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Arctic Ocean sediments as important current and future
sinks for marine microplastics missing in the global
microplastic budget

Seung-Kyu Kim'?*, Ji-Su Kim', So-Young Kim?, Nan-Seon Song* Hyoung Sul La?, Eun Jin Yang®

To better understand unexpectedly low plastic loads at the ocean’s surface compared with inputs, unidentified
sinks must be located. Here, we present the microplastic (MP) budget for multi-compartments in the western
Arctic Ocean (WAO) and demonstrate that Arctic sediments serve as important current and future sinks for MPs
missing from the global budget. We identified an increase of 3% year™' in MP deposition from sediment core
observations. Relatively elevated MP abundances were found in seawater and surface sediments around the
summer sea ice retreat region, implying enhanced MP accumulation and deposition facilitated by the ice
barrier. We estimate 15.7 + 2.30 x 10"® N and 0.21 + 0.14 MT as total MP loads in the WAO with 90% (by
mass) buried in the post-1930 sediments, which exceeds the global average of the current marine MP load.
The slower increase in plastic burial versus production implies a lag in plastic delivery to the Arctic, indicating
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more pollution in the future.

INTRODUCTION

Plastic production with an exponential increase rate now stands at
ca. 400 million metric tons (MT) per year; it is projected to double
by 2040 (1, 2). Growing scientific evidence on the wide-ranging
impacts of plastics on all aspects of life on Earth, including
human health, biodiversity, ecosystems, and climate change, has
led to calls for immediate attention and legally binding measures
to end plastic pollution in the near future (2, 3). Given that 1.5 to
4.1% of produced plastic has entered the ocean (1, 4), plastics accu-
mulated in the marine environment could amount to a few hundred
megatons. However, global assessments show unexpectedly low
loads of 0.014 to 0.27 MT for plastics floating in ocean surface
waters (5—-7), implying the presence of unidentified sinks that
contain the remaining plastics. Therefore, finding the missing
marine plastics remains a fundamental challenge to balance the
global plastic budget and to better identify the negative impacts of
plastic accumulation.

Ocean sediments have been proposed as a notable sink for
marine plastics because plastics can eventually reach the seafloor
and may become permanently buried (8, 9). Martin et al. (10) sug-
gested that the majority (~88%) of plastics that have entered the
ocean since 1950 might have accumulated in the form of micro-
and mesoplastics in the global ocean sediments, most of which at
the continental slope of 200 to 2000 m depths. By contrast, Lebreton
et al. (11) estimated that ~67% of the post-1950 cumulative marine
plastic inputs have remained stranded, settled, and/or buried along
the global shorelines in the form of macroplastics. These contradic-
tory results indicate that the global ocean plastic inventory still
remains uncertain, along with large differences among the
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suggested annual plastic marine inputs [0.0061 to 15 MT year™ ;

based on mid-point values in each literature of (4, 12—-15)].

Microplastics (MPs; <5 mm in size), even if originally buoyant,
can also sink and deposit on the seafloor as a result of biofilm for-
mation (16), expulsion as fecal pellets (17), or flocculation and
sinking as aggregates (18). Although most marine MPs have been
estimated to remain below the ocean surface layer (OSL) (19), it
does not mean that all settling MPs reach the ocean floor consider-
ing their vertical oscillation in the water column below the OSL (20).
Therefore, it remains unclear where the bulk of this material lies as
the processes governing the distribution of plastics among ocean
surfaces, water columns, and deep-sea sediments are highly variable
spatially.

While notable amounts of plastic debris may remain along the
shorelines at the mid-latitudes (11), a substantial fraction, particu-
larly MPs, can also travel to remote regions such as the Arctic via
ocean currents (21) and wind (22). Surface circulation models
and field data have predicted that floating plastics traveling along
ocean currents would accumulate within the Arctic Polar circle
(21). The Arctic Ocean, a semiclosed ocean, is extensively covered
with seasonally changing sea ice, of which the smallest summer
minimum extent on record was 3.6 x 10° km? in 2012 (23).
Recent studies have found the MP contents that are several orders
of magnitude greater in sea ice than in the surrounding seawater
and thus suggested that Arctic sea ice constitutes a dead end for
floating MPs (24-26). However, sea ice may also serve as a source
to redistribute MPs as temporarily entrapped MPs are released in
the melting season. Incorporation in sinking (ice-) algal aggregates
was proposed as a potential process facilitating the vertical export of
MPs (27). Widespread emergence of MPs in the Arctic seafloor has
been reported (27-31), including the highest recorded from world-
wide benthic sediments (27, 30). These findings suggest that Arctic
sediments may be an important sink of MPs. However, limited
knowledge exists on the linkage of MPs in Arctic sediments with
overlying sea ice and on the fraction of MPs that are buried in
Arctic sediments relative to global ocean MP budgets. Thick perma-
nent or perennial sea ice may retard the further dispersal of floating
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MPs carried by meltwater and ocean currents because ice floes can
create physical barriers to floating pollutant movement (32, 33). We
thus hypothesize that the delivered MPs may accumulate around the
summer sea ice retreat line because of the ice barrier, facilitating
greater MP vertical export to the surrounding seabed.

The western Arctic Ocean (WAO) presents the largest summer
sea ice loss in the Arctic Ocean (34), and it was reported that con-
siderable amounts of MPs were trapped in its seasonal sea ice (26).
To test our hypothesis, we explored the spatial distribution of MP
abundance in surface sediments and seawater collected from latitu-
dinally different regions of the WAQ, including the southern ice-
free region and northern ice borderline region in the summer.
We also extracted MPs from a sediment core sample to identify
the historical trend of Arctic plastic input and to assess whether
the MPs in the Arctic sedimentary strata trace the world plastic pro-
duction history. The main objective of this study was to assess
whether Arctic Ocean sediments are an important sink of the
MPs missing from the global ocean MP budget. To this end, we cal-
culated the inventory of MPs for the multiple compartments of the
WAQO, including sea ice, seawater, and sediment, and compared the
WAO MP stock with the currently proposed global ocean MP
stocks. The abundance of MPs, expressed as the number of plastic
particles found in samples, is affected by the degree of fragmenta-
tion of plastics (thereby the size) and thus is not informative of
plastic loads (26, 35). Thereby, the budgeting of MPs for each com-
partment of the WAO was conducted for both data in number and
mass units. All of the experiments were conducted for MPs >20 um
in size, which is the common detection limit of Fourier transform
infrared spectroscopy (FTIR) (36), to avoid the uncertainty caused
by different MP size ranges.

RESULTS

Synthetic plastic polymers in seawater and

sediment samples

A total of 18,784 particles (mean + SE, 3131 + 707 per sample) in
surface sediment samples and 24,019 particles (4804 + 1216 per
sample) in seawater samples were scanned by FTIR. We found a
total of 103 plastic particles (17 + 4 per sample) in surface sediment
samples and 300 plastic particles (60 + 25 per sample) in water
samples. We also identified a total of 139 plastic particles of
21,625 IR-scanned particles in the sediment core sample. Nineteen
different synthetic plastic polymer types were identified from the
Arctic samples (Fig. 1). Individual plastic particles were classified
into nonfibers (a sum of fragments, sheets, and spherules) and
fibers according to their geometric shapes (26, 37).

