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The microplastics inflow into the Arctic Ocean may increase environmental
stress on the Arctic marine ecosystem on the Pacific side, where sea ice has been
significantly reduced because of global warming. However, quantitative data on
microplastics are very limited in the Beaufort Sea, which is covered by sea ice for
most of the year, even in summer. We therefore observed microplastic
concentrations over a wide area of the southern Beaufort Sea using a neuston
net from 30 August to 10 September 2022 to estimate the total number (particle
inventory) and mass (mass inventory) of microplastics in the entire water column.
The particle inventory during the sampling period ranged from 937 to 28,081
pieces km™2 (mean + standard deviation, 7570 + 7600 pieces km~2). The mass
inventory of microplastics ranged from 22 to 664 g km™ (179 + 180 g km™).
Relatively high microplastic inventories (>6500 pieces km™) were observed off
Utgiagvik and the mouth of the Mackenzie River, suggesting that some
microplastics originate not only in the Pacific but also in the Arctic. These
values indicate that waters in the southern Beaufort Sea is contaminated with
microplastics to the same order of magnitude as the Chukchi Sea.

KEYWORDS

neuston net, particle inventory, mass inventory, microplastic inflows, wind/
wave correction

1 Introduction

At present, 0.41 to 4.0 million tons of plastic litter are released into the global ocean
through rivers every year (Lebreton et al., 2017; Schmidt et al., 2017). Plastic debris can
cause serious marine pollution because it is fragmented by ultraviolet light, biotic factors
and physically crushed into smaller, non-recoverable particles of less than 5 mm
(microplastics, hereafter referred to as MPs)(Zhang et al., 2021). The weight of plastic
debris accumulated in the global ocean since the 1960s is estimated to be about 25 million
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tons based on computer simulations (Isobe and Iwasaki, 2022).
However, based on actual observations, the estimated weight of
plastic debris floating on the global ocean surface totals
approximately 0.23 million tons for sizes larger than 4.76 mm
(Eriksen et al., 2014) and 0.58 million tons for MPs between 0.33
and 5 mm (Isobe et al., 2021), for a total weight of 0.81 million tons.
Thus, the weight of plastic debris floating in the surface layer of the
world’s oceans represents only about 3% of the total weight that has
accumulated in the oceans to date, and the location of the remaining
97% is unknown.

Microplastics are prone to sorb many substances, including
persistent organic pollutants such as polychlorinated biphenyls
(Mato et al., 2001). Therefore, this is a matter of serious concern
as the toxicity from the accumulation of chemical contaminants in
marine organisms due to the uptake of MPs may hinder growth and
reduce fertility (Au et al., 2015; Jeong et al., 2016; Yeo et al., 2020).
Microplastics have been reported with biofilms (structures of
bacteria and other microbial communities) on their surfaces that
can transport exotic organisms, including pathogens, and organic
carbon to other waters (Zhao et al., 2021). Microplastics may also
cause long-term retention of radioactive materials in the ocean
surface layer via biofilms (Ikenoue et al, 2022). Thus, the MPs
inflow into the oceans may have a significant impact on
biogeochemical cycles as carriers of various substances. The
Arctic Ocean is already under multiple environmental stresses
due to global warming and associated sea-ice melting, such as
increased surface water temperatures, ocean acidification, and
nutrient limitation by stratification enhancement and freshening.
Therefore, the inflow of MPs may further increase the
environmental stress on its marine ecosystems, and it is urgent
that the current status of MP pollution in the Arctic Ocean be
quantitatively clarified.

Although the Arctic Ocean is far from human habitation, MPs
are transported from lower latitudes through ocean currents and the
atmosphere (Mishra et al., 2021; Bergmann et al., 2022), and high
concentrations of MPs have been reported from sea ice and snowfall
(Peeken et al., 2018; Kim et al., 2021). The Pacific side of the Arctic
Ocean (Chukchi Sea, Beaufort Sea, and East Siberian Sea) is one of
the potential accumulation sites for plastic debris from the Pacific
Ocean. However, quantitative data on MPs are biased toward the
Atlantic side of the Arctic Ocean, and for the Pacific side there exists
a gap in the MP distribution data (Ikenoue et al., 2023). Recently,
the concentration of MPs in the Chukchi and Beaufort Seas was
reported to be lower than that on the Atlantic side of the Arctic
Ocean, suggesting relatively low inflows of MPs from the Pacific and
Atlantic to this region (Ross et al., 2021; Tkenoue et al., 2023). On
the other hand, focusing on the Pacific side of the Arctic Ocean, the
total of 77 tons of MPs in the water of the Chukchi Sea cannot even
explain the 420 tons of Pacific-origin MPs that enter the Chukchi
Sea in a year, indicating that the Beaufort Sea, a downstream region
of Pacific-origin water, may be one of the accumulation sites for
Pacific-origin MPs (Ikenoue et al., 2023). However, the abundance
(total number and weight) of MPs in the Beaufort Sea has not yet
been estimated.

