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ARTICLE INFO ABSTRACT

Editor: Dr. L. Angela Yu-Chen Arctic sea ice entraps microplastics (MP) from seawater and atmosphere and is recognized as sink and transport
vector of MPs. However, ice-trapped fraction in the global MP budget, contribution of atmospheric input, and
linkage among Arctic basins remain unclear. To assess them, we investigated the number- and mass-based data
separated by size and shape geometry for MPs in sea ice, snow, and melt pond water from the western Arctic
Ocean (WAO). A significant dependency of MP data on measured cutoff size and geometry was found. For the
same size range and geometry, sea ice MPs in WAO ((11.4 + 9.12) x 10° N m™ for > 100 um) were within
comparable levels with those in other Arctic basins, but showed closer similarity in polymer and shape com-
positions between WAO and Arctic Central Basin, indicating the strong linkage of the two basins by the
Transpolar Drift. Our budgeting shows that a significant amount of plastic particles ((3.4 + 2.6) x 106 N; 280 +
701 kilotons), which are missed from the global inventory, is trapped in WAO seasonal sea ice, with < 1%
snowfall contribution. Our findings highlight that WAO ice zone may play a role as a sink of global MPs as well as
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a source of Arctic MPs.

1. Introduction

Plastic production has grown over the past 70 years, reaching a cu-
mulative total of 8300 million metric tons to date (Geyer et al., 2017).
Reportedly, ~3% of this global production enters the ocean annually,
and this amount will double over the next 30 years (Jambeck et al.,
2015). In line with this, the abundance of small plastic particles, i.e.,
microplastics (MPs), in the environmental samples has increased in
recent decades (Tekman et al., 2017; Brandon et al., 2019). However,
based on a comparison of the values reported in the literature (Cozar
et al., 2014; Eriksen et al., 2014; Law et al., 2014; Jambeck et al., 2015;
van Sebille et al., 2015; Lebreton et al., 2017), the standing stocks of
these small plastic debris afloat in global oceans account for only < 2%
(mass base) of the annual plastic input into the ocean and the reasons for
this large gap regarding the MP budget remain unsolved.

As a dead end for global surface currents, the Arctic Ocean is sus-
pected of being an unidentified sink that accounts for the “missing” parts
of the global MP budget (Cozar et al., 2017). MPs are ubiquitous, and
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considerable quantities prevail in Arctic compartments, including
seawater (Lusher et al., 2015; Kanhai et al., 2018; Mu et al., 2019a),
organisms (Kithn et al., 2018; Moore et al., 2020), and seafloor sedi-
ments (Tekman et al.,, 2017; Mu et al., 2019b). Specially, there is
growing evidence that Arctic sea ice entraps MPs several orders of
magnitude higher than seawater and thus can be a temporary sink and
transport vector of MPs in the Arctic Ocean (Obbard et al., 2014; Peeken
et al., 2018; Kanhai et al., 2020). Recent studies propose that atmo-
spheric transport and deposition may also contribute significantly to MP
abundance in this remote sea ice (Bergmann et al., 2019; Evangeliou
et al., 2020). However, little is known about how many parts of the
global MP budget are trapped in Arctic sea ice, how much atmospheric
input contributes to the ice-trapped MPs, and how the linkage between
Arctic basins was reflected in ice-trapped MPs.

This lack of knowledge is related with stark differences in the cutoff
size and geometry applied for MP analysis among Arctic studies,
undermining a reliable budgeting for Arctic MP source and sink esti-
mates. Compared with seawater samples (mostly > 330 ym including all
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MP geometries) (Lusher et al., 2015; Cozar et al., 2017; Kanhai et al., (ACB) and the Eurasia Basin (EB), begins (Renner et al., 2014). The WAO
2018; Mu et al., 2019a), sea ice and snow were analyzed for > 11 pm not only represents the largest summer sea ice losses in the Arctic Ocean
nonfiber MPs (Peeken et al., 2018; Bergmann et al., 2019) or all MP (Stroeve and Notz, 2017), but also experiences a rapid transition in sea
geometries > 100 um (Kanhai et al., 2020). All of the Arctic MP studies ice, including a significant reduction in the sea ice extent, the replace-
have reported MP data as particle number per volume (i.e., N m™), ment of thick multiyear ice with thin first-year ice, and an increase in the
which is alterable depending on the measured MP cutoff size (Kooi and total areal coverage of melt ponds in summer (Nicolaus et al., 2012;
Koelmans, 2019; Lee et al., 2021) and MP fragmentation degrees (Song Stroeve and Notz, 2017). Considering sea ice’s role as a temporal sink
et al., 2017). Consequently, there are large gaps in number-based MP and transport vector for MPs (Peeken et al., 2018; Kanhai et al., 2020),
loads between ice-free Arctic seawater (~1011 N) (Cozar et al., 2017) the ice-associated MP load and budget in the WAO are important for
and yearly melt sea ice (~10%° N) (Peeken et al., 2018), and in sea ice budgeting MP source and sink estimates in the entire Arctic and
MP composition among studies (Peeken et al., 2018; Kanhai et al., worldwide. Compared with the EB and ACB, however this region re-
2020). Thus, fragmentation-independent MP data (mass per volume) mains largely unexplored to date.
and harmonization of analyzed MP size ranges and geometries are Here, we analyzed the MP content and composition in ice cores,
needed to enable reliable flux and total MP load calculation. snow, and melt pond water (MPW) on the WAO sea ice floes to assess
The western Arctic Ocean (WAO) at the Amerasia Basin (AB) in- whether this region is a global sink and a source in the Arctic, as well as
cludes the East Siberian Sea, Chukchi Sea, and Beaufort Sea. The WAO is whether atmospheric deposition is a significant input pathway to ice-
geographically connected to the North Pacific Ocean, which contains trapped MPs of this region. To budget MP load, MP mass per volume
higher MPs than other oceans (van Sebille et al., 2015; Isobe et al., was estimated from the observed size and geometric shape of individual
2019), and the area where the Transpolar Drift Stream, which may be polymer particles. The effects of measured MP types (cutoff size range
responsible for transporting WAO MPs into the Arctic Central Basin and geometry (nonfiber and fiber)) on concentration, budget, size
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Fig. 1. Potential pathways and pollution characteristics of MPs in the Arctic basins. (a) Locations of ice floes sampled in this study (red square for 16SIC, blue square
for 17SIC1, and green square for 17SIC2) and in previous studies (gray circles for sea ice (Pecken et al., 2018) and X for ice floe snow (Bergmann et al., 2019) in the
EB, and the dotted area for sea ice in the ACB (Kanhai et al., 2020)). Retreat lines of the sea ice extent are presented for the last 10-year September mean
(white-covered area (ASIMS, 2020)) and for the sampling dates in 2016 (dotted line; NSIDC data based on Nolin et al. (1998)) and 2017 (gray-line; NSIDC data based
on Brodzik and Stewart (2016)). (b) Drift trajectories of sea ice floes (red line for 16SIC, blue line for 17SIC1, and green line for 17SIC2) and a schematic view of
Arctic surface water flows (blue arrows for Pacific water, orange arrows for Atlantic water, and green arrows for terrestrial water). The bold-black arrows indicate the
Beaufort Gyre and Transpolar Drift Stream. (c) Seven-day air mass backward trajectories from the NOAA HYSPLIT model. In (d) and (e), the size-segregated con-
centration range (d) and average polymer compositions (e) of nonfiber (“NF”) and fiber (“F”) MPs found in the Arctic compartments are compared. In (d), the upper
and lower boundaries of the box indicate the 75th and 25th percentiles, respectively. The line within the box marks the median, and the whiskers indicate the
minimum and maximum values with the exceptions of outliers (circles) and extremes (asterisk). In (e), PE-based polymers (PE-chlorinated, PE-oxidized, and PE) were
summed to PE, acrylic/PUR/varnish/lacquer to varnish, all rubber types to rubbers, and cellulose (CE)-based polymers (CE acetate, CE chemical modified, or CE
nitrate) to CE-based. The category of ‘others’ includes minor polymers (PE-PP, PVA, POM, rosin ester, polycarbonate, polycaprolactone, polylactic acid, and pol-
yimide). Polyester (PES) and nylon were treated with PET and PA, respectively. “NA” stands for not available because the literature does not provide size-segregated
polymer compositions.
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distribution and polymer composition were investigated for number-
and mass-based data. These data were also compared with previous
Arctic sea ice (Peeken et al., 2018; Kanhai et al., 2020) and snow
(Bergmann et al., 2019) MP data to evaluate any MP linkages or dis-
crepancies among the Arctic basins connected along the Transpolar
Drift. To our best knowledge, this study presents the first mass budget of
plastic particles in Arctic environment.