Spatial distribution of MPs in surface sediment and
seawater

MPs were detected in all surface sediment samples, with an overall
mean abundance of 854 (+ 180) N kg™'. Relatively elevated abun-
dances were found at two northern sites in the East Siberian basin
(1102 N kg™" at S22 and 1369 N kg™ ' at $26) and one site on the
continental shelf of the Chukchi basin (1183 N kg™' at S12)
(Fig. 1A). Two shelf sediments of the southwestern East Siberian
basin and one shelf sediment of the Chukchi basin contained rela-
tively lower MP abundances of 793 N kg ™" at S14, 331 N kg™" at $23,
and 346 N kg ™" at $24. This suggests that MPs are widespread on the
WAQO seafloor from the Arctic gateway in the south to the summer
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sea ice borderline region in the north. Notably, the two northern-
most sites (S22 and S26) around the summer sea ice borderline ex-
hibited relatively high MP contents. There were no significant
correlations between MP abundance and environmental variables
[water content, porosity, total organic carbon (TOC) content, and
water depth] (P > 0.05). The average chlorophyll a content in the
overlying water column at depths of 0 to 50 m did not show signifi-
cant correlation with total MPs of 0.02 to 5 mm (Pearson's correla-
tion, r = 0.63, P = 0.18). However, there was significant correlation
with MPs <0.1 mm, which was the dominant size class, accounting
for 51 + 4.7% of total MPs in sediments (Pearson's correlation, r =
0.84, P = 0.035). Notably, S22, showing the lowest chlorophyll a
content, exhibited the lowest fraction of MPs <0.1 mm in the sedi-
ment (32%) compared to other sites (43 to 63%), although the sedi-
ment contained the third highest total MP contents (table S1 and
fig. S1). This indicates that phytoplankton biomass can be an im-
portant driver facilitating the settling of small-sized MPs with the
high surface-to-volume ratio at least.

The MPs in seawater ranged from 8.21 to 70.4 N m ™, showing
the highest abundance in W1 near the Arctic gateway (the Bering
Strait) and then decreasing by three to nine times in the northern
sites (Fig. 1B). However, the water collected from the ice retreat line
region (W5) had two- to threefold enriched MP abundance (24.0 N
m™’) compared with the waters in the southern ice-free regions (8.2
to 11.9 N m™ in W2 to W4). Despite the difference in years and
locations for sample collection, the spatial distribution of MPs in
seawater was similar to that in the sediment, in that the MP level
was not depleted but rather elevated in the northern ice borderline
region even though dilution by dispersal was expected. Although
the sample size was small (N = 5), each sample represents MPs col-
lected through a continuous sampling from a large section (~100
km per sample) during a vessel navigation rather than from a spe-
cific site. A similar trend was observed in another study in which
seawater MPs were collected using a manta net (see Fig. 1B) (38).

Similarity in MP compositions between the two compartments
was also found. Polypropylene (PP) in polymers and fragments in
geometric shapes were the most abundant types in both the surface
sediment and water samples (Fig. 1, C to F). In terms of overall MP
particle counts from all surface sediment samples, PP accounted for
the largest proportion of polymers (60%), followed by polyethylene
(PE; 17%), polyethylene terephthalate (PET; 8%), and others (<5%
each); in terms of shape, fragments accounted for 89%, followed by
fibers (10%) and sheets (1%) (Fig. 1, C and D). Similarly, MPs in
seawater samples were composed of 52% PP, 24% PE, 14% PP-PE
copolymer, 5% PET, and <1% other polymers, and 83% was in frag-
ment form, 16% as fibers, and 1% as sheets (Fig. 1, E and F). No
spherical MPs were found in either compartment. Individual poly-
mers were mostly present in nonfiber form with proportions of 67
to 100%, while the majority of PET and polyacrylonitrile (PAN)
(>50% each) occurred in fibrous form in both sediment and sea-
water. The polymer composition in fibrous MPs was also consistent
for both compartments, wherein PP and PET fibers accounted for
50 and 40% of fibrous MPs in sediment and 53 and 18% in seawater,
respectively. Styrene/acrylate copolymer and alkyd resin, which
originate from ship paints (39), were rarely found in both sediment
and seawater. Considering the compositional similarity of MPs in
sediment and water, the surface sediments reflect the features of
MPs introduced recently into Arctic water. However, unlike the
water samples, the sediment samples showed relatively higher PP
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Fig. 1. Sampling map and spatial distribution of microplastic (MP) content in the western Arctic Ocean (WAO). (A) Sampling sites for surface sediments collected in
2017 and distribution of MP abundance (>20 um; yellow bars). (B) Sampling sites for seawater collected in 2019 and distribution of MP abundance (>20 pm; cyan bars).
For comparison, sampling sites (gray circles) and MP abundances (black bars) from previous studies with larger MP detection cutoff sizes are illustrated together in (A) for
surface sediment (MPs >100 pm) (29) and in (B) for surface water (MPs >330 pum) (38), both of which were collected in 2017. Composition profiles of polymers and shapes
of MPs >20 um in surface sediment [(C) and (D), respectively] and seawater [(E) and (F), respectively]. Sea ice concentration data are for the sampling month (August 2017
for sediment and August 2019 for seawater), and the sea ice retreat lines in (A) represent the data for September in 2000, 2010, and 2020 [NSIDC data based on (79, 80)]1.
The gray lines refer to the isobaths for 100, 250, 500, 1000, 2000, 3000 m. The arrows in (A) and (B) refer to the Pacific water current (yellow-brown), the Beaufort Gyre flow
(blue), the Atlantic water flow (red), and the Siberian coastal current (gray). A sediment core sample was collected at site S12 in (A). PP, polypropylene; PE, polyethylene;
PET, polyethylene terephthalate; PS, polystyrene; PVC, polyvinyl chloride; PP-PE, polypropylene-polyethylene copolymer; ASA, acrylonitrile styrene acrylate; ABS, acrylo-
nitrile butadiene styrene; PUR, polyurethane; PAN, polyacrylonitrile; PA, polyamide; EVA, ethylene vinyl acetate; POM, polyoxymethylene; SA, styrene/acrylate copolymer;

PMMA, polymethyl methacrylate; ETFE, ethylene tetrafluoroethylene; PES, polyethersulfone.

proportions in the ice borderline region (79 + 3.1% at S22 to S26)
than in the ice-free region (31 + 6.3% at S12 and S14). The principal
components analysis results showed a clear separation of surface
sediments into two groups, mostly according to the proportion of
PP—ice-free regions (S12 and S14) versus ice-borderline regions
(S22 to S26) (fig. S2), compared with the spatially uniform distribu-
tion in seawater (54 * 6.4%). This suggests potentially different MP
deposition mechanisms depending on the presence or absence of
sea ice in summer and shows accelerated deposition of buoyant
PP by sea ice.

Chronological trend of MP contents in the sediment core

The excess >'°Pb activities (*'°Pb,,) determined from S12 sediment
core samples exhibited an exponentially decreasing trend with
depths, showing a typical *'°Pb profile—the presence of a surface
mixed layer (SML) in the uppermost few centimeters and, below
that, a mid-zone with exponential radioactive decay, followed by a
lower background zone of constant low activity (Fig. 2A) (40—42).
The radiometrically dated sediment core indicates a distinct physi-
cal stratification generated by sediment burial and *'°Pb decay.

