom of the YROSIAE
Station 6 sea ice core. The error bars represent the standard deviation of the
triplicates.
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et al. (2019) showed that indeed the surface sea ice layers (few centi-
metres) are enriched in larger microplastics (>1000 pm), due to the low
density of the microplastics concentrating them at the sea water surface
and to the initial frazil ice scavenging. However, as the sea ice grows,
much less microplastics are incorporated, and the larger sizes become
less abundant (in relative %) than in the original water, while the
smaller microplastics fraction (125-63 pm) increases and reaches higher
relative % than in the original water.

The sea ice samples used in this study are from Antarctic landfast sea
ice (attached to the “land”, be it rock or floating ice), as opposed to pack
ice that freely drifts in the open ocean. Its crystal structure (ice types in
Fig. 5a) is typical of the area: a thin layer of frazil ice at the very top,
which forms from the aggregation of individual ice crystals formed in
the turbulent surface water as the temperatures drop down, and the sea
ice cover starts to form. The texture quickly switches to vertically
elongated columnar ice crystals, with the transition to a quiet growth
regime under the initially consolidated frazil. Then, more specific of the
landfast sea ice forming in front of ice shelves, the facies changes to
platelet ice. These are crystals forming in supercooled water emerging at
the front of the ice shelf (in a water mass known as Ice Shelf Water that
originates under the several 100 m-thick floating ice shelf, further to-
wards the continent-see Hoppmann et al., 2020 for a review) and
accreting under the sea ice cover, usually starting mid-July in the
McMurdo Sound area.

The physical properties of the sea ice cover are summarized in Fig. 5.
The temperature profile is sub-linear (Fig. 5c), indicating near-
equilibrium between the ocean melting point temperature at the bot-
tom and the still quite cold temperatures at the ice surface at this end of
the winter period. The brine volume (Fig. 5e) is therefore quite low, and
apart from the bottom 25 cm, below the critical value of 5%, which is
considered as the threshold for impermeable ice (with sufficiently low
temperatures at a given bulk ice salinity, the brine inclusions split into
disconnected pockets) (Golden et al., 1998). The bulk ice salinity profile
(Fig. 5d) hovers between 13 and 4, witnessing the generalized rejection
of salts from the sea ice as it grows in 35 salinity sea water. It is typically
“C-shaped” (Petrich and Eicken, 2017), with higher salinities at the top
due to less efficient rejection in fast-growing ice and at the bottom due to
the higher brine volume content in this warmer, slowly growing ice
(thermodynamic equilibrium between ice and brine).

Regarding the potential source of nanoplastics at this location,
several observations can be made. In terms of sea ice incorporation

YROSIAE Station 6 (17 Octobre 2012)
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Fig. 5. Summary of the basic physical properties of the sea ice cover at Station
YROSIAE 6, sampled on October 17th, 2012: a) example of ice types, b)
continuous ice types vs. depth (cm), c) ice temperature, d) bulk ice salinity and
e) Brine volume (%). The stippled horizontal line shows the limit between Top
and Bottom of the ice core that have been used for the nanoplastics concen-
tration measurements (modified from Carnat et al., 2014).
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processes, a direct pathway from the atmosphere to the sea ice surface is
probably limited, since a) there is very little snow deposition (less than 1
cm for the whole season in this area) and b) most of the ice is imper-
meable, prohibiting the downward transfer of surface contamination
throughout the brine channel network. Dry deposition at the surface of
the ice however remains an option for the top sample. Local anthropic
contamination is not excluded here (especially for top part of the core)
but it is unlikely as the sampling site is located ~22 km away from the
US McMurdo Station.

Surface sea water is therefore probably the dominant source for
incorporation into the sea ice. The decrease from top to bottom of the
nanoplastics concentration by a factor of 2, similar to what is observed
with the bulk ice salinity, might indicate a “passive” conservative tracer
behaviour during incorporation into the sea ice.

However, a more likely explanation for the top/bottom contrast in
our sea ice core might be found in the origin of the water freezing into
sea ice: In the first part of the season, it is mainly the surface open water
that freezes to form granular and then columnar ice. From July onwards,
the accretion of platelet ice in supercooled water originating from deep
below the ice shelf, therefore more protected from surficial sources of
plastics, might explain the concentration drop. Polar sea currents which
indicate the origin of such water in the context of microplastics are
modelled and described elsewhere (Rowlands et al., 2021).

3.3. Implications

To our knowledge, this is the first work that quantifies nanoplastics
concentration in the polar region (with low thresholds of the concen-
trations). Although the magnitude of nanoplastics impact on the envi-
ronment is still not completely understood, this work provides one of the
first empirical data for environmental nanoplastics loads in remote
areas.

Nanoplastics have shown various adverse effects on organisms
exposed to it. For marine organisms, nanoplastics can have a toxic effect,
affecting the growth, inducing delayed development, generating larval
malformation and subcellular changes such as increased reactive
oxygenated species (ROS) levels and lysosomal destabilization (Ferreira
et al., 2019; Lehner et al., 2019). Human exposure to nanoplastics can
result in cytotoxicity, inflammation, and ROS production (Lehner et al.,
2019).

On the other hand, small plastics particles in the atmosphere can
scatter and absorb the light, thus influencing Earth’s effective radiative
forcing by up to —0.75 mW/ m> (Revell et al., 2021). Effects of micro and
nanoplastics particles in clouds (e.g. cloud condensation nuclei) and
when deposited at the snow/ice surfaces in the context of Earth’s albedo,
are not yet known, primarily due to the lack of empirical data. More
research is clearly needed to focus on measuring environmental nano-
plastics so that the risk of “ecological surprise” can be timely minimised
(Baho et al. n.d.).

4. Conclusions

In this work, we measured nanoplastics composition in samples from
a 14 m Greenland firn core and a sea ice core from Antarctica. Nano-
plastics mass concentrations were on average 13.2 ng/mL for Greenland
and 52.3 ng/mL for sea ice from Antarctica. In both Southern and
Northern polar samples, PE was the dominant nanoplastic type
contributing ~50% by mass, which agrees with the previous findings for
microplastics from similar sites. The transport pathways of nanoplastics
that reached these remote North and South polar locations likely involve
a combination of complex processes including both atmospheric and
marine transport, (re)emission, deposition and ice incorporation.
Further studies are clearly needed to constrain better the source of theses
contaminants to the polar regions.
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