2. Materials and methods
2.1. Sampling

In August 2016 and 2017, three sea ice floes drifting in the northern
part of the Chukchi Sea were visited during the Korean IBRV Araon
expeditions: one ice floe during the 2016 expedition (16SIC: 77° 59.65'
N, 178° 58.18 W) and two ice floes during the 2017 expedition (17SIC1:
77° 42.60' N, 179° 59.84' E and 2017SIC2: 75° 33.90’ N, 196° 05.60' E)
(Fig. 1a and Table S1). Seven ice cores were collected from the 16SIC ice
floe, and ten ice cores each were collected from the 17SIC1 and 17SIC2
ice floes. The cores were drilled using a Mark Il ice corer (9 cm diameter;
Kovacs Enterprise; Roseburg, USA). The ice core samples were imme-
diately wrapped in precleaned aluminum foil, transferred into poly-
ethylene bags, and stored at — 20 °C prior to pretreatment. Snow
sampling was conducted during the 2017 expedition. Three snow sam-
ples each were collected from the 17SIC1 and 17SIC2 ice floes. To avoid
potential contamination from the vessel and/or research activities, the
sampling spots were selected in headwind areas more than 100 m away
from the research vessel, and no other anthropogenic activities were
conducted in this area before the samples were collected. During snow
sample collection, all the personnel were careful to remain downwind of
each sampling spot. After removing the surface layer of ~1 cm to
completely rule out the possibility of artificial inputs, the subsurface
snow layer of a few cm in depth (equivalent to ~7 L of melted water)
was collected using a precleaned stainless-steel shovel, stored in a pre-
cleaned stainless steel bucket with a stainless-steel lid, and then imme-
diately melted on a hot plate (50 °C) in the laboratory. The MPW was
only collected from the 17SIC2 ice floe. No accessible melt ponds were
found on the 17SIC1 ice floe. Five melt ponds had salinity values below
1.1 psu (Table S1). For each melt pond, ~4 L of water was directly
collected into a glass bottle covered with precleaned aluminum foil from
the subsurface (~5 cm below the surface) using silicon tubing connected
to a peristaltic pump (JSW600; JenieWell®). Before collecting the
samples, the pumping system was washed in running water for more
than 30 min.

2.2. Analytical procedure for synthetic polymers

The collected ice cores had a depth range of 83-218 cm (n = 27;
128 + 34 cm), and the 16SIC cores (n = 7; 150 + 32 cm) were slightly
thicker than the 17SIC1 (n = 10; 105 4 23 cm) and 17SIC2 (n = 10;
137 + 32 cm) cores. Sea ice core samples were treated in two ways.
First, the entire column (one-layered ice cores (n = 2); 16SCI-ST1 and
ST7) of a single core or each separated into two horizontal layers (upper
and bottom layers; almost half to half of an entire depth) of a single core
(13 cores; five cores of 16SIC, five cores of 17SCI1, and three cores of
17SIC2) was individually melted down as each sample. These one- and
two-layered samples (herein, Sea ice-I) were analyzed to determine MP
content in a single core and to investigate the difference in MP content
between the upper layer that might be initially formed in the surface of
source region and the bottom layer that might be formed in subsurface
by downward growth during ice floe transport, respectively. For these
Sea ice-I samples (a total of 28 layers from 15 cores), MPs > 100 ym in
3.3 £ 1.2 L per sample were analyzed. Secondly, further analysis was
conducted for three cores (two cores from ice floe 17SIC1 and one core
from ice floe 17SIC2), each of which was horizontally subsectioned into
several layers with a 20-cm-thick using a bone saw. A total of 16 layers
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from three cores (n =5 for 17SIC1-ST2 with 0-100 cm, n =5 for
17SIC1-ST8 with 0-101 cm, and n = 6 for 17SIC2-ST5 with 0-122 cm)
were obtained for MP analysis and the melted volume of each layer
sample was 0.8 + 0.3 L per sample. MPs > 20 um in these multi-layered
core samples (herein, Sea ice-II) were measured to investigate the
presence of localized sources that might be reflected in the vertical
variability of MPs within each single core and to validate the presence
and distribution of MPs smaller than 100 pm.

Before melting the cores, the fragile snow-pack layer at the surface of
each core was removed, and only the solid interior layers of ice were
analyzed. To exclude sample contamination, several millimeters of core
surface was also removed using a precleaned stainless-steel grater, and
the exposed faces were washed with MP-free water as described in
Peeken et al. (2018). Each surface-cleaned core sample was melted in a
precleaned glass bottle covered with precleaned aluminum foil at 50 °C.

Each of melted Sea ice-I core water sample, melted snow water
sample and MPW sample was filtered through a glass fiber filter
(@ = 47 mm; pore size, 2.7 um; GF/D, Whatman, Germany). For the Sea
ice-1, the snow, and the MPW samples, all the suspected MP particles (i.
e., MP-like particles) of > 100 um on the filter were preselected for
characterization. After the size and shape of individual MP-like particles
were measured under a stereomicroscope (Leica SSAPO; 10-80x), their
polymer identifies were determined using the attenuated total reflection
mode of a Fourier-transform infrared spectroscopy (FTIR; Agilent Cary
630), as described in our previous study (Supplementary material sec-
tion-I) (Kim et al., 2018). Although the MP-like particles of > 100 um
preferentially analyzed, some of the particles < 100 pm (0.9% of total
plastic particles) were included when their polymer identities were clear
from the FTIR spectra.

For Sea ice-II samples, after filtering through a stainless-steel sieve
(@ = 47 mm,; pore size, 20 pm; thickness, 15 um), the digestion process
using 35% H30, was additionally performed to remove interfering
organic particles. For the MPs in each layer sample, their polymer
identities were determined using the transmission mode of a p-FTIR
microscope (LUMOS; Bruker). In brief, the spectra of all the potential
particles > 20 um in each sieve with no preselection were obtained and
then the geometric shapes and sizes of the particles identified as syn-
thetic polymers were measured (see details in Supplementary material
section-I). Only 0.76% of the 77,926 particles were synthetic polymers.
This approach produced satisfactory recoveries for MP particles with a
size range of 27-330 um in our previous study (Lee et al., 2021).

In our data, rayon, which is semisynthetic cellulose-based fiber, was
excluded from the counted MPs due to the close similarity of its FTIR
spectra with that of natural polymers (e.g., cellulose and cotton)
(Comnea-Stancu et al., 2017), whereas other fibrous synthetic polymers
were included.

2.3. Quality assurance and control

To rule out the potential contamination, strict control protocols were
conducted during the entire procedure for sample treatment and anal-
ysis (see Supplementary material section-I). To monitor potential MP
contamination, air and procedural blank samples were analyzed along
with every batch of samples. Potential airborne contamination was
monitored by exposing clean GF/F papers wet with MP-free water to the
laboratory air whenever the samples were exposed to the air. For the
procedural blanks, the same volume of MP-free water used for each type
of sample was processed in the same way as the samples in every batch.
No synthetic particles were found in any of the air (n = 28) and proce-
dural blanks (n = 8) for the Sea ice-I, snow, and MPW samples. The
blanks only contained 0-5 non-synthetic (i.e., cotton) fibers per blank.
In the Sea ice-1I batches for MP > 20 um, all air blanks (n = 3) contained
one PET fiber and 1-2 cotton fibers, and the procedural blanks (n = 3)
contained one PET fiber in the 1st batch, none of the synthetic polymers
in the 2nd batch, and one PET fiber and one PE fragment in the 3rd
batch. Considering the number of synthetic particles detected in Sea ice-
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II samples (i.e., 12-80 per sample), the potential contamination was
negligible. However, the amount of MP in each of the Sea ice-II samples
was corrected by subtracting the amount of PET fiber and PE fragment
found in the procedural blanks from the same batch to completely rule
out the effect of potential contamination.