Kim et al., Sci. Adv. 9, eadd2348 (2023) 5 July 2023

Thus, the intense biological/physical mixing effect can be ignored
except for that in the SML.

MPs were found in every 1-cm transverse layer of the 10-cm-
thick sediment core, including the two bottom layers (8 to 9 cm
and 9 to 10 cm depth) that were dated to 1942 and 1933, respectively
(Fig. 2, B to D). Although there were some variations between dif-
ferent layers, the overall number-based polymer composition was
consistent with those in surface sediments and water, with PP and
PE accounting for 55% and 23% of the overall MP particles from all
layers, respectively, and fibrous MPs mostly consisting of PP (58%)
and PET (25%) (fig. S3A). MPs of fragment type were predominant
throughout the core (84% in overall MPs and >67% in each layer),
which was also analogous to those in surface sediment and seawater
(fig. S3B). The bottom two layers, representing the period before the
onset of mass production of plastics in the 1950s (43), had the lowest
MP burial rate. The vertical profile exhibited an exponentially in-
creasing trend in plastic burial over several decades, despite unex-
pected anomalies in some layers (1979, 1989, and 2012 layers).
Multidecadal increases in burial rates of nonfiber and fiber poly-
mers were directly correlated to the worldwide production of
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Fig. 2. Exponential increase of microplastic (MP) deposition in Arctic sediment core. (A) Downcore profile of 2'°Pb activities; Linear sedimentation rate (LAR) was
determined from the slope of 210Pbex activity versus depth [the linear regression, Y = —0.29 (£ 0.01) X+ 4.59 (£ 0.10); R?=0.997; P < 0.01]. (B) Chronological trends in burial
rate of nonfiber and fiber MPs were tightly coupled with those in worldwide production of plastics (resin plus fiber) (7) and synthetic fibers (65), respectively. (C) Burial rate
of number-based MPs over time (annual rate of increase, 0.0302 + 0.0102 year”). (D) Burial rate of mass-based MPs (nonfibers >0.2 mm in size were excluded) over time
(annual rate of increase, 0.0305 + 0.0061 year‘1). WAO, western Arctic Ocean; MT, metric tons.

plastic resin (Spearman’s p = 0.74, P < 0.05) and synthetic fiber
(Spearman’s p = 0.65, P = 0.057), respectively (Fig. 2B); there
were also significant correlations for MP mass burial rates (fig.
S4). The burial rates of MPs exhibited significant fits to exponential
curves with annual increase rates of 3.02 (£ 1.02)% year_1 in
number (P < 0.01; Fig. 2C) and 3.05 (£ 0.61)% yearf1 in mass (P
< 0.001; Fig. 2D). The average doubling time was 23 years, with a
variation of 17 to 35 years and 19 to 28 years, respectively.

The MP burial rate in the sediment core was positively correlated
with environmental variables decreasing with depth in the sediment

Kim et al., Sci. Adv. 9, eadd2348 (2023) 5 July 2023

column (P < 0.01 for all variables) (fig. S5). Considering a stable
chronology and the porosity (~75 to 78%) of sediment strata, the
presence of plastics in the pre-1950 layers may be due to the
gravity-driven vertical downward transport of MPs through pore
water even if the mechanism remains unclear (44). The vertical
size distribution of MPs revealed that MP particles in pre-1950
layers, although rare, were much smaller and thinner than those
in post-1950 layers (Fig. 3). Contamination during sample process-
ing or intense bioturbation, if any, may have resulted in a more
random vertical size distribution. Thus, our findings indicate the

4 of 15



SCIENCE ADVANCES | RESEARCH ARTICLE

A
I 0.02-0.1
I 0.1-0.2
Y ezzza 0.2-0.3
2012 1 0-1cm F {; e ey
I 0.4-0.5
I 4 ] F‘—’ I 0.5-0.6
2008 {1 1-2cm - e P
—0.7-0.8
1998 { 2-3 om Bz =T —Fe7
7] B 0.9-1.0
o == 1.0-5.0
& 1989 { 3-4cm by
<
2
g 1979 | 4-5cm ?
g
o 1970 1 5-6cmH
-
c
£
£ 1961 1 6-7 cmH
= vz
@
(72}
1951 { 7-8 cm -
1942 { 8-9cmf—
1933 19-10 cm 1~ [ Fiber [ Fiber length
[ZZ3 Sheet [ Fiber thickness
ZZ2 Sheet length
T T T T T T T T T T T T T T
0 1 2 3 4 5 600 03 06 09 12 150 20 40 60 80 100 120

MP number (N)

MP size (mm)

Fraction (%)

Fig. 3. Vertical distribution of microplastics (MPs) found in the S12 sediment core. Depth-dependent changes in the number (A) and size (average * SE) (B) of fiber-
type (12 pieces) and sheet-type MPs (11 pieces), and in the size distribution of fragment-type MPs (116 pieces) (C) show the deficiency in larger-sized MPs in deeper layers.
Sizes of MP particles in (B) were larger in the post-1950 layers [0.45 + 0.11 mm (length) and 0.022 + 0.004 mm (thickness) for fibers and 0.21 + 0.004 mm (length) for sheets]
than in the pre-1950 layers [0.13 mm (length) and 0.015 mm (thickness) for fiber and 0.056 mm (length) for sheet]. The legend in (C) indicates the size classes (length; mm)

of fragment-type MPs in each layer.

possibility of the vertical downward movement of small-sized MPs
through pore water even if it was subtle, and also support that any
contamination during sample processing and the effects of biolog-
ical/physical mixing are negligible for MPs accumulated in the S12
sediment core. Unexpected anomalies in MPs in the 1979 and 1989
layers remain unclear considering the distinct sedimentary stratifi-
cation below the SML. Recently, Kane et al. (45) suggested that the
spatial distribution of MPs in seafloor sediments can be strongly
controlled by near-bed thermohaline currents. The WAO has expe-
rienced the most rapid changes in geophysical dynamics (ocean cir-
culation) over recent decades; in response to sea ice loss and
increased wind mixing, the circulation features of the interior strat-
ified Arctic Ocean, including shelf-break upwelling and Atlantic
water intrusion, have changed (46—48). A change in the thermoha-
line-driven bottom currents between the late 1970s and early 1990s
may have affected seafloor MP accumulation by hindering and/or
retarding the stable settlement of MPs, which are more buoyant
than soil particles. However, there is no clear evidence to suggest
that such geophysical events occurred in the periods around site
S12; thus, further study is needed.