To fill this knowledge gap, we performed a micro- and
mesoplastic investigation using a neuston net in the southern
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Beaufort Sea of the Arctic Ocean, in early September 2022. Here
we report the extensive distribution of micro- and mesoplastics
larger than 0.33 mm in the surface waters in the southern Beaufort
Sea and estimate for the first time water-column inventories of MPs
in the region.

2 Materials and methods
2.1 Study area

The Beaufort Sea is located north of Canada and Alaska, and its
boundary with the Chukchi Sea is the Barrow Canyon, Alaska. The
Beaufort Sea consists of the Beaufort Sea shelf and the Canada
Basin. The Beaufort Sea shelf comprise the Alaskan shelf (44,000
km?), the Mackenzie shelf (65,000 km?) and the Banks Island shelf
(23,000 km?) (Macdonald et al., 2004). The Beaufort Sea shelf is
narrow, ranging from 40-150 km in width, the widest being 150 km
north of the mouth of the Mackenzie River in Canada. Along the
Beaufort Sea coast, the major cities with populations >2000 are
Utqiagvik and Prudhoe Bay in Alaska, and Inuvik in
Canada (Figure 1).

The oceanography of the Beaufort Sea is represented by river-
water input, strong stratification, and connections with the Pacific
Ocean. Pacific-origin water enters the Chukchi Sea through the 85-
km-wide Bering Strait and flows northward across the Chukchi
Shelf via three pathways (Figure 1): the western pathway through
Herald Canyon, the Central Channel pathway, and the Alaskan
Coastal Current (Paquette and Bourke, 1979; Pickart et al., 2010;
Lin et al,, 2019). Most of the Pacific-origin water is transported from
the Chukchi Shelf via Barrow Canyon in summer (Itoh et al., 2013;
Gong and Pickart, 2015; Itoh et al., 2015). After passing through
Barrow Canyon, most of the Pacific-origin water is transported
westward by the Chukchi Slope Current (Corlett and Pickart, 2017;
Watanabe et al., 2017), while a part of the Pacific-origin water is
transported eastward by the Beaufort shelfbreak jet (Pickart, 2004;
Nikolopoulos et al., 2009); the Beaufort shelfbreak jet then mixes
with the Mackenzie River outflow and flows further eastward.

In the Canada Basin, the Beaufort Gyre dominates the upper
ocean circulation (Proshutinsky et al., 2002), and this circulation is
related to the generation of the Chukchi Slope Current. It has been
reported that geostrophic currents on the periphery of the Beaufort
Gyre were recently intensified by freshwater accumulation with the
enhanced sea-ice melting and riverine water volume (Yamamoto-
Kawai et al., 2008; Proshutinsky et al., 2009; Nishino et al., 2011;
McPhee, 2013). A large amount of freshwater accumulates in the
Canada Basin (Carmack et al., 2008), which has as its main source
Pacific-origin water (Yamamoto-Kawai et al., 2008). On the Pacific
side of the Arctic Ocean, the fraction of freshwater at depths of 0-
300 m derived from North American rivers is less than 20%, and
that freshwater is distributed only in the 0-30-m surface layer in
estuarine and coastal areas (Yamamoto-Kawai et al., 2005).