2.4. Shape geometry, size distribution, and mass calculation

In this study, MP was defined as synthetic particles < 5 mm in size,
and mesoplastics were defined as those > 5 mm in size based on the
lengths of their longest dimension. All the synthetic polymer particles
were classified into four shape groups based on their morphological
features, i.e., fragments, sheets, spherules, and fibers, as was done in a
previous study (Hidalgo-Ruz et al, 2012), to calculate the
shape-dependent particle volume (see Supplementary material). The
individual particles were further categorized as nonfiber (sum of frag-
ment-, sheet-, and spherule-type polymers) and fiber particles in the data
presentation for consistency with other studies (Peeken et al., 2018;
Bergmann et al., 2019). For size distribution, the concentrations of the
synthetic polymers in each size class obtained based on number and
mass were normalized by the width of the size-class interval to render
MP concentrations independent of the bin width (Cozar et al., 2014;
Cozar et al.,, 2017) (see Supplementary material section-II). The
observed size distributions of nonfiber and fiber particles were
compared with those predicted by three-dimensional (3D) and
one-dimensional (1D) steady-state fragmentation models, respectively.
For the 3D and 1D fragmentation models, a parallelepiped shape for the
nonfibers and a cylindrical shape for the fibers were assumed to be the
standard geometric shape, since most of the nonfibers were fragment
type (92.4% in Sea ice-I, snow, and MPW for the > 100 um plastic
particles and 99.8% in Sea ice-II for the > 20 um plastic particles), and
the fibers had a very uniform thickness (0.017 £+ 0.007 mm; n = 507)
throughout its entire length.

In this study, we estimated the masses of the individual MP particles
by modifying a method presented in elsewhere (Kim et al., 2018), which
is based on the particles’ morphological features and original densities:

m ota
Mo = ,T[[ (1)
Mioal = Z,.:]””j =2 (P x ) @

where M,y is the total mass-based concentration of the plastic particles
(mg m?)ina sample; V is the sample volume (m3); My is the total
mass of all of the plastic particles in the sample (mg); m; is the mass of an
individual plastic particle j (mg); p;is the original density proposed in
literature (Table S2) for the polymer j identified using FTIR (g cm™>); Vvj is
the estimated volume of the plastic particle j based on its morphological
features (mm'>). We measured the length of the largest cross-section and
defined it as the length (L;; mm) of the individual plastic particle j. For
the fibrous plastics with a regular shape (i.e., a cylinder-type), we
measured both the length and the diameter (or thickness) (d;; mm) of the
individual fiber particle. The volume of the individual particle (v;) was
estimated by classifying its shape as one of the four types according to its
morphological features (Supplementary material section-I1I). The values
converted to the mass per volume were used to compare with the
number-based concentration (i.e., in N m™) and to calculate mass-based
MP flux and load.

2.5. MP budgeting for Arctic load

The amounts of plastic particles trapped in (or released from) sea ice
and deposited via snowfall scavenging were calculated for the area of
the WAO (150°E (East Siberian Sea) to 120°W (Beaufort Sea); 66°34'N
(Bering Strait) to the 10-year mean September retreat line), which re-
peats the formation and melting of sea ice yearly. The last 10 years
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(2008-2017) of mean sea ice coverage data (ASIMS, 2020) indicate that
approximately 1.9 x 10° km? (equivalent to a volume of 2.9 x 10° km?®
assuming an average 1.5 m ice thickness (Petty et al., 2016)) of sea ice is
formed and melted annually in the assigned study domain. Based on the
annual snowfall (~180 mm year'l) in the WAO (Boisvert et al., 2018),
the same area is estimated to receive annual snowfall of ~350 km®. The
densities of 910 kg m3 for sea ice (Timco and Frederking, 1996) and
300 kg m™ for snow (Warren et al. 1999) were used to estimate their
water-based volumes, and the densities of the melted sea ice and snow
samples were assumed as water density (1000 kg m™).

2.6. Data comparison and reanalysis

The WAO data (this study) were compared with those from the other
Arctic basins on the Transpolar Drift path. Data on MP in sea ice (Peeken
et al., 2018) and snow (Bergmann et al., 2019) from the EB were fully
available without restriction at the open database in the PANGEA public
repository (http://doi.pangaea.de/10.1594/PANGEA.886593 for sea
ice and http://doi.pangaea.de/10.1594/PANGEA.901447 for snow),
which provides the number-based concentrations for total MP particles
with size classes (a bin width of 25 um) and for polymers without size
classification. Their data were reanalyzed to obtain normalized size
distribution, size-segregated concentration (> 11 ym, > 25 um, and
> 100 um), and average polymer composition. Data comparison was
available only for nonfiber MPs, since the polymer identities of the fiber
particles were not determined for the Eurasian samples. Data for snow
fiber particles presented in Bergmann et al. (2019) were not considered
because microfibers in natural samples are mainly composed of natural
polymers (Suaria et al., 2020). The comparison with the ACB sea ice was
based on the data (number-based total MP concentration) and descrip-
tion (polymer composition in total MPs) presented in the literature
(Kanhai et al., 2020).

2.7. Back-trajectories of sea ice floes and air masses

We used the Lagrangian particle tracking method (LPTM) to estimate
sea ice trajectories. The LPTM traces the path of sea ice backward in time
using a combination of sea ice motion vectors (SIMV) and sea ice con-
centrations to determine the origin and pathways of the sea ice floes. The
SIMV data and daily sea ice concentration data were obtained from the
Polar Pathfinder Daily 25 km EASE-Grid data provided by the National
Snow & Ice Data Center (NSIDC) (Tschudi et al., 2019) and from the sea
ice data archive provided by the University of Bremen (Spreen et al.,
2008), respectively. The backward tracking stopped if either the SIMV
value was equal to zero or the sea ice concentration was lower than 15%
at a specific location for ten consecutive days. We assessed the un-
certainties in the estimated sea ice trajectories by comparing them with
the pathways of ice buoys provided by the International Arctic Buoy
Programme (http://iabp.apl.washington.edu/data.html). We retracked
eight ice-buoy tracks available from January to May in 2017 and 2018
around the study area. The average displacement of the backward
tracked buoys during the first 30 days was approximately 15 km, and it
linearly increased to ~80 km over 150 days of tracking. The origin of the
air masses associated with snowfall at the 17SIC1 and 17SIC2 ice floes
was modeled with the Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) (Draxler and Rolph, 2003), using seven-day
backward air mass trajectories at 500 m and 1000 m a.s.l. based on
the Global Data Assimilation System meteorological data set.

3. Results

This study presents data for two geometries (nonfiber (a sum of
fragment-, sheet-, and sphere-shaped polymers) and fiber) of MPs
(< 5 mm) and mesoplastics (> 5 mm). Mesoplastics were detected only
in Sea ice-1 ((1.20 + 1.09) x 10 N m™®) and snow ((0.14 + 0.18) x 10°
N m3) samples, all of which were fiber-type. Subsequent analyses and
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discussion of the data, except for the size distribution and mass budget,
were conducted for MPs < 5 mm.