Size effect on number-based MP contents

Only plastic particles below 5 mm were found, with mesoplastics (5
to 25 mm) and macroplastics (>25 mm) not found in either the sea-
water or sediment samples. Regardless of the sample type, the
overall size distributions of MPs (a sum of nonfibers and fibers)

Kim et al., Sci. Adv. 9, eadd2348 (2023) 5 July 2023

showed exponentially increasing trends as the size decreased.
Thus, the largest numbers of MPs were present in sizes smaller
than 100 pum, accounting for 45, 51, and 58% of MPs in seawater,
surface sediment, and sediment cores, respectively. Nonfibers deter-
mined the overall MP size distribution, as they comprised 84, 90,
and 91% of MPs in the seawater, sediment, and sediment cores, re-
spectively (Fig. 4A). In contrast, fibers were rare below 100 pm: All
size classes were represented by light skewing toward the smaller
ones (Fig. 4B). Thus, the relative proportion of fibrous MPs gradu-
ally increased with increasing size (fig. S6, A to C). This indicates
that the shape composition of MPs can be altered according to
the detection cutoff size of the measured particles. Size dependency
was also observed in polymer composition; the proportion of PP
and PE gradually declined from 77% for >20 pm to 43% for >500
pm in the surface sediment and from 78% for >20 um to 22% for
>500 um in the sediment core (fig. S6, D to F). To further assess the
effect of the measured cutoff size on MP abundance, available Arctic
surface sediment data were compared with respect to different de-
tection sizes (Fig. 5). Sedimentary MP abundances exhibited a sig-
nificant negative correlation between their logarithmic values and
the detection cutoff sizes (r = 0.965 and P < 0.01), although they
were measured in different locations. These findings indicate that
the composition and abundance of MPs are critically influenced
by the detection cutoff size of the measured particles.
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Fig. 4. Size distributions of overall microplastic (MP) particles found in each compartment of the western Arctic Ocean (WAO). (A) Number-based nonfibers. (B)
Number-based fibers. (C) Mass-based nonfibers. (D) Mass-based fibers. Data for WAO sea ice were quoted from Kim et al. (26). Size distribution was obtained from a total of
1134 MP particles, consisting of 592 from sea ice, 300 from seawater, 103 from surface sediment, and 139 from sediment core. Inset images in each figure panel indicate
the size distribution normalized by the bin width of each size class, for which a logarithmic binning with a multiplier of 1.58 (i.e., a constant logarithmic interval width of

0.2 um) was applied (26).

Mass-based MPs in water and sediments

The mass concentrations of MPs were 0.002 to 0.097 (mean + SE,
0.024 + 0.018) mg m™> for seawater, 0.18 to 34.5 (6.72 + 5.57) mg
kg™ for surface sediment, and 0.02 to 42.9 (6.87 + 4.27) mg kg~ for
sediment cores. The frequency of mass-based MPs tended to in-
crease with increasing size, showing a contrast with the size distri-
bution of the number-based MPs (Fig. 4, C and D) and consistent
with those previously observed in other studies (5, 26, 35). The mass
of nonfiber MPs accounted for >95% of the total mass in each of the
three sample types, and this contribution did not substantially
change with MP detection cutoff sizes because most of the total
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MP mass in a sample originated from large-sized nonfibers (fig.
S7, A to C). For instance, although nonfibers larger than 200 pum
were few in number (10% of MPs in seawater, 11% of MPs in
surface sediments, and 7.2% of MPs in sediment cores), they con-
stituted 86, 94, and 97% of the total mass of MPs, respectively. Con-
sequently, the total MP mass in a sample was primarily determined
by the presence of large-sized nonfiber polymers. Similarly, the
polymer compositions in MP mass were less dependent on the
MP cutoff size (fig. S7, D to F). The mass burial rate of MPs in
the sediment core was rejected from the exponential increase
when all MP particles were considered (P > 0.05); this was due to
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Fig. 5. Dependence of microplastic (MP) abundance in Arctic surface sedi-
ment on measured MP detection cutoff size. Data consist of three datasets
from the Atlantic-side Arctic basin [4360 + 675 N kg_1 for MPs >11 um (27) and
4730 + 2284 N kg™ for MPs >11 pm (30) in the HAUSGRATEN stations; 1.7 + 0.2 N
kg™ for MPs >140 pm in Svalbard Fjord (37)], two datasets from the Pacific-side
Arctic basin [22.9 + 9.08 N kg™' for MPs >100 um in the Northern Bering Sea/
Chukchi Sea (29) and 854 + 180 N kg™ for MPs >20 pm in size in East Siberian
Sea/Chukchi Sea (this study)], and one dataset from the Arctic central basin [114
+ 225 N kg™ for MPs >100 um in size (28)].

the variability in the presence of large-sized nonfiber polymers that
were rare in number but substantially contributed to the total MP
mass. The exclusion of nonfiber polymers >200 um (9 of a total of
139 MP particles) produced a significant exponential fit with an

increase rate similar to that of the number-based burial rate
(Fig. 2D). Similar results were obtained for the estimates using a
20-year moving average without excluding nonfiber MPs >200
pm, showing significant correlations between the MP burial rates
and plastic productions (fig. S8, A to C). The MP burial rate
(0.0330 + 0.0041 year™' for number-based; 0.0269 + 0.0060
year™' for mass-based) was close to our estimates presented in
Fig. 2 and produced similar WAO MP stocks in the post-1930 sed-
iments (fig. S8, D and E).

When normalized by the width of the size-class interval, so that
MP frequency was independent of the bin width, the size distribu-
tions showed peak frequencies (i.e., modes) in specific size classes.
Below that, smaller MPs were more deficient than those expected
from a power-law distribution (insets in Fig. 4, A and B), and resul-
tant mass frequency decreased as the size decreased (insets in Fig. 4,
Cand D). This indicates that assuming a power-law distribution can
lead to uncertainties (i.e., overestimation) particularly when
number- and mass-based concentrations (and resultant MP
stocks) of unmeasured small-sized MPs are estimated from the
size distribution of measured larger MP particles.

WAO MP loads

To compare MP stocks between the multiple compartments in the
same domain of WAO (see Materials and Methods), we compiled
data of MPs (>20 pm) that could be temporarily trapped in WAO
sea ice investigated in 2017 (26). In terms of MP quantities per unit
volume in each compartment (N m™> or mg m™>), the sediments
presented four to five orders of magnitude higher accumulation po-
tentials than seawater and 10 times (in number) to 1000 times (in
mass) higher accumulation potentials than sea ice (Table 1). This

Table 1. Plastic budget in each compartment of the western Arctic Ocean (WAO). The means + SE of microplastic (MP) amounts in number and mass are
shown separately for the WAO seasonal sea ice region (area, 1.95 x 10° km?). For seawater, the distribution of MPs was assumed to be vertically uniform within the
water depth of the mixed layer water depth (50 m) or the average water depth of WAO (150 m). The MP amount for sea ice [cited from (26)] indicates the annually
trapped or released MPs in the seasonal ice zone of the WAO. The annual increase rates (0.0320 year~' for number and 0.0329 year~' for mass) of plastic burial
obtained from the S12 sediment core were applied to estimate the amounts of MPs buried in the 10-cm-thick sediment throughout the entire WAO seafloor since
the 1930s. The total MP load (in bold) refers to the total amount of plastic retained in all compartments of the WAO as the sum of the MP amounts in seawater (150
m depth), sea ice (1.5 m thick), and sediment (0.1 m thick) of WAO. The percentage is the ratio of the MP amount in each compartment to the total MP load.
VC :VC seawater refers to the ratio of the MP quantity per unit volume of each compartment (VC ,; in N or mg m~) to that of seawater (VC seawater)- Values in
parentheses refer to the median values. Density of sea ice [0.91 g cm™>; (26)] was considered for its volume calculation.