The Beaufort Sea is covered by sea ice throughout the year,
except for August-September when it melts near the coast and
opens up a 50-100-km-wide area. The surface water of the Beaufort
Sea up to 150-m depth is Pacific-origin water, with a surface mixed
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FIGURE 1

Map of the study area modified from lkenoue et al. (2023) and schematic of the general surface circulation on the Pacific side of the Arctic Ocean
based on Corlett and Pickart (2017). Arrows represent surface currents. Red circles indicate cities with populations of more than 2000 near the coast
of the western Arctic Ocean and Bering Strait. Yellow circles represent the mouths of major rivers flowing into the western Arctic Ocean. The
numbers in the yellow circles correspond to the following rivers: 1, Yukon; 2, Anadyr; 3, Kolyma; 4, Kobuk; 5, lkpikpuk; 6, Colville; 7, Kuparuk; 8,
Sagavanirktok; 9, MacKenzie; 10, Anderson. Blue shading indicates bottom depth.

layer (salinity< 28) formed by a mixture of Pacific-origin water, sea-
ice meltwater, and riverine water (Macdonald et al., 2002; Kadko
and Swart, 2004; Cooper et al., 2008). The surface mixed layer is 5-
10 m thick in ice-covered areas, but it can be more than twice that in
ice-free areas because of wind-driven mixing (Rainville et al., 2011).

2.2 Field sampling

Micro- and mesoplastic particles floating in surface waters were
collected using a neuston net at 10 stations in the southern Beaufort
Sea (Alaskan and Mackenzie shelves) from 30 August to 10
September 2022 during cruise MR22-06C of the R/V Mirai of the
Japan Agency for Marine-Earth Science and Technology
(JAMSTEC) (Table 1, Figure 2). The neuston net (RIGO Co.,
Ltd., Tokyo, Japan) had a rectangular mouth opening of 75-cm
height x 100-cm width and a net with 0.33-mm mesh-openings.
The volume of water sampled by the net was calculated from
the net-opening area and measurements from a flow meter
installed in the mouth of the net. The neuston net was towed on
the starboard side of the ship for 20 min at 1-2 kn (0.5-1.0 m s™") in
the upper 0.4 m of the sea surface (Michida et al., 2019). A single
sample was collected at Station (Stn.) 13. Duplicate samples were
collected at the remaining nine stations by repeated net towing.
Samples were fixed with 5% formalin-seawater buffered with borax,
and stored in 450-mL glass bottles at room temperature until
further analysis.
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To convert the surface MP concentrations to the total number
of MPs in the entire water column, independent of vertical mixing,
we measured wind speeds at 25 m above the sea surface and
significant wave heights using the MIRAI Surface Meteorological
observation (SMet) system on the R/V Mirai. We averaged the data
recorded during the neuston-net samplings. The wind speeds at 25
m above the sea surface were converted to wind speeds at 10 m
above the sea surface using the following equation based on the
power law of wind velocity (Elliot et al., 1986).

Wrzwm(zr/zm)a

where W,,, is the measured wind speed at height Z,, and W, is
the wind speed at the required height Z,. The exponent o depends
on the surface roughness; a value of 1/7 for low surface roughness
and well-exposed areas such as the ocean was applied in this study.

2.3 Laboratory analysis

The neuston-net samples were processed in the same manner as
described by Ikenoue et al. (2023). The details of Laboratory
analysis are described in Note S1 in the Supplementary Material.
Briefly, samples were processed in a laminar flow hood. The
samples were digested with 30% H,O, for 7 d at room
temperature (Hurley et al., 2018). All potential plastic particles
were manually pulled from the samples using forceps under a
stereomicroscope (SZX16; Olympus, Tokyo, Japan). The particles
were classified by shape into “fragments” (a mixture of hard
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TABLE 1 Summary information for sampling stations, neuston-net tows, surface microplastic particle concentrations, and water-column inventories in the southern Beaufort Sea.

Microplastic Microplastic

. o 10-m . . . :
. ; Depth of ] Sampling  Flow water Significant g particle particle Microplastic
. Latitude Longitude Sampling . : wind . . :
Station 5 5 sea floor time volume wave height concentration inventory mass inventory
(°N) (°W) date 3 speed 3 ; =
(m) (UTC) (m>) (m) . (x10 (plecgs )
pieces m~3) km™2)
13 71.671 154.981 306 2022/8/30 1:31 421 0.33 4.0 10 1701 40
15 71.133 146.115 2123 2022/8/31 8:16 844 0.24 4.9 5.9 937 22
16 71.014 142.025 2340 2022/8/31 16:06 731 0.38 55 82 2333 55
18 71.335 135.583 1324 2022/9/2 21:34 787 0.94 4.8 13 7771 184
19 69.974 137.240 58 2022/9/4 0:42 952 0.74 9.0 7.3 6637 157
20 70.411 141.621 79 2022/9/5 15:09 580 1.70 9.9 17 3937 93
22 70.687 141.734 1088 2022/9/5 22:16 676 111 7.4 3.0 3288 78
24 71.831 152.542 1297 2022/9/9 15:40 642 0.99 12.2 17 28081 664
26 72.576 152.464 3628 2022/9/10 6:12 664 117 10.1 6.0 9679 229
27 71.330 152.548 61 2022/9/10 17:03 649 111 8.1 9.3 11333 268