3.1. Sea ice-I, snow, and MPW (MPs > 100 ym)

For consistency, we first compared number-based data for
MP > 100 um in Sea ice-I, snow, and MPW samples obtained from three
WADO sea ice floes during the 2016 and 2017 summers. The concentra-
tions of total MPs (a sum of nonfiber and fiber MPs) in Sea ice-I cores
(n = 28) were (11.4 +£9.12) x 10® N m™ with more frequent (detection
frequency=100%) and more abundant (84 + 17% of total MP) fiber
types than nonfiber type (detection frequency=79%) (Table 1). No
significant differences in fiber MP concentrations were found among the
cores of three different ice floes (n = 12 for 16SIC, n = 10 for 17SIC1,
and n = 6 for 17SIC2) (Kruskal-Wallis test: p = 0.287). For nonfiber MP
concentrations, the 16SIC and 17SIC cores were significantly different
(Mann-Whitney U-test: p < 0.001), with a 5-fold higher MP concentra-
tion in 16SIC cores, but there was no significant difference between the
17SIC1 and 17SIC2 cores (Mann-Whitney U-test: p = 0.22). The esti-
mated tracks of the sampled sea ice floes showed different drift trajec-
tories and source regions (Fig. 1b). Ice floe 16SIC traveled a longer
distance, following the Beaufort Gyre after forming in the Beaufort Sea,
while those of 17SIC1 and 17SIC2 originated in the East Siberian Sea.
Our result implies that more nonfiber MP particles originating from the
Beaufort Sea were incorporated into the ice cores than those from the
East Siberian Sea.

MPs were detected in all ice floe snow samples, but the total MP
concentration ((0.87 + 0.36) x 10° N m®) was an order of magnitude
lower than those in the Sea ice-I cores from the same ice floes. Different
from ice cores containing 15-fold more fiber types than nonfiber types,
the snow samples exhibited similar concentrations for the two geome-
tries (Mann-Whitney U-test: p = 0.69), with fiber MPs accounting for
54 + 24% of the total MP. Thus, the MP origins for sea ice and ice floe
snow may differ. The air mass back-trajectories show that MPs in snow
on ice floes 17SIC1 and 17SIC2 were transported from the northern
coasts of Greenland and the Canadian Archipelago, respectively at
1000 m a.s.l. (Fig. 1¢), or both moved from Greenland coasts at 500 m a.
s.l. (Fig. S1). Neither nonfiber nor fiber MPs had significantly different
concentrations between the two ice floe snow samples (Mann-Whitney
U-test: p > 0.05 for each).

The MPW samples recorded the lowest total MP levels,
(0.24 +0.29) x 10°N m'3, which were significantly lower than those in
sea ice (Mann-Whitney U-test; p < 0.001) or snow (Mann-Whitney U-
test; p = 0.017) (Fig. 1d and Table 1). MPs were detected in only three of
five MPW samples. Despite the low occurrence of MPs in MPW, their
concentrations were several orders of magnitude higher than those in
Arctic surface water (Lusher et al., 2015; Kanhai et al., 2018; Mu et al.,
2019a) and thus reflected the enhanced MP amount released from sea
ice and snow. The predominance of fiber type (89 + 19% of total MP) in
MPW samples indicated potentially more input from sea ice melt than
snow melt.

Table 1
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In the present study, a total of 17 different polymer types were
identified by FTIR (Table S2): polyethylene (PE), polypropylene (PP),
PP-PE copolymer (PP-PE), polyvinyl chloride (PVC), polyurethane
(PUR), polystyrene (PS), polyethylene terephthalate (PET), acrylic,
polyamide (PA), epoxy resin, acrylonitrile butadiene styrene (ABS),
polyvinyl acetate (PVA), polyoxymethylene (POM), poly(ethyl cyano-
acrylate) (PECA), cellulose nitrate (CE-nitrate), rosin ester, and alkyd
resin. The polymer composition varied according to the geometry,
compartment, cutoff size, and source region (Fig. 1d). First, three
polymers (PET, PA, and acrylic), which are major fiber plastics produced
globally (Geyer et al., 2017), accounted for most of fiber MPs found in
Sea ice-I (99.8%), snow (100%), and MPW (100%) but were minor
components for nonfiber MPs (< 6%). For fibrous MPs, PET fibers were
predominant in all compartments (91%, 61%, and 67%, respectively).
On the other hand, other polymers (epoxy resin, alkyd resin, PS, and PP)
were more prevalent in nonfiber MPs. This indicates that polymer
composition of total MPs may vary depending on the relative pro-
portions of the two geometries. Second, PA and acrylic fibers comprised
4.8% and 4.2% of fiber MPs in Sea ice-I, while their proportions
increased to 11% and 28%, respectively, in snow samples; acrylic fibers
were not found in MPW. Inter-compartment discrepancies was much
obvious for nonfiber MPs. Epoxy resin, PS, and alkyd resin were the most
abundant (each > 10% of nonfiber MPs) in Sea ice-I, while PP (90%) and
PE (10%) in snow and only PE in MPW were detected as nonfiber MPs.
Third, despite the similarity in fiber MPs, major polymers that made up
nonfibers differed between ice floes with different origins. Epoxy resin
(46%), alkyd resin (18%), and PS (12%) were highly abundant nonfiber
MPs in the 16SIC cores, while PS (26%), epoxy resin (16%), and PP
(16%) were more abundant in the 17SIC1 and 17SIC2 cores than other
nonfibrous polymers (each < 5%). Alkyd resin was not found in the
17SIC cores. PE was rarely found in all Sea ice-I samples and accounted
for only 2% of nonfiber MPs.

The polymer composition of total MPs demonstrated the different MP
origins by compartment and source region in a principal component
analysis (PCA) plot (Fig. 2). The 17SIC ice core samples originating from
the same source region (the East Siberian Sea) constituted cluster-I
despite their layers (upper and bottom) and locations (17SIC1 and
17SIC2), reflecting the PET predominance (mean 84% of total MPs). The
16SIC ice core samples originating from the Beaufort Sea (cluster-II)
overlapped or separated from cluster-I according to relative proportions
of PET (mean 68%) and other polymers (epoxy resin, alkyd resin, and
PS). Most of the snow samples (cluster-III) were completely separated
from sea ice samples by a relatively low PET proportion (mean 34%) and
more abundant PP (mean 43%) compared with those of the 16SIC (PP
1.3%) and 17SIC (PP 0.8%) sea ice samples. MPW samples were not
included in the PCA since only PET, PA, and PE were detected, but they
were much closer to the ice core samples due to PET dominance (56%).

3.2. Sea ice-II (MPs > 20 um)

MP totals of > 20 pm quantified in the vertical multilayers of Sea ice-

Comparison of the number-based and mass-based concentrations of synthetic polymers in the WAO samples collected in this study.

Sample type Minimum size of MPs Number of sample Number-based concentration (x10% N m™3) Mass-based concentration (mg m>)

nonfiber fiber total plastics nonfiber fiber total plastics
MPs (<5 mm)
Sea ice-I > 100 um n=28 1.67 + 2.24 9.77 + 8.36 11.4 £9.12 99.8 + 264 3.69 + 3.13 103 + 264
Sea ice-II > 20 um n=16 36.0 + 26.8 7.21 + 6.60 43.2 +32.0 3.06 + 3.47 2.00 + 1.41 5.05 + 4.75
Snow > 100 ym n= 0.46 + 0.39 0.41 +0.14 0.87 £ 0.36 17.8 £ 16.5 0.75 + 0.38 18.5 £ 16.2
MPW > 100 um n= 0.05 + 0.11 0.19 + 0.20 0.24 + 0.29 1.95 + 4.36 0.14 + 0.15 2.09 + 4.48
Mesoplastics (> 5 mm)
Sea ice-1 > 100 ym n=28 0 1.20 +£ 1.09 1.20 + 1.09 0 1.90 £+ 1.62 1.90 + 1.62
Sea ice-II > 20 um n=16 0 0 0 0 0 0
Snow > 100 um n==6 0 0.14 +0.18 0.14 +0.18 0 1.27 £ 2.08 1.27 +2.08
MPW > 100 um n=>5 0 0 0 0 0 0
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Fig. 2. PCA loading and score plots of MP (> 100 pm in size) in Sea ice-I core and snow samples. The relative proportions of individual polymers to total MP with no
separation of its geometry were used as an input variable. The capital letters U and B on the score plot indicate the upper and bottom layers of the Sea ice-I core,
respectively. Minor polymers (PVA, POM, CE-nitrate, and rosin ester) were grouped together as “others”.