Number-based MPs

Mass-based MPs

Compartment Depth or thickness (m) MP MP
(volume; km?) VC VC semmater ms:tr:‘l:)ker Percentage VE xVC semmater mass stock Percentage
(x 10" N) (%) (x 10° ton) (%)
o 0.25 + 230 +
50 (9.7 x 10%) 1(1) 0.11 (0.12) 1.6 (0.9) 1(1) 179 (0.77) 1.1 (1.4)
Seawater ............................................................................................ 0 74 .............................................................................. 691 .................................
5 .74 + 91 +
150 (2.9 x 10°) 1(1) 034 (0.35) 47 (2.6) 1(1) 538 (2.31) 33 (4.2
. 3 1.6 x 10% (2.7 115 + 1.9 x 102 (3.1 134 +
Sea ice 1.5 (2.7 x 10%) 109 212 (930) 73.2 (70.6) 109 316 (7.11) 6.4 (13.0)
) . 1.6 x 10% (3.5 1.59 + 9.6 x 10% (6.9 88.8 +
Surface sediment 0.02 3.9x 10") % 10%) 037 (1.61) 10.1 (12.2) % 10% 65.9 (21.1) 42.1 (38.6)
Post-1930 3 3.1x10% (3.8 347 + 1.5 x 10° (2.3 191 +
sediment LSS e7) x 10%) 0.80 (3.52) ezl x 10%) 142 (45.3) el
Total 15.7 + 212+
plastic load 230(13.2) 1000100 142 (54.9)  100(100)
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finding points to the efficiency of the Arctic seafloor for sequester-
ing and accumulating plastics in its sediments. Extrapolating the
calculated MP stocks for each compartment to the whole volume
of each compartment of the WAO, we estimate that a total of 15.7
(+ 2.30) x 10"° N and 0.21 (+ 0.14) MT of MPs >20 um may be
present (Table 1). Of the total loads, 22% in number and 90% in
mass may have been buried in the upper 10 cm of sediments accu-
mulated since the 1930s. The top 2 cm of surface sediment harbors
MPs of 1.59 (+ 0.37) x 10'° N and 0.09 (+ 0.07) MT, which account
for 10 and 42% of the total MP load, respectively. Although MPs
were assumed to be distributed evenly throughout the 150 m
water depth, the water column retained only 3 to 5% of WAO MPs.

The stock of MPs sequestered in surface sediment was sevenfold
lower in number but sevenfold higher in mass than that of ice-
trapped MPs. This difference was because larger (thus heavier) non-
fiber polymers were more abundant in sediments than in sea ice;
their average sizes were 66 + 1.65 pm (23 to 230 pm; N = 485) in
sea ice (26), 142 + 21.3 pm (35 to 1808 pum; N = 93) in surface sedi-
ment, 132 +20.0 um (30 to 1985 um; N = 127) in the sediment core,
and 126 £ 6.93 pm (34 to 773 pm; N = 251) in seawater. The average
size of nonfiber MPs was similar between surface sediment and the
sediment core (Mann-Whitney test, P = 0.157) but significantly
larger in sediments than in sea ice (Kruskal-Wallis test, P <
0.001). In contrast, there were no significant differences in the
average size of fiber MPs in the sea ice, surface sediment, and sedi-
ment core (Kruskal-Wallis test, P = 0.308). In particular, nonfiber
polymers >200 um, contributing a greater component of MP mass
in sediments, were much rarer in sea ice, accounting for 1.4% by
number and 17% by mass. This finding confirms that number-
based data are inappropriate for the estimation and comparison
of plastic loads, although they are more informative of risk assess-
ment to plastic exposure.

DISCUSSION

Compared to the knowledge on the horizontal relocation of ice-cap-
tured MPs by sea ice drifting (24-26), knowledge regarding the role
of sea ice in the vertical redistribution of MPs is more limited and at
an ad hoc level. The WAO seasonal sea ice entraps hundreds (in
mass) to thousands (in number) of times more MPs per unit
volume than seawater (Table 1). Despite the presence of such a tem-
porary sink, which might retard the deposition of plastics, the Arctic
sediments exhibited a much greater quantity of plastic per cubic
meter (particularly for mass) than sea ice. This implies that MPs
may efficiently deposit on the Arctic seabed and then be sequestered
in its sediments. The temporarily ice-trapped MPs of ~10'7 pieces
and ~0.01 MT could be released and redistributed in the WAO
region as the ice melted in summer. During redistribution, ice
floes that remain unmelted in summer may facilitate the vertical
deposition of MPs in the vicinity of the ice barrier by accumulating
the MPs carried by both meltwater and Pacific waters as well as by
accelerating the formation of sinking algal-MP aggregates. Over the
past several decades, the WAO sea ice has continued to retreat (34),
and the amount of plastics entering the WAQ, as inferred in Fig. 2,
may have increased. Such a combination of sea ice retreat and in-
creasing plastic input might have led to more plastic deposition in
regions further north, following the receding ice barrier. This hy-
pothesis was corroborated by the relatively elevated MP abundance
in both seawater and surface sediment around the northern
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summertime ice borderline region, contrary to the expected deple-
tion of MPs in the ice borderline region due to wider spreading and
dilution as sea ice retreats further north. The sedimentary MP dis-
tribution appeared to be more clearly skewed to the north when
MPs >100 pm in the present study were compared together with
the results of a previous study for MPs >100 um, which considered
only southern summertime ice-free regions (Bering Strait to
Chukchi Sea) (see Fig. 1A) (29). Our finding is also supported by
a similar result observed in sediments at the HAUSGRATEN obser-
vation stations located at the geographically opposite end of the
Arctic to the WAO, which also showed the highest MP quantities
at northernmost sites affected by sea ice (27). The MPs in our
surface water samples showed a tendency to decrease toward the
north after entering the Arctic at a high level and then increase
again in the ice borderline region. In the summer of 2017 (the
same season as our sediment survey), Mu et al. (38) also found a
slightly higher MP abundance in seawater at polynya around the
ice borderline, which is located north of our S22 and S26 sediment
sites, than in the southern ice-free regions (see Fig. 1B). Coagulation
with algae-excreted sticky exopolymers makes MP particles such as
PP and PE negatively buoyant, which accelerates their vertical
downward transport (18). Deposition of MPs onto the sea floor
could thus be further enhanced in the ice borderline region via co-
agulation in sinking (ice) algal aggregates, given that the region sup-
ports plentiful formation of ice-algal aggregates beneath the sea ice
(49). This hypothesis is supported not only by the significant cor-
relation between the chlorophyll a content in overlying surface
water and small-sized MPs (<100 pm) in surface sediments but
also by the high proportions of buoyant PP in the sediments from
the ice-borderline regions relative to ice-free regions, although PP
proportion in seawater was relatively uniform across all sites. Berg-
mann ef al. (27) also found a positive correlation between sedimen-
tary MP abundance and chlorophyll a content, with elevated MP
levels at the northernmost sites in the marginal sea ice zone. The
relatively low MP levels at two southwestern East Siberian sites
(S23 and S24) at distances of 185 to 325 km from site S26, despite
their location around the ice barrier, may be because they have been
affected by the intrusion of waters polluted with low levels of MPs,
such as the Siberian coastal current, in addition to low algal activity.
Tenfold lower contents of MPs (average, 0.01 N m™~>) were found in
the East Siberian coastal surface waters (50), although a smaller net
mesh size (200 pm) was used to collect these MPs compared with
those obtained from the Chukchi Sea (average, 0.23 N m ™~ for >330
pum) (38). These seawater results are broadly consistent with the
spatial distribution of the sedimentary MPs observed in the
present study.