‘|e 1@ anouay|
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Location of sampling stations during cruise MR22-06C of the R/V Mirai from 30 August to 10 September 2022. Yellow circles indicate sampling stations.
Grey shading represents the average sea-ice cover observed by the Advanced Microwave Scanning Radiometer 2 during the sampling periods.

fragments and film) and “lines” (thread-like materials excluding
textile microfibers). Each particle was measured for maximum
length. Because of potential airborne contamination by
microfibers from clothing during sampling or processing
(Foekema et al., 2013; Cozar et al.,, 2014) or paint flakes from the
research vessel during observations, textile microfibers and paint
flakes were excluded from our analyses.

We used Fourier transform infrared (FTIR) spectroscopy with
single-reflection diamond attenuated total reflection (ATR) (Nicolet
iS5; Thermo Fisher Scientific, Waltham, MA, USA) to determine
the polymer types in each sorted plastic-like particle based on a
method described previously (Nakajima et al., 2022).

Particles identified as plastic were weighed on an electronic
balance (BM-252; A&D Company, Tokyo, Japan). The individual
micro- and mesoplastic particles in each sample were counted, and
concentrations (number of pieces m™) were calculated from the
volume of water sampled. For sample blanks, we placed wide-
mouth glass bottles containing 100 mL of ultrapure water in each of
the workspaces for 30 min.

A pieces km? B
X 30000
7

FIGURE 3

2.4 Conversion of MP concentrations to
numbers of MP particles and their mass
per unit area

Surface concentrations of MPs can vary depending on the
degree of vertical mixing from oceanic turbulence. Therefore, to
compare the number of MPs between different stations, we
calculated the total number of MPs in the entire water column,
independent of vertical mixing. We used the following equation
(Tsobe et al., 2019) to convert surface MP concentrations into the

total number of MPs in the water column (particle inventory; pieces
km™).

M = Ny x 1.5uskH, x 10° /w, )

where M (pieces km™) is the particle inventory of MPs
described above, N, (pieces m™>) is the surface MP concentration
determined from the neuston-net sample, u- represents the friction
velocity of water (0.0012Wy,), Wio (m s71) is the wind speed at 10 m
above the sea surface (Kukulka et al., 2012), k is the von Karman

g km2
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Microplastic inventory at sampling stations in the southern Beaufort Sea. (A) Particle inventories; (B), mass inventories
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coefficient (0.4), H, (m) is the significant wave height, and w is the
terminal rise velocity of plastics (5.3 mm s} Reisser et al., 2015).
Note that this calculation excludes mesoplastics larger than 5 mm.
For W, and H, we used the average of the values measured at each
station at the time of the survey. Particle inventories were converted
to mass inventories (i.e., total MP mass per unit area, g km?) by
using the Level-2w1 calculation method of Isobe et al. (2021).

2.5 Environmental data

To investigate the relationship between MPs and sea-ice
meltwater and riverine water, those water fractions were
estimated using chemical variables. Partial pressures of CO,
(pCO,), total dissolved inorganic carbon (TCO,), temperature,
and salinity were continuously measured in surface seawater at a
depth of 4.5 m along the cruise track by CO,- and TCO,-measuring
systems (Nihon ANS, Inc., Tokyo, Japan) and a continuous sea-
surface water monitoring system aboard the R/V Mirai. An off-axis,
integrated-cavity, output spectroscopy gas analyzer (Off-Axis ICOS;
911-0011, Los Gatos Research, Mountain View, CA, USA) was used
for pCO, measurement; a coulometer was used as the detector for
TCO,; temperature and salinity were measured using a
thermosalinograph (SBE-45; Sea-Bird Electronics, Inc., Bellevue,
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WA, USA). Details of these measurements are described by Murata
et al. (2022).