II samples (total n = 16) collected at 17SIC1 and 17SIC2 produced
completely different results collected from the same ice floes from those
in Sea ice-I in terms of both concentration and composition (Fig. 1d and
e). Nonfiber MPs, which were rare in Sea ice-I, showed ~60 times higher
number-based concentrations in Sea ice-II than in Sea ice-I (Table 1).
Fiber MPs, which were mostly present as large particles in both Sea ice-I
and 1II (see “later section for size distribution”), did not exhibit a sig-
nificant concentration difference between Sea ice-I and Sea ice-II (Mann-
Whitney U-test: p = 0.149). Sea ice-II contained a 4 times higher total
MP concentration and a greater nonfiber contribution to the total MP
(82 £+ 11%) than Sea ice-I, which was dominated by fibers. The most
abundant nonfiber polymer types in Sea ice-II were ABS (33% of non-
fiber MP), followed by PE (22%), PP (16%), PET (12%), and PA (11%).
Though rare in Sea ice-I samples, PE was abundant in Sea ice-II samples.
This shows that the nonfiber type of this commercially important
polymer is mostly present as smaller particles (< 100 um) in Arctic sea
ice. For fiber types, PET was still dominant (74% of fiber MPs) in Sea ice-
II samples, followed by PP (13%) and PA (12%). Our results show that
the concentration and polymer composition of total MPs can be signif-
icantly altered depending on the analyzed cutoff size because nonfiber
types are more prevalent in the small-size classes (< 100 um) than fiber
types.

3.3. Vertical MP profiles in sea ice cores

MPs found in Sea ice-I cores did not show drastic differences between
top and bottom layers in any cores (Figs. S2 and S3). The total MP
concentration difference in the two layers of a single core was within a
factor of three, and their polymer compositions were similar, with PET
predominance. Likewise, the multilayers of Sea ice-II cores had verti-
cally uniform MP distributions. MP concentrations were 2- to 10-fold in
a single core, with no correlation between subsection depth (or salinity)
and MP concentration. The polymer composition, despite one slight
difference, was vertically similar, with ABS, PE, and PP for nonfibers and
PET for fibers as the major components (Fig. 3). Interestingly, the con-
centrations of nonfibers and fibers were positively correlated in their
vertical distributions (Spearman’s rs = 0.597; p = 0.015), indicating
that the two geometric types may have the same source (likely the East

Siberian Sea water). Our results show the presence of non-localized MPs
along the drift path of each ice core or the rapid growth of ice cores,
assuming that the downward growth of an ice core incorporates MPs
from seawater contacted at different locations.

3.4. Number-based size distribution

In the number-based size distribution, both nonfiber and fibers
exhibited Gaussian-type size distributions rather than power-law dis-
tributions, and peak concentrations (i.e., modes) appeared in different
size classes according to particle geometry and sample type (Figs. 4a and
S4). Compared with nonfiber particles, most of the fiber particles
(55-100%) in all the samples demonstrated sizes larger than a common
mesh size for surface seawater sampling (> 330 pm), and > 5 mm fibers
were also frequently found (Fig. S5). Thus, fiber particles had modes in
size classes larger than those of nonfiber particles. For the Sea ice-I and
snow to both of which the same analytical method was applied, smaller
particles were richer in Sea ice-I than snow. This finding represents
additional evidence of the different origins of plastic particles in these
two compartments. The Sea ice-II modes shifted to size classes smaller
than those of Sea ice-I, indicating that some small plastic particles were
likely missed due to human bias in the particle preselection method used
for Sea ice-I. Unlike the WAO samples, the Eurasian sea ice and snow had
a power-law distribution (Fig. 4a).

The observed size-normalized concentrations were better predicted
by a 3D model for nonfibers but a 1D model for fibers (Fig. 4a). The
different size distribution between nonfiber and fiber has been also
frequently found in previous studies for agricultural soils (Kim et al.,
2021) and table salts (Lee et al., 2021; Kim and Song, 2021). They
commonly demonstrated more abundant fibers in large size classes and
the better prediction by 1D fragmentation model for fiber, compared
with those for nonfiber. Song et al. (2017) observed the generation of
nonfiber particles (PP, PE, and PS spherules) close to those predicted by
3D steady state fragmentation model (i.e., a power-law distribution with
an exponent of ~3) after ultraviolet (UV) exposure coupled with me-
chanical abrasion. Most of synthetic fiber particles found in the present
study consisted of PET, which had a relatively uniform thickness (a
median = 15.0 yum; n =428) regardless of different sizes



S.-K. Kim et al.

a Salinity (psu) b
00 05 1.0 15 20

Journal of Hazardous Materials 418 (2021) 125971

17SIC1-ST2
Core depth (cm)

— —— Salinity
—— MPs

PE

PP

PP-PE
PVC

PUR

PS

PET
Acrylic

PA

Epoxy resin
ABS
PECA
Alkyd resin
others

CII0H

Lot

nonfiber
........... fiber

17SIC1-ST8
Core depth (cm)
r—-

6296

17SIC2-ST5
Core depth (cm)

-100 -

-120

140

GeSa0e

10° 104 10° 108 0 20 40

MP concentration (N m-3)

MP frequency (%)

80 100 102 108 104

=

05

=

0¢

MP concentration (N m3)

Fig. 3. Vertical MP profiles of Sea ice-II cores. (a) concentration of total MP and salinity. (b) Polymer compositions of total MP and (c) Concentration of nonfiber
(solid line) and fiber MP (dotted line) and polymer composition of nonfiber MP (pie charts on the right) and fiber MP (pie charts on the left).

(0.12-16.8 mm) and were similar with a median thickness (15.8 pm) of
microfibers collected in oceanic waters (Suaria et al., 2020). Sgrensen
et al. (2021) found a significant change in PET fiber length from
3115 um before exposure to 257 um after 56-day UV exposure in
seawater, with no significant alteration in its thickness. Therefore, fiber
particles may undergo a different fragmentation mechanism from non-
fibers that are three-dimensionally fragmented. Our result suggests that
fibers with a cylindrical shape may be mostly fragmented in a way that
decreases its length.

3.5. Mass-based concentration and size distribution

To obtain the total MP load independent of the fragmentation de-
gree, we estimated the MP mass per volume for each sample. The

estimated MP mass concentrations were 103 & 267 mg m™ in Sea ice-I,
5.05 + 4.75 mg m? in Sea ice-II, 18.5 + 16.2 mg m? in snow, and
2.09 + 4.48 mg m? in MPW. Mesoplastic mass concentrations were
1.90 + 1.62 mg m™ in Sea ice-I and 1.27 + 2.08 mg m™ in snow.
Unlike number-based values, mass concentrations of particularly
nonfibers tended to increase as particle size increased (Figs. 4b and S6).
In Sea ice-I, the > 330 pm nonfiber MPs comprised 36% of the total
number but 97% of the total mass of nonfiber MP particles, and fiber-
type mesoplastics accounted for 17% of the total number but 45% of
the total mass of fibrous plastic particles. These large-sized plastic par-
ticles were absent from Sea ice-II. Consequently, Sea ice-II had a 4-fold
higher number-based concentration but a 20-fold lower mass-based
concentration than Sea ice-I (Table 1). Therefore, large particles,
though less abundant in numbers, contribute more significantly to total
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Fig. 4. Size distributions of MP concentration normalized by size. (a) Number-based size distribution and (b) mass-based size distribution. In (a), the observed size
distributions in this study (circle- and X-symbols) and in the Eurasian samples (dotted squares for sea ice (Pecken et al., 2018) and snow (Bergmann et al., 2019)) are
compared with those expected (solid and dotted lines) from the 3D (nonfiber) and 1D (fiber) steady-state fragmentation models. The solid and dotted lines were
calculated using the G, values from Sea ice-I and -II obtained in this study, respectively (see Supplementary material). The values in legend parentheses indicate the
minimum MP cutoff size. For this size distribution, all the polymer particles, including > 5 mm, were considered.

mass load. For geometry, MP number concentrations were mostly
composed of fiber (84% in Sea ice-I, 54% in snow, and 89% in MPW),
while their mass concentrations were dominated by nonfiber (65%,
85%, and 32%, respectively). This dissimilarity relates to the particle
volumetric differences between the two geometries, which are propor-
tional to the first and third order of the measured length for fiber and
nonfiber, respectively (see Supplementary material section-III). Notably,
the mass difference between single nonfiber and fiber particles can be
amplified as particle size increase (Fig. S7). It should be noted that large
particles (> 330 um or > 5 mm) were found mostly in Sea ice-I, snow,
and MPW samples where relatively large volume was used for MP
analysis (3.3 + 1.2 L per sample, 7.1 & 0.6 L per sample, and 4 L per
sample, respectively), compared with Sea ice-II (0.8 + 0.3 L per sample)
and Eurasian samples (sea ice with 1.3 + 0.3 L per sample (Peeken et al.,
2018); snow with 0.08 + 0.07 L per sample (Bergmann et al., 2019)).
Our results indicate that missing large-sized particles, particularly
nonfibers, even with little impact on number-based data, can lead to a
serious underestimation in the mass load of plastic particles.