The highest MP pollution levels in Arctic surface sediments to
date have been reported at the HAUSGRATEN observation stations
(27, 30), which were among the highest recorded from global
benthic sediments (51). However, it should be considered that an
MP detection size limit smaller than those in other studies (11
um) was applied for the HAUSGRATEN sediments, and more
than 70% of the MP particles found in those sediments were
below 25 pm (27, 30). The strong dependency of MP quantity on
the measured MP detection size limit (see Fig. 5) suggests that
MP pollution levels should be compared within the same size
ranges. Compared with available datasets for the HAUSGRATEN
sediments [8 to 142 N kg_1 for >100 pm (30) and 0.89 to 9.43
(mean + SE, 4.11 + 1.16) N kg™' for >500 um (27)], the WAO
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sediments investigated in the present study showed higher average
MP pollution levels in the same size ranges: 415 + 92.4 (142 to 751)
N kg™ for >100 um and 58.0 + 23.7 (0 to 148) N kg~ for >500 um.
The WAO sediments also retained significantly higher MP particles
>100 um than the Arctic central basin sediments (114 + 22.5 N
kg_l; t test, P = 0.017) (28). This finding was consistent with the
interbasin comparison results for ice-trapped MPs in the same
size range (24-26), indicating that the WAO could be a notable
region for the accumulation of MPs in the Arctic Ocean.

Recently, Martin et al. (10) suggested that 170 (29 to 900) MT,
accounting for ~88% of the plastics that have entered the ocean
since 1950, might have accumulated in the form of MPs and meso-
plastics in the post-1950 global ocean sediments, most of which
(66%) would have been at the continental slope of 200 to 2000 m
depths. Although those authors highlighted the possibility of un-
derestimating the cumulative ocean input of plastics, their results
lead to further questions regarding the plastic budget when consid-
ering the prevalence of macroplastic debris stranded/buried on
global shorelines (11, 52), the vertical oscillation of MPs in subsur-
face water column (20), and the slow generation of secondary MPs
owing to a low plastic degradation rate (11, 19). A global ocean
surface mass balance budget model for positively buoyant macro-
plastics [66.5% of produced plastics; (1)], including the terms for
emission, transport (debris circulation dynamics in coastal environ-
ments), and degradation of plastics, showed that 66.8% of the post-
1950 cumulative marine input of the macroplastics might have re-
mained stranded/settled/buried along the global shorelines, with
0.9% in offshore water, and 32.3% would have transformed into sec-
ondary MPs under the degradation rate of 3% year™" (equivalent to
a half-life of 23.1 years) (11). The model simulation and field mea-
surements resulted in an average estimate of 14.5% for the fraction
of MP stock to macroplastic stock in the OSL (6, 19, 35). Recent ob-
servations of pelagic MPs have shown that a substantial fraction of
MPs resides below the OSL to the bottom layers of the oceanic water
column due to the vertical sinking and oscillation, regardless of
whether it is in coastal waters (53) or open ocean waters including
mid-latitude offshores (54, 55), the Atlantic Ocean (56), and Arctic
Ocean (30, 57, 58). There was no clear pattern for vertical distribu-
tion of MPs below the OSL because MPs distributed relatively
evenly in the whole subsurface layer, or sometimes, the maximum
levels were in the intermediate or abyssal layer. Measurements in the
literature (a total of 90 water columns) showed a wide range of 0 to
6.7 for the proportion of MPs measured in each subsurface layer to
those in the uppermost water layer (fig. S9), implying that substan-
tial quantities of MPs may remain in the global water column below
the OSL without complete settlement into sediments. To under-
stand the contribution of the WAO MP stock in global budget, we
estimated the global ocean MP inventory by using a simplified mass
balance model and current knowledge on the plastic budget, includ-
ing the ocean input of plastics that are divided according to their
size (primary MPs and macroplastics), origin (inland and ocean),
and buoyancy (buoyant and nonbuoyant) (see the Supplementary
Materials for details) (1, 4, 13). We estimate 267 (124 to 416) MT
for the post-1950 cumulative plastic input, and that 70.3% of the
total plastic stock in the global ocean may be present in the form
of macroplastics (referring to all plastics >5 mm) and 29.7% [79.4
(38.5to 126) MT] in the form of MPs (fig. S10). Koelmans et al. (19)
estimated that 99.8% (~196 MT) of the plastics that had entered the
ocean since 1950 had settled below the OSL by 2016. If the “directly
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settled non-buoyant macroplastics” that was included in their total
plastic ocean stock is excluded, the MP stock is estimated at ~127
MT. It is necessary to notice that in their analytical mass balance
model, all initially buoyant macroplastics entering the ocean were
assumed to float always with none of them being stranded/settled/
buried and to be transformed to secondary MPs over time during
floating. In a global ocean surface mass balance budget model that
included the modules for degradation of buoyant macroplastics as
well as for their stranding, settling, and burial on shorelines, Lebre-
ton et al. (11) estimated 41.9 (22.6 to 62.1) MT for the global marine
MP stock. Our estimate for the global ocean MP stock corresponds
to 63% of the estimate by Koelmans et al. (19) and approximately
twice that of Lebreton et al. (11). Extrapolating the floating MP
stock observed in the WAO to global ocean volume (1.34 x 10°
km?®), we can obtain 93.0 + 28.5 MT for MPs in global ocean
waters. In addition, the extrapolation of the WAO sedimentary
MP stock to global seafloor area (0.36 x 10° km?) yields 35.6 +
26.4 MT for the global sedimentary MP stock. The resultant total
global ocean MP stock (~129 MT) extrapolated from the WAO
MP stock exceeded our model estimate (79.4 MT), implying that
the WAO MP stock might be above the global average of the
ocean MP stock at the present time. This result is unexpected
given that the Arctic is a pristine remote region far from mid-lati-
tude regions where much of the plastic debris is emitted from, again
implying the importance of WAO sediments in the remote region as
sinks for MPs missing in the global ocean MP budget. The MP stock
stored in WAO sediments can be also compared with those in ocean
sediments near the plastic emission sources in mid-latitude regions.
Martin et al. (59) estimated the post-1930 MP burial quantities in
the Red Sea (340 + 200 kg km™2) and Arabian Gulf (660 + 200 kg
km ™) mangrove sediments. The area-normalized MP stock accu-
mulated in the WAO sediments since the 1930s was 98 + 73 kg
km ™2, which is at the 15 to 29% level of the MP stocks in mid-lat-
itude mangrove sediments. However, owing to WAQO's more than
6000 times wider area, the MP stock accumulated in WAO sedi-
ments since the 1930s is more than 1000 times greater than the
post-1930 burial amounts of MPs (~160 tons) in the Red Sea and
Arabian Gulf mangrove sediments.