Seawater was collected by using a pump placed 4.5 m below the
sea surface. Total alkalinity was then calculated from pCO,, TCO,,
temperature, and salinity (Murata et al., 2022). The fractions of sea-
ice meltwater and other freshwaters (consisting of precipitation,
riverine water, and freshwater carried by Pacific-origin water) in
surface seawater at a depth of 4.5 m during the sampling period
were calculated from salinity and total alkalinity as described by
Yamamoto-Kawai et al. (2005). The southern Beaufort Sea is likely
influenced by the water originated in the Chukchi Sea, where North
American rivers characterize the endmember values of freshwater
other than the sea-ice meltwater (Nishino et al., 2016). Thus, we
used their endmember values as the optimal values for endmembers
in the southern Beaufort Sea. For Stns. 18 and 19 at the mouth of the
Mackenzie River with salinity<20, however, end-member values of
1900 mmol kg'1 (Telang et al, 1991) were used for the total
alkalinity of the other freshwaters. The salinity and total alkalinity
values used in the calculations were those at the time of neuston-net
sampling for each station; however, if the corresponding
measurements did not exist, we used the measurements from the
location and time as close as possible to those of the neuston-
net sampling.

mLine
m Fragment

m Other polymers

m Polydimethylsiloxane (PDMS)

m Polyamide (PA)

m Polyvinyl chloride (PVC)

m Polyurethane (PU)

= Polyethylene terephthalate (PET)
m Polyethylene (PE)

26 27

Composition of micro- and mesoplastic particles in the southern Beaufort Sea by (A) shape and (B) polymer type
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FIGURE 5

Freshwater fractions at sampling stations in the surface waters of
the southern Beaufort Sea during the sampling period from 30
August to 10 September 2022. The color on the left side of each
circle represents the fraction of sea-ice meltwater, and that on the
right side represents the fraction of other freshwater

Level-3 standard sea-ice cover data were obtained from the
Japan Aerospace Exploration Agency (web portal: https://
gportal.jaxa.jp/gpr/) at 10-km resolution. Both ascending and
descending daily passes were composited during the field
sampling period of 30 August-10 September 2022 (Figure 2).

3 Results
3.1 Particle and mass inventory

A total of 58 micro- and mesoplastic particles (56 microplastic
particles, 2 mesoplastic particles) were identified in the neuston-net
tow samples (Table S1). The particle and mass concentrations of
micro- and mesoplastic particles in the surface water are shown in
Note S2, Table S1, and Figure S1. All plastic particles detected in the
blank samples were textile microfibers and therefore did not affect
the results of this study.

The particle and mass inventories of MPs in the entire water
column at each station are shown in Table 1. The distribution of the
particle and mass inventories of MPs is shown in Figure 3 The
particle inventory of MPs during the sampling period ranged from
937 to 28,081 pieces km™? (mean + standard deviation, 7570 + 7600
pieces km?). The particle inventory of MPs exceeded 6500 pieces
km 2 at Stns. 24, 26, and 27 off Utqiagvik and at Stns. 18 and 19 off
the mouth of the Mackenzie River. Of these, Stn. 24 had the highest
particle inventory at 28,081 pieces km 2, followed by Stn. 27 at
11,333 pieces km >, The mass inventory of MPs ranged from 22 to
664 g km™ (179 + 180 g km™2). The mass inventory of MPs
exceeded 150 g km 2 at Stns. 24, 26, and 27 off Utqiagvik and at
Stns. 18 and 19 off the mouth of the Mackenzie River. Of these, Stn.
24 had the highest mass inventory at 664 g km >, followed by Stn. 27
at 268 g km 2.

Frontiers in Marine Science

10.3389/fmars.2023.1288301

3.2 Particle shape, polymer type, and size

Micro- and mesoplastic particles were classified into two
shapes: fragment and line. Fragments were the most common
(96.6%) (Table S2 and Figure 4A). Among all micro- and
mesoplastic particles, 10 polymer types were observed (Table S2
and Figure 4B). Polydimethylsiloxane (PDMS) was the most
common (36.2%), followed by polyethylene (PE, 27.6%),
polyurethane (13.8%), and polyethylene terephthalate (PET,
8.6%). Polyvinyl chloride and polyamide each accounted for 3.4%,
and other polymers accounted for 6.9%. The mean particle size was
2.31 mm (standard deviation, 1.29 mm), with particles in the size
range 0.5-1.0 mm being the most common (41.4%), followed by
1.0-2.0 mm (36.2%) (Table S2 and Figure S2). The number of
mesoplastics accounted for 3.4% of the total.