3.6. Plastic loads in WAO

Based on the seasonal WAO sea ice coverage data (ASIMS, 2020) and

plastic particle concentrations (sum of MP and mesoplastics) obtained in
this study, it is estimated that (0.78-11; 3.4 £ 2.6) x 10'® N (based on
Sea ice-D) to (0.31-2.6; 1.1 + 0.008) x 10'7 N (based on Sea ice-II) of
plastic particles may be entrapped in sea ice or potentially released into
surrounding seawater annually. These amounts correspond to mass
loads of 1.1-41 (13.4 =12.6) kilotons (Sea ice-II) and 1.7-3600
(280 4 701) kilotons (Sea ice-I). The mean-based mass loads are com-
parable to previous estimates of MP stocks afloat in the global oceans
and comprise 0.1-2% of the maximum estimate of plastics entering the
oceans annually (Table 2). Snowfall deposits (0.67-1.4; 1.1 4+ 0.003) x
10 N or 0.26-5.0 (2.1 + 1.7) kilotons of plastic particles in the same
study domain area annually. Snowfall scavenging explains only 0.3% of
the mean number load and 0.7% of the mean mass load of the plastic
particles trapped in the seasonal sea ice, indicating the nonsignificant
atmospheric fall-out contribution.

3.7. Inter-basin relationship

For comparison with other Arctic basins, the number-based data of
nonfiber MPs from Eurasian sea ice (Peecken et al., 2018) and ice floe
snow (Bergmann et al., 2019), and total MP (sum of all geometries) from
the ACB sea ice (Kanhai et al., 2020) were used because of the different
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Table 2
Comparison of the annual loads of plastic particles in the WAO study domain
area with the estimates for the standing stock of plastic particles afloat in oceanic
waters and the annual plastic input into global oceans. The mass load for the
MPW was not calculated due to a lack of available data for estimating the MPW
volume.

Compartment Region Plastic size ~ Mass load References
(kilotons)

Sea ice Pacific sector of > 100 ym 280 (70)° This study

trapping Arctic Ocean
(66°34'N to 10-yr
annual sea ice
retreat line; 150°E
to 120°W)

Snowfall Pacific sector of > 100 ym 2.1(1.8) This study
deposition Arctic Ocean

(66°34'N to 10-yr
annual sea ice
retreat line; 150°E
to 120°W)

Standing stock  Eastern Pacific > 330 um 21.3° Law et al.
in surface Ocean (17.4°S to (2014)
seawater 61.0°N;

85.0-180.0°W)

North/South > 200 pm 6.6—35.2 Cozar et al.

Pacific Ocean, (2014)

North/South

Atlantic Ocean,

Indian Ocean

North/South > 330 um 270"¢ Eriksen

Pacific Ocean, et al.

North/South (2014)

Atlantic Ocean,

Indian Ocean,

Mediterranean

Sea

Global ocean > 150 um* 93—236° van Sebille

standing stock et al.
(2015)

Annual ocean Global riverine 1150—2410 Lebreton

input input et al.
(2017)
Input from 192 4800—12700 Jambeck
coastal countries et al.
(2015)

@ Values from this study indicate the estimates based on mean (median)
concentrations found in Sea ice-I and snow samples.

b Minimum estimates presented in each literature.

¢ Values estimated by ocean models.

4 > 90% of quoted data used the mesh sizes of 333 um and 335 pm.

MP geometries measured among studies. When comparing without
distinguishing the minimum cutoff size, the nonfiber MP concentrations
of > 100 um recorded in WAO Sea ice-I and snow were three to four
orders of magnitude lower than those of > 11 pm in the Eurasian sam-
ples (Peeken et al., 2018; Bergmann et al., 2019). Most nonfiber MPs in
the Eurasian samples (99.8% in sea ice and 98.5% in snow) were present
below 100 um, which was the minimum cutoff size for our Sea ice-I and
snow samples. When only nonfibers of > 100 um were compared,
Eurasian sea ice ((4.9 & 7.2) x 10° N m™) and snow ((24 + 66) x 10°
N m3; MP > 100 um were detected in only two of nine snow samples)
did not exhibit significant concentration differences from the WAO
samples (Mann-Whitney U-test: p = 0.384 for sea ice and p = 0.088 for
snow) (Fig. 1d). More recently, Kanhai et al. (2020) reported total
MPs > 100 um in sea ice cores from the ACB, which were estimated to
originate from the East Siberian Sea, Chukchi Sea, Laptev Sea, and
Central Arctic Ocean. Their total MP concentrations ((6.5 4 3.4) x 10°
Nm?3, n=25) were comparable with our Sea ice-I samples, but a
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concentration difference between the two basins, with a ~2 times higher
level in the WAO samples, was significant (Mann-Whitney U-test:
p = 0.023). Compared with Sea ice-II for > 20 um, Eurasian sea ice
(> 25 pm) showed a significantly higher mean concentration (Man-
n-Whitney U-test: p = 0.014) but a median concentration within the
same order of magnitude (9.35 x 10* N m™ for the EB (Peeken et al.,
2018) versus 3.14 x 10* N m™ for the WAO).

The Eurasian data provide polymer compositions in the full size
range of > 11 pym, where prevalent varnish was common for both sea ice
(27%) and snow (26%), but the dominance of different polymers (PE
48% and rubber < 1% in sea ice versus PE 6% and rubber 27% in snow)
distinguished the two compartments (Peeken et al., 2018; Bergmann
et al., 2019). Nonfibrous PUR and acrylic, which were assigned to the
varnish type in Eurasian samples, were rarely found in Sea ice-I (4 of
n = 28) or not found in Sea ice-II, snow and MPW samples of the WAO.
Sea ice polymer composition differed significantly between the EB and
WAO (Fig. S8). A geographical difference in MPs may exist in sea ice
source regions (i.e., Laptev Sea, Nansen Basin, and Makarov Basin for
Eurasian samples (Peeken et al., 2018) versus East Siberian Sea for WAO
samples). However, care is necessary since 67% of nonfiber MPs in
Eurasian sea ice were within the smallest detectable size class of 11 um,
considering size-dependent polymer composition found in our study.
The ACB ice cores, where the same MP types as those in our Sea ice-I
samples (targeting > 100 pm in size and including fiber MP) were
analyzed, exhibited the dominance of polyester (probably PET; 57% of
total MPs) in polymer type and fiber (79% of total MPs) in geometry
(Kanhai et al., 2020). PE in that study accounted for < 1% of the total
MPs. Their findings were consistent with those in the WAO Sea ice-I
cores, supporting the similar origin of entrapped MPs in sea ice from
both basins.