Such high plastic accumulation in the WAO may be associated
with its geophysical features. The clockwise Beaufort Gyre, the
vortex activity of which has intensified over the past few decades
(60), inhibits the introduced pollutants from leaving, and due to
the increased residence time (61), the pollutants may accumulate
in the regions affected by it. Specifically, the anticyclonic ice drift
amplified during the late 2000s increased ice export into the study
region at the southern boundary of the gyre (62). In a previous
study, we found that some of the ice floes in the study region had
been transported from the Beaufort Sea, and they contained more
ice-trapped MPs than those from the East Siberian Sea (26). Such
positive drivers associated with the Beaufort Gyre may have gener-
ated a high accumulation of environmentally nondegradable and
nonvolatile pollutants such as plastic in the WAO region. The
entry of highly MP-polluted North Pacific seawater (63) could be
another driving force for MP accumulation in the WAO. A
gradual increase with time in the MP pollution level has been ob-
served in seawater of the northeast Pacific linked to a global hotspot
of plastic discharge (i.e., the Asian continent and its marginal seas)
(35, 63). The Arctic influx of Pacific water through the Bering Strait
has also increased ~50% in recent years due to oceanic warming and
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the change in pressure head and wind (64). As expected, a multide-
cadal increase in MP burial was found in the WAO sediment core,
supporting the proposition that the input of plastic to the WAO may
have increased.

Given the high percentage of nonfibrous plastics in plastic resins
produced worldwide (88 to 94%; w/w) (1, 65), the dominant occur-
rence of fibrous polymers in other sediment samples worldwide
(51) has long been questionable. Our notable finding is that MP
composition in terms of polymer and shape could vary according
to the measured cutoff sizes. In the present study with a size detec-
tion limit of 20 um, nonfiber polymers (median size, 90 pm; N =
471) were much more abundant in the small size ranges, but
fibers (median size, 423 um; N = 71) dominated in the large size
ranges. Similarly, more than 70% of the nonfiber MPs in the HAUS-
GRATEN surface sediments were present below 25 um (27, 30),
while microfibers in the global dataset for oceanic waters had a
larger size (median, 1.07 mm; N = 2016) (66). Hence, a greater pro-
portion of fibers than nonfibers may be found in the samples for
which a large MP size was applied as its detection limit. This
result suggests that the fiber dominance observed in previous
coastal (51, 67) and Arctic sediment studies (28, 29, 31) could be
ascribed to their larger detection cutoff sizes of 100 to 500 pm. In
contrast, nonfiber MPs accounted for 84 to 91% of the MPs (>95%
in mass) in seawater and sediments in our study, for which a smaller
size detection limit (20 um) was applied; these compositions are in
excellent agreement with those in world plastic production. A
similar issue related to size dependency can also be raised in
terms of polymer composition that can be used to identify the
source of MP particles. PE (including chlorinated and oxidized
PE), one of the largest produced plastic resins, was not detected
in the Arctic sediment samples with an MP size detection limit of
100 pum (28, 29) but was found frequently with proportions of 17
and >30% in overall MP numbers, respectively, regardless of the lo-
cation of the basin, when the cutoff size was lowered to 20 um for
WAO sediments (this study) and 11 um for HAUSGRATEN sedi-
ments (27, 30). Note that our WAO sediments harbored 71% of the
overall PE particles in the <100-pum size class. This suggests the ne-
cessity of harmonizing MP size to avoid false conclusions potential-
ly caused by comparing different MP data.

The high nonfiber-to-fiber ratio together with an exponential in-
crease in MP burial observed in the present study suggests that the
WAO sediments can provide an archive enabling us to trace histor-
ical plastic usage on the planet. The mass production of plastic at an
8.4% annual increase (1), coupled with inefficient waste manage-
ment systems, is projected to further increase loads of plastic enter-
ing the ocean for the next several decades (63), and thus, plastic
entering the Arctic will increase proportionally. Compared with
the growth rate in plastic production, MP deposition to the Arctic
seafloor occurred much more slowly, with an increase of ca. 3%
year™" and a doubling time of 23 years. Brandon et al. (67) reported
a 4.75% annual increase rate (a doubling time of 15 years) for MP
deposition in the coastal sediment of the Santa Barbara basin, Cal-
ifornia. This indicates a possible lag time between plastic produc-
tion and MP deposition on the ocean seafloor, with a longer lag
time for Arctic deposition in particular. Considering these lag
times, which means the retardation in the delivery and deposition
of plastic to the Arctic, the plastic pollution level in the Arctic en-
vironment will not reach its peak for many years, even after produc-
tion and ocean input are drastically reduced or even completely
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ceased. A recalculated longer residence time of plastic in the
ocean surface may predict this unfortunate future (15). Using the
Globo-POP model, Wania (68) predicted that nondegradable and
nonvolatile pollutants delivered from the mid-latitudes via ocean
currents would continuously increase in Arctic waters and peak
after 25 years, even if the emissions were zero or notably reduced.
Therefore, globally concerted vigorous action to substantially
reduce the plastic ocean input is urgently needed to protect the
Arctic environment. The recent resolution of the United Nations
Environment Assembly to end plastic pollution and forge an inter-
national legally binding agreement by the end of 2024 could be the
historic first step necessary for the sustainability of our planet (2, 3).

Here, we showed that Arctic sediments can act as important
current and future sinks of MPs. We did not include macro- and
mega-sized plastic debris (more than several centimeters in size),
and we considered only the WAO region, equivalent to 13% of
the Arctic Ocean area. The macro- and mega-sized plastic debris
found on the Arctic sea floor have also increased over the past
decades (69, 70). In this respect, the contribution of plastics
stored on the Arctic seabed to the global plastic budget may be
greater than our estimates for MPs. Specifically, the WAO region
is undergoing rapid changes in the aforementioned geophysical
conditions. In addition, anomalously high surface phytoplankton
blooms were found around the WAO sea ice borderline, which
were associated with an unprecedented supply of nutrients caused
by the intrusion of Atlantic-origin cold saline water (48). Interan-
nual changes in biological and geophysical conditions, which are
strongly associated with sea ice decline and can be reinforced by
climate change (47), may affect the amount and distribution of
plastic deposited to the Arctic sea floor. Our results suggest that
not only the deposition of plastic to the Arctic seabed may be en-
hanced by sea ice but also, when considering continued sea ice
retreat and increasing plastic input, the plastic accumulation zone
may extend further northward in the future. High MP accumulation
in sediments can affect benthic organisms, including causing
changes in communities (71). Future studies, including long-term
monitoring in wider areas and sediment coring in northern sites,
are warranted to establish the mechanistic links between plastic ac-
cumulation and sea ice in greater detail and to identify the adverse
effects on benthic organisms caused by high MP accumulation in
the Arctic environment.

MATERIALS AND METHODS

Study area

The study area covered the Bering, East Siberian, and Chukchi Seas
of the WAO, with a special focus on the region where sea ice repeat-
edly forms and melts yearly: 150°E (East Siberian Sea) to 120°W
(Beaufort Sea) longitude and 66°34'N (Bering Strait) to the 10-
year mean September retreat line latitude (26). The sea ice extent
in the WAO extends to the south of the Bering Sea in winter and
retreats to the north of the Chukchi Sea and the East Siberian Sea
in summer. The summer sea ice extent in this region has continu-
ously retreated over the past few decades (Fig. 1A). Pacific water of
0.83 Sv (1 Sv = 10° m’ s™") enters the WAO annually through the
Bering Strait (72), and the influx has increased to more than 1 Svin
recent years (64). Pacific warm water flows to the north but mostly
along the east coast of the Canadian basin, resulting in the summer
sea ice retreat line skewing toward the East Siberian Sea. Ice floes
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around the summer retreat line, some of which originate from the
Beaufort Sea and others from the East Siberian Sea, have paths drift-
ing along the southern boundary of the clockwise Beaufort
Gyre (26).