3.3 Freshwater fraction

The pCO,, TCO,, temperature, salinity, total alkalinity, and
estimated freshwater fractions at each station are shown in Table S3.
The distribution of freshwater fractions at each station is shown in
Figure 5. During the sampling period, the sea-ice meltwater fraction
ranged from 5.9% to 16.8% (10.5% + 3.5%). The higher sea-ice
meltwater fractions, with values above 10%, were observed toward
the Canada Basin, with the highest values at Stns. 18 (14.4%) and 26
(16.8%), near the sea ice. Excluding sea-ice meltwater, other
freshwater fractions ranged from 9.8% to 36.2% (18.2% * 3.5%).
The other freshwater fractions were <11% at the four western
stations near Utqiagvik, but they exceeded 15% at all stations
farther east. Among these, Stns. 18-20, near the mouth of the
Mackenzie River, were particularly high, with values greater than
23%; a maximum value of 36.2% was observed at Stn. 19.

4 Discussion

4.1 Horizontal distribution of microplastic
inventory in the southern Beaufort Sea

The mean particle inventory of MPs in the southern Beaufort
Sea in this study was 7570 particles km 2, suggesting that waters in
the southern Beaufort Sea is polluted with microplastics at the same
order of magnitude as the Chukchi Sea (5236 particles km™2
Tkenoue et al., 2023) (Table 2). The mean sea-ice meltwater
fraction in the surface waters of the Beaufort Sea was 10.5%
(Table S3, Figure 5), which is higher than that of the Chukchi Sea
(6.8%) during summer (Ikenoue et al, 2023), reflecting the
geographical proximity of the stations in this study to the
northern sea-ice area. However, there was no correlation (r =
—-0.11) between the MP particle inventory and the sea-ice
meltwater fraction, which was due to differences in the diffusion
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TABLE 2 Summary of microplastic particle numbers and masses in seawater on the Pacific side of the Arctic Ocean.

Microplastic

. Total . .
. . article . . Microplastic mass . .
Sampling Sampling P microplastic op Total microplastic mass Data
inventory : 8 inventor % : Reference
dates method . particles (x10 -2 (x10™ kqg) quantity
(pieces eces) (g km™)
km~?) P
Southern 100,000 = 20%%/8/30-2022/ N 7570 8.25 179 1.95 10 This study
Beaufort Sea 9/10
Chukehi Sea 620,000 2020710719 N 5236 325 124 7.69 18 kenoue ctal.
2021/10/2 (2023)
East Siberian 2013/9/2-2013/ d Cozar et al.
987,000 M 11775 126 280 27.6 4
Sea 9/8 (2017)

*Wind/wave corrected values from the original data. Corresponds to Level 2p data as categorized by Isobe et al. (2021).

"Values calculated from the particle inventory according to the method of Isobe et al. (2021). Corresponds to Level-2w1 data as categorized by Isobe et al. (2021).
“N, surface sampling with neuston net (>333 um).

4M, surface sampling with manta net (>333 pum).
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rates of sea-ice meltwater and microplastics. The mean value for the
other freshwater fractions, excluding meltwater, was 18.2%, and
even excluding Stns. 18-20 near the Mackenzie River, was 13.3%
(Table S3, Figure 5). These values are higher than the mean (3.3%)
of the other freshwater fractions in the Chukchi Sea (Ikenoue et al.,
2023), indicating that the freshwater fractions of the surface waters
of the study region were more influenced by the river waters of
Northern Alaska and Northern Canada than those of the Chukchi
Sea. However, there was no correlation between the MP inventory
and other freshwater fractions (r = —0.25). This is probably because
river water does not necessarily contain MPs when rivers are far
from populated areas. Utqiagvik and Inuvik are cities with
populations of more than 2000, and Inuvik is adjacent to the
Mackenzie River. Therefore, the relatively high MP particle
inventory (>6500 pieces km~2) observed offshore around
Utqiagvik and at the mouth of the Mackenzie River may reflect
the local origin of MPs from Utqiagvik and Inuvik. However, at this
stage it is not possible to conclude whether this distribution is due to
the retention of Pacific-origin MPs in a particular area or to the
effect of local MP additions.