4. Discussion
4.1. Uncertainty in mass estimate

Since we could not weigh individual MP particles, we estimated the
masses based on their morphological features. Poulain et al. (2019) also
proposed geometry-dependent models (sphere and ellipsoid) to estimate
the masses of individual nonfiber MP particles (25 ym to 5 mm). They
predicted the masses of ~10 times the difference for the two model
geometries and validated that the measured masses of most of the par-
ticles fell within the two model estimates. In contrast to their models
that need both the measured length and width of a particle, our method
for nonfiber particles was based on the measured length alone since it
was practically difficult to define the width and/or height of the particle
with an irregular shape. Our nonfiber mass estimates fell within those
estimated by the two models, close to that of the sphere model but ~10
times higher than that of the ellipsoid model (Fig. S6). Considering the
~10 times higher mass estimates of nonfiber MPs than that predicted by
the ellipsoid model, the ice-trapped and snow-deposited mean mass load
of plastics presented in our study can be lowered to 6 kilotons (Sea ice-II
base) to 41 kilotons (Sea ice-I base) and 0.4 kilotons, respectively.
However, they are still substantial in the global MP budget.

Evangeliou et al. (2020) estimated that 5-20% of the total road
traffic-originated plastic mass (sum of tire and brake wear particles)
emitted globally could reach the Arctic via the atmosphere. In that
study, the modeled concentration of road plastics (including PM2.5 and
PM10 sizes) in the Arctic snow ranged from 9 to 190 ng kg™'. These
concentrations are almost three orders of magnitude lower than our
estimates for total plastic particles (sum of MPs and mesoplastics;
2.51-47.7 pg kg'!) in the WAO snow, which is not surprising consid-
ering the lower usage of road plastics and different size ranges. For
comparison, note that PET of 5.6-23 pg kg'! in Alpine snow (Materi¢
et al., 2020), which was quantified using thermal desorption-proton
transfer reaction-mass spectrometry, was ~10 times higher, probably
due to the closer proximity to source regions than those of fiber MP
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(mostly PET) in the WAO snow (0.55-5.8 pg kg™!). Despite uncertainty
originating from the method, comparison with other data shows that our
estimates for mass concentration and load are overall within reasonable
range. In future studies, polymer-specific mass measurement (Fisher and
Scholz-Bottcher, 2017) need to be considered to validate the estimated
MP load and budget.

4.2. Potential sources of MPs in the WAO

Our data analysis shows that all the Arctic Ocean basins are polluted
with similar MP levels within an order of magnitude, when comparing
the same size range and geometry. Specially, the similarity between the
ACB and the WAO found in both MP concentration and composition
shows that sea ice MPs of the two basins are strongly linked by the
Transpolar Drift Stream. Therefore, MPs in the WAO may be largely
responsible for the amounts of MP found in other Arctic Basins. MPs in
the WAO may originate from various sources, including inflowing
seawater, atmospheric deposition, untreated grey water, and shipping
activities.

The entry of North Pacific seawater, containing a relatively high
abundance of MPs compared with other global locations (van Sebille
et al., 2015; Isobe et al., 2019), may cause MP pollution in this region.
The MP concentrations in the Chukchi Sea surface water (0.086-0.31;
0.23 4+ 0.07 N m™) (Mu et al., 2019a) were comparable with those in
the Svalbard archipelago south of the Barents Sea (0-1.31;
0.34 + 0.31 N m™) (Lusher et al., 2015), when comparing data obtained
using similar sampling methods (manta trawling with an ~330 pm
mesh). The PET fiber, an exclusive MP component in our Sea ice-I
samples, was also the most abundant in the surface water around the
Bering Strait (Mu et al., 2019a) and central Arctic (Kanhai et al., 2018),
the sea ice of the ACB (Kanhai et al., 2020), and the whales from the
Beaufort Sea (Moore et al., 2020), supporting the inflowing Pacific
seawater as a strong MP source in the WAO. A small water volume
(~0.8 Sv; 1 Sv =10% m® s1), approximately 10 times lower than the
Atlantic inflow, enters the WAO through the Bering Strait (Woodgate,
2013). However, in contrast that a substantial amount of the Atlantic
inflow immediately returns to the Atlantic, the Pacific water does not
return out to the Pacific and circulates around the AB by the clockwise
Beaufort Gyre until exiting the Arctic via the Fram Strait and Canadian
Archipelago (Woodgate, 2013). The Radon isotope ratios in the surface
Beaufort Gyre showed a ~20-year residence time (van der Loeff et al.,
1995). Enhanced eddy activity in the Beaufort Gyre due to the
decades-long decline in summertime sea ice cover may spin the gyre
faster and trap freshwater in its clockwise current, preventing the
freshwater from leaving the area (Armitage et al., 2020). Therefore, the
MPs delivered by Pacific water may be redistributed and remain in this
Beaufort Gyre area longer, causing MP accumulation in the WAO. Nu-
merical simulations have predicted a temporal increase in MP content in
North Pacific Ocean water resulting from the continuous plastic debris
discharge into the marginal seas of this ocean (Isobe et al., 2019) and the
global oceanic circulation concentrating floating plastics in this ocean
(van Sebille et al., 2012). In future, the amount of MPs entering the WAO
is expected to increase proportionally.

Growing data about air-driven MP in remote regions (Alpine snow
(Materic¢ et al., 2020), mountain catchment (Allen et al., 2019), and
oceanic air (Liu et al., 2019)) suggest that atmospheric transport and
deposition may be another significant MP pathway to the Arctic. We also
confirmed the atmospheric long-range transport possibility of MPs from
those found in the WAO ice floe snow. However, our results show that
the atmospheric input contribution to the MPs entrapped in Arctic sea
ice may not be substantial, when based on different MP characteristics
and much lower MP load in snow. The estimated snowfall-driven MP
flux may be somewhat uncertain since we assumed MPs in snow samples
to solely originate from snowfall scavenging. Rainfall, accounting for
approximately 60% of precipitation in the Arctic Ocean (Boisvert et al.,
2018), can deposit additional MPs. Dry deposition can be also
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considered to another input path for airborne MP deposits. However, the
snowfall-based atmospheric plastic flux estimated here may not change
significantly, considering high precipitation frequency (~230 days yr!
for total precipitation event and ~170 days yr! for snowfall event) in
the WAO domain (Boisvert et al., 2018) and fivefold higher scavenging
efficiency of a snow flake than a rain droplet (Mackay, 2001). Given that
atmospheric transport of MPs into the Arctic is likely enhanced during
positive North Atlantic Oscillation phases, particularly in winter and
spring (Evangeliou et al., 2020), our Arctic snow measurements
collected in summer may underestimate atmospheric input. Arctic river
discharge has increased due to global warming (McClelland et al.,
2006), which may deliver MPs deposited in the Arctic watershed from
the atmosphere into the Arctic Ocean. This additional input was not
considered in this basic calculation. To validate our estimation
regarding atmospheric fall-out, more measurements reflecting
spatio-temporal variation are needed for not only each of MPs deposited
via rainfall and snowfall, but also flying MPs in air.

Arctic shipping activities, with fisheries as a major contributor
(Eguiluz et al., 2016), could be a local source of Arctic MPs. Our sea ice
samples contained various ship paint-based polymers, including varnish,
rosin ester, CE-nitrate, and alkyd resin, as well as a fishing
gear-associated polymer (e.g., PA). These polymers comprised ~10% of
the total MPs in sea ice samples. The more dominant varnish type in the
Eurasian sea ice (Peeken et al., 2018) may reflect a geographical dif-
ference in shipping activities, which are concentrated in the Norwegian
and Barents Seas rather than in the Chukchi and Beaufort Seas (Eguiluz
et al., 2016; Cozar et al., 2017). The discharge of land- and ship-based
wastewater can be another input source of MPs to the Arctic Ocean,
although they are vastly unexplored. Evoked the importance of the
land-based Arctic wastewater outlet as a local source of MPs to Svalbard
waters. Mikkola (2020) estimated annual load of 10%-10° N capita™ for
MP discharge of untreated grey water from cruise ships to the marine
environment. Considering the volume of grey water generated by vessels
in the Canadian Arctic (~90 kilotons per year) (Vard Marine Inc., 2018),
MPs discharged from Arctic shipping fleet to the study domain may not
be ignored. A gradual sea ice cover retreat due to global warming, fol-
lowed by increased shipping activities (Miller and Ruiz, 2014), can
gradually increase the contribution of these local sources to the Arctic
MP load.