4.2 Characteristics of plastic particles in
the southern Beaufort Sea

Micro- and mesoplastic particles in the southern Beaufort Sea
were mostly fragments (96.6%), and the size distribution of MPs
showed a frequency peak around 1 mm (Table S2, Figures 4 and S2).
This trend is similar to previously reported size distributions of MPs
in East Asia, the Southern Ocean, and the Chukchi Sea (Isobe et al.,
2015; Isobe et al., 2017; Mu et al., 2019; Ikenoue et al., 2023).
Mesoplastics, on the other hand, are frequently observed in East
Asian waters (Isobe et al., 2017), but their occurrence in the
Chukchi Sea and Southern Ocean is rare (Isobe et al., 2015;
Ikenoue et al, 2023). The occurrence of mesoplastics was also
rare in the southern Beaufort Sea, accounting for 3.4% of all micro-
and mesoplastic particles (Figure S2). Plastic particles in the
southern Beaufort Sea were more fine-grained than those in the
Chukchi Sea, with 84.5% of particles less than 2 mm in size,
compared with 65.1% in the Chukchi Sea (Ikenoue et al., 2023)
(Figure S2). This suggests that MP particles in the southern Beaufort
Sea were transported with more physical and chemical degradation
than those in the Chukchi Sea. In addition, the coast of the Beaufort
Sea has more cities and rivers than that of the Chukchi Sea.
Therefore, these fine-grained MPs may include not only MPs of
Pacific origin, but also MPs transported long distances from lower
latitudes via rivers, and MPs weathered on the coast by the cold
Arctic climate.

There is a major difference between the polymer type of plastic
particles in the southern Beaufort Sea in this study and those in the
Chukchi Sea described by Ikenoue et al. (2023) in the proportions of
PDMS [described as “silicone resin” by Ikenoue et al. (2023)] and
PP in the total plastic particles. In the Chukchi Sea, PDMS was
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minor and observed at only two stations, whereas PP accounted for
18.6% of the total polymers (Ikenoue et al., 2023). In the southern
Beaufort Sea, on the other hand, PDMS was observed at all stations
(accounting for 36.2% of total polymers on average), and PP was
not observed at all. The samples in this study were collected in the
same manner as in the study of Ikenoue et al. (2023), using the same
research vessel and neuston net, which was cleaned before each
observation. It is therefore unlikely that the PDMS in the samples in
this study originated from contamination during the observations.
The density of PDMS is 0.98 g cm >, which is less than that of
seawater (Osswald, 2006), so it can remain in the ocean surface
layer. Although there are few reports of PDMS in the ocean, in the
Arctic Ocean, PDMS reportedly accounts for 2% of all plastic
particles at a depth of 3 m in the Barents Sea (Pakhomova et al.,
2022). In the North Atlantic, PDMS also reportedly occurs in
aerosol samples collected over pelagic waters (Trainic et al,
2020). No trend of increased PDMS at stations near cities or
estuaries was observed in this study. Therefore, the appearance of
PDMS in this study could reflect contributions from industrial
activities and fisheries in the Beaufort Sea, or the presence of PDMS
sources over a wide coastal area. The lack of observed PP may also
be due to compositional changes caused by the sinking of plastic
particles during transport from the Chukchi Sea to the Beaufort Sea.

4.3 Missing microplastics

The southern Beaufort Sea (Alaskan and Mackenzie shelves)
has an area of 109,000 km? (Macdonald et al., 2004). Therefore, the
total number of MPs in the southern Beaufort Sea, calculated from
the average MP particle inventory, is about 0.825 billion pieces
(19,500 kg). The estimated total amount of MPs in the seawater of
the Pacific side of the Arctic Ocean is 16.7 billion pieces (Table 2),
but this does not account for the 18 billion MP particles that enter
the Chukchi Sea from the Pacific each year through the Bering Strait
(Tkenoue et al., 2023). Because microplastics suspended in the ocean
surface layer settle to the seafloor after one to three years in the open
ocean (Okubo et al., 2023), some of the missing MPs that passed
through the Bering Strait would have accumulated on the seafloor
in the downstream region of Pacific-origin waters.

Sea ice is another candidate for substantial MP accumulation
because it incorporates MPs from the surrounding water during its
formation. The northern sea-ice areas of the Chukchi and Beaufort
Seas (Chukchi Borderland and Canada Basin) are downstream
regions of Pacific-origin water (Watanabe et al., 2022). Because
the Beaufort Sea is covered by sea ice during non-summer months,
MPs might accumulate in the sea ice in this area, as sea-ice
production exceeds sea-ice melting. After passing through Barrow
Canyon, 0.50 + 0.07 Sverdrups (1 Sv = 10°m>s™") (mean + standard
deviation) of Pacific-origin water is transported westward as the
Chukchi slope current (Corlett and Pickart, 2017), and 0.13 + 0.08
Sverdrups is transported eastward as the Beaufort shelfbreak jet
(Nikolopoulos et al., 2009). The annual mean transport through the
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Bering Strait is 0.8 Sverdrups (Woodgate et al., 2005), so 63% of
Pacific-origin water is transported westward and 16% eastward to
the Beaufort Sea. Therefore, assuming that MPs suspended in the
surface layer follow the same pattern as Pacific-origin water, 11.3
billion of the Pacific-origin MPs are transported toward the
Chukchi Borderland each year, and 2.9 billion are transported to
the Beaufort Sea each year, and the remaining 3.8 billion are
transported to the East Siberian Sea each year.

The total number of MPs in the southern Beaufort Sea water
estimated in this study was 0.825 billion, of which 36.2% composed
of PDMS may be not of Pacific origin but rather of Arctic origin.
Therefore, most of the Pacific-origin MPs transported to the
Beaufort Sea would accumulate annually in sea ice and in seafloor
sediments in the Beaufort Sea, or farther downstream. In addition,
Leng et al. (2021) have suggested that the portion of the Chukchi
slope current flowing along the deeper isobaths is redirected
northward and eventually transports the materials into the
Beaufort Gyre, whereas the portion flowing along the upper shelf
slope may reach the East Siberian Sea. Furthermore, organic-matter
transport by oceanic eddies to the Northwind Abyssal Plain has
increased about twofold since the 1990s due to sea-ice reduction
(Watanabe et al., 2014). These observations suggest that the
majority of Pacific-origin MPs may be accumulating in the
northern sea ice and on the seafloor under sea ice. In fact, high
concentrations of microplastics have been observed in seawater in
the northern Chukchi Sea, far from land (Ikenoue et al., 2023). In
Fram Strait, high concentrations of MPs have been observed in the
ice algae Melosira arctica, suggesting that this species takes up MPs
from melting ice and ambient seawater and transports them to the
deep seafloor as they settle (Bergmann et al., 2023). Because this
species also occurs in the Pacific side of the Arctic Ocean (Ambrose
et al,, 2005; Poulin et al., 2014; Katlein et al., 2015), the same
phenomenon may already be occurring in the Pacific side of the
Arctic Ocean.

5 Conclusions

We estimated the total number and mass of MPs in the water
column in the southern Beaufort Sea. The inventory of MPs in the
southern Beaufort Sea suggests that this area is polluted with
microplastics to the same order of magnitude as the Chukchi Sea.
The distribution of MPs in the southern Beaufort Sea and the
polymer-type composition of micro- and mesoplastic particles
suggest that some plastic particles originate not only from Pacific-
origin water but also from local industrial activities and fisheries in
the Arctic. However, future studies on inflows of all polymer types,
including PDMS from industries, fisheries, cities, and rivers, are
needed to reveal the details of the MP contribution from the Arctic.
The MP content in seawater on the Pacific side of the Arctic Ocean,
estimated from current data to be 16.7 billion pieces, does not at all
explain the fate of the 18 billion MPs per year entering from the
Pacific Ocean through the Bering Strait. Most of the missing MPs
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would have reached the northern sea-ice areas of the Chukchi and
Beaufort Seas with Pacific-origin water or settled during transport
and accumulated on the seafloor. Therefore, to clarify the full extent
of MP circulation on the Pacific side of the Arctic Ocean, it is
important to investigate the total number and mass of MPs in sea
ice and in seafloor sediments in the sea-ice areas, and the
sedimentation process from the sea surface to the seafloor.
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