4.3. Possible mechanism for ice-trapped high MPs

Our study confirms the results of the previous studies that sea ice
entraps MPs at several orders of magnitude higher than in seawater.
Considering the higher abundance of MPs at the air-water interfacial
layer (Chae et al. 2015; Anderson et al., 2018) and the drastic decrease
in abundances with depth in ocean water (Kooi et al., 2016), it is
reasonable to hypothesize that MPs should be preferentially enriched in
the uppermost layer of sea ice as seen in fast-packed ice cores under
microcosm conditions (Geilfus et al., 2019). However, most of sea ice
cores collected in Arctic and Antarctic ice environment exhibited rela-
tively uniform MP abundances throughout the entire ice depth (Peeken
etal., 2018; Kanhai et al., 2020; Kelly et al., 2020; this study), indicating
that more complicated mechanisms affect MP ice-trapping in real
environment. Several plausible mechanisms can be suggested to un-
derstand ice-trapped high MPs in the WAO. Analogous to biotic and
abiotic particle enrichment in sea ice, MPs can be mechanically
concentrated by scavenging of frazil ice crystals rising through the water
column and their subsequent coalescence into firm ice layers (Garrison
et al., 1989; Niirnberg et al., 1994; Dumont et al., 2009). Brine channels
formed in sea ice (Petrich and Eicken, 2010) and coagulation with
algae-excreted sticky exopolymers (Long et al., 2015; Galgani et al.,
2019) could be another factor driving MP enrichment in sea ice.
Considering the abundant formation of ice-algal aggregates below the
melting Arctic sea ice (Assmy et al., 2013), the continuing loss of the
thick multiyear sea ice layer and its replacement by thin sea ice may
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facilitate algae-MP aggregates entrapment in sea ice. Meanwhile, the
MPs released together with less dense freshwater (see 0.1-1.1 psu of
salinity in MPW) by sea ice melting may mostly remain in the surfa-
ce/subsurface water in summer due to weakened brine convection and
thereafter may be retrapped in the newly formed sea ice in winter. The
enriched MP levels (0-18; 5.3 + 4.4 N m'3) in water beneath ACB sea ice
floes (Kanhai et al., 2020) compared with the ice-free surface waters
from the Arctic gateway (Lusher et al., 2015; Mu et al., 2019a) supports
this hypothesis. Although MPs can eventually settle to the Arctic sea-
floor, this physical-biological coupling may temporarily impede MP
settling and its effect on MP trapping may differently appear at locations
along the drift path of a single core. In particular, the WAO experiences
the largest summer sea ice loss in the Arctic Ocean (Stroeve and Notz,
2017). The repeated yearly melting and freezing of sea ice may keep MPs
in the surface/subsurface water column of this region longer by
repeating MP incorporation and release. Thus, sea ice entrapment and
amplified gyre-driven circulation, combined with new additions via the
Bering Strait, may cause MP accumulation in the WAO. Given the
continuing sea ice extent retreat (Stroeve et al., 2012), this combined
trapping effect may be enhanced in the future.

4.4. Implication of size distribution

The prevalence of MP at the smallest detectable size class found in
previous Arctic samples (Peeken et al., 2018; Bergmann et al., 2019) has
created great concerns about the Arctic ecosystem, since smaller MPs
can be ingested by organisms in the lower trophic levels of the food web
and are able to translocate into the tissues more readily than larger
particles (Carbery et al., 2018). The size distributions of MPs in the
Eurasian samples (Peeken et al., 2018; Bergmann et al., 2019) were
nearly a power-law distribution, which can be predicted by a plastic
weathering experiment excluding natural MP removal processes (Song
et al., 2017). On the other hand, the WAO samples with Gaussian dis-
tributions show that small particles below specific size classes may be
more deficient than those observed in Eurasian samples or those ex-
pected from a fragmentation model. The Eurasian Arctic samples
(Peeken et al., 2018; Bergmann et al., 2019) were analyzed using an
imaging FTIR technique to minimize human bias in MP determination,
which may influence the different size distributions. However, Gaussian
distributions like ours have been frequently observed in open ocean
waters, where large particles > 200 to > 500 um difficult to lose via
human error were analyzed (Cozar et al., 2014; Cozar et al., 2017;
Serranti et al., 2018; Mu et al., 2019a) and in Antarctic sea ice (Kelly
et al., 2020), where the same method (imaging FTIR technique for MPs
> 11 um) used for the Eurasian sea ice and snow samples was applied.
Additionally, the fiber MP characteristics found in the WAO samples
were consistent with those seen in a global dataset of microfibers
collected in oceanic waters with a Gaussian-type size distribution, me-
dian size of 1.07 mm, and median thickness of 15.8 um (Suaria et al.,
2020). Because of the abundant surface biofilm/aggregation (Kaiser
et al., 2017; Michels et al., 2018) and lower buoyancy velocity (Reisser
et al., 2015) caused by high surface area-to-volume ratios, smaller MPs
are more susceptible to vertical sinking and wind mixing (Poulain et al.,
2019). Thus, small particles are relatively deficient in remote areas
compared with coastal areas (Ryan, 2015) and in surface areas
compared with submerged water columns (Kooi et al., 2016).

5. Conclusions

To assess the role of WAO as a global sink and an Arctic source of
MPs, we investigated the number- and mass-based MP contents sepa-
rated by size and shape geometry for sea ice, snow, and MPW. The main
findings and implications can be summarized as follows.

(1) Our data shows a strong dependency of MP data (concentration,
polymer composition, and size distribution) on measured cutoff
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size and geometry, with dominating numbers of fibers (mostly
PET) in large-size classes but nonfibers of other polymers in
small-size classes. Thus, the harmonizing the cutoff size and ge-
ometry of analyzed MPs is critical to identify linkages among
different basins or compartments since MP data alters according
to them.
For the same size range and geometry, sea ice MPs in WAO
exhibit similar number-based pollution levels with those in EB
and ACB but closer similarities in polymer and shape composition
to those of ACB. This implies a strong linkage of the two basins
(WAO and ACB) by a Transpolar Drift that forms in WAO and
thereby a significant role of WAO as Arctic MP source.
Number-based MP concentration tends to increase with
decreasing particle size but the opposite trend is found for mass-
based values. Consequently, the total MP mass in samples is
largely accounted for by large-sized MPs (particularly, nonfibers)
rare in numbers. Thus, the presence of large particles, which not
only can become source of smaller MPs but are apt to be missed
by reducing sample volume, should not be overlooked in plastic
mass budgeting.

(4) Snow-captured MPs significantly differed from ice-trapped MPs
in concentration, polymer, and size distribution. Estimated MP
flux via snowfall accounted for < 1% of ice-trapped MP load in
WAO. Despite increasing concern of atmospheric delivery to
Arctic, our snow MP data exhibit that atmospheric transport may
not be notable pathway to Arctic MPs.

(5) This first mass budget for MPs in Arctic shows that the amount
comparable with those afloat at global ocean is trapped in WAO
seasonal sea ice. A significant amount of plastic particles, which
are lost from the global inventory, may accumulate in the WAO
due to temporary sink (sea ice) and oceanic currents (i.e., Bering
current and Beaufort Gyre). Our results highlight that the WAO
ice zone may be responsible for a sink of global MPs and a source
of Arctic MPs.

(2

3

-

Supplementary materials

The analysis procedure and QA/QC (section-I), the methods for size
distribution of normalized MP concentration (section-II) and MP mass
estimation (section-III), air-mass trajectories for 500-m and 1000-m a.s.
1. (Fig. S1), vertical profile of MPs in 16SIC core (Fig. S2) and in 17SIC
(Fig. S3), size distribution (Fig. S4) and relative contribution in each size
class (Fig. S5) of number-based MP concentration, size distribution of
mass-based MP concentration (Fig. S6), estimated masses of single MP
particle with size (Fig. S7), PCA result comparing nonfiber composition
between Eurasian and WAO sea ices (Fig. S8), sampling details for the
sea ice, snow, and MPW collected in the WAO (Table S1), and original
densities of MP polymer identified by FTIR in this study (Table S2) are
provided.
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