Sediment sampling

Sediment samples were collected from the continental shelf and
slope of the WAO basin (water depth, 51 to 529 m) in August
2017 during the Korean IBRV Araon expedition (ARA08B). The
sampling sites consisted of two regions: the northern parts of the
Chukchi (S12 and S14; 72°21.6'N to 73°34.8'N) and East Siberian
Seas (S22 to S24, and S26; 74°00.0'N to 75°46.2'N) (Fig. 1A and
table S1). The sites in the Chukchi Sea had no sea ice coverage in
summer, whereas the sampling sites in the East Siberian Sea were
located around the summer retreat line of the 2017 sea ice extent.
The two sampling regions also represented the ice-free and ice bor-
derline regions in the summers of the 2010s (see the ice retreat lines
in Fig. 1A). Two surface sediment samples from the Chukchi basin
were collected from the continental shelf (S12) and slope (S14),
which were located on the main route of the northern flux of inflow-
ing Pacific seawater. Four surface sediment samples from the East
Siberian basin were taken from the continental shelf (S24) and slope
(822, $23, and $26), which encounters the southern boundary flow
of the clockwise Beaufort Gyre as well as a branch of the Pacific
inflow (73). In addition, one 35-cm-thick sediment core sample
(ARAO08B/12) was collected separately from the surface sediment
at the S12 site.

All sediment samples were collected using a stainless steel box
corer (40 cm x 30 cm X 60 cm). After the box corer was retrieved,
the top 2 cm of surface sediments was collected using a precleaned
stainless steel spoon and kept frozen in a precleaned glass jar before
analysis. A subcore sample was taken using a cylindrical polycar-
bonate (PC) core liner (60 cm in length and 10 cm in diameter)
to assess the vertical profile of MPs in the sediment taken from
site S12. The top and bottom of the subcore sample were sealed
with a polystyrene (PS) lid and kept at 4°C before analysis. In the
laboratory, the core sample was vertically divided into two half
sides. Samples from one half-side were used to determine environ-
mental variables [i.e., water content, dry bulk density (DBD), and
TOC] and sediment chronology, while samples from the other
half-side samples were used to determine MPs and dinoflagellate
cysts. An aliquot of each subsample for environmental variables
was taken from each layer at 1-cm intervals. Each sample was
weighed and dried at 105°C until reaching a constant weight, and
the water content was determined using the weight loss after
drying. The dried samples were used to determine DBD, TOC,
and *'°Pb activities. Grain density was measured using a He pyc-
nometer (AccPyc 1340, Micromeritics Instrument Corp., USA),
and DBD (g cm™>) was calculated from the measured water contents
and grain density. The TOC content was obtained by measuring the
difference between the total carbon and total inorganic carbon
content measured using a CHN elemental analyzer (FLASH 2000,
Thermo Fisher Scientific). The chlorophyll a content was deter-
mined for seawater taken from the five water depths, 1, 10, 20, 30,
and 40 m (or 50 m), at each sediment sampling site. Chlorophyll a
was measured onboard using a fluorometer (Trilogy, Turner
Designs, USA) after extraction with 90% acetone for 24 hours
from the samples immediately filtered through a glass fiber filter
(47 mm; Whatman GF/F). The average value of chlorophyll a
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content at five water depths was used to test the relationship with
sedimentary MP abundance.

For MP analysis, sediments from the subcore were sliced with
transversely at 1-cm intervals, collected using a precleaned stainless
steel spoon, and stored frozen in a precleaned glass jar before
further processing. To rule out potential MP contamination that
might have occurred during core cutting and sample collection,
we removed a few millimeters from the surface that was exposed
to the air, a PS lid, or a core liner before sample collection using a
precleaned stainless steel spoon. The water content of each bottled
sediment sample was again determined using an aliquot of the ho-
mogenized subsample (~2 g per sample) to correct any change in
water content during the sample collection process, which was
used to normalize the MP content to the value based on the dry
weight of the sediment. The entire sample remaining in each
bottle (4.39 to 13.88 g dry weight) was used to analyze MPs. The
water content of surface sediment samples was determined from
an aliquot of the homogenized subsample (~5 g per sample). The
surface sediment of 19.7 to 21.1 g (dry weight) was used for MP
analysis.

Seawater sampling

Seawater samples were collected during the Araon expedition
(ARA10B) in August 2019. Near-surface seawater samples (6 to 7
m depth) were collected from five locations, covering ice-free
regions from the south (W1; 69°10.7'N) to the north (W2 to W4;
74°48.0'N to 76°21.1’N) of the Chukchi Sea and the ice borderline
region (W5; 79°36.9'N) (table S2 and Fig. 1B). Approximately 1.7 to
5.3 m’ of seawater were collected at each location with stainless steel
piping, which was partly composed of polyvinyl chloride (PVC), for
5 hours at a flow rate of 5 to 16 liters min~" while the vessel navi-
gated. Seawater samples were directly filtered through a net with a
mesh size of 20 pm, and the volume-reduced sample was then
further filtered through a stainless steel filter (pore size of 20 pm)
in the laboratory. This sampling method has advantages over trawl-
ing a manta or neuston net (normally a mesh size of >300 um), as it
allows not only continuous collection of water in a wider section
(~100 km per sample) without being disturbed by drifting ice
pieces but also collection of small-sized MP particles (20 pm in
this study) (58).

MP analysis

Details of the MP analysis procedure are provided in Supplementary
Text and fig. S11. MPs were separated from the sediment (13.8 to 50
g wet weight) using a modified protocol of the National Oceanic and
Atmospheric Administration laboratory method (74). The protocol
consists of successive steps of stirring and density separation in a
solution of ZnCl,:CaCl, (specific density, ~1.58 g cm™?), filtration
of the supernatant, additional density separation of filtered parti-
cles, digestion of organic materials in KOH and H,O, solution,
and a final filtration to isolate MPs from interfering particles. For
seawater, the digestion of organic matter and density separation
were successively conducted to isolate the MPs from filtered parti-
cles. The MP particles were identified using a p-FTIR microscope
(LUMOS, Bruker) following the method presented in a previous
study (26). The spectra of all potential particles >20 um in size in
each filter were individually recorded in transmission mode to avoid
human error caused by the preselection of “MP-like particles.” The
geometric shapes of the particles identified as synthetic plastic
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polymers were classified into four types (fragments, fibers, sheets,
and spherules) according to the same classification criteria as pre-
vious studies (26, 37), and their longest dimension was measured
and recorded as their size. The thickness of the fiber MPs was
also measured. In this study, acrylic fibers were assigned to PAN
according to a previous classification (75), while rayon was not in-
cluded owing to its similarity to natural polymers with regard to the
FTIR spectra (26).

Contamination prevention and method validation

Strict control protocols were followed to prevent potential contam-
ination during the entire sample treatment and analysis (Supple-
mentary Text). Although laboratory ware made of glass or
stainless steel was used after thorough rinsing with MP-free water,
some polymer-based items were used for sample collection (PVC
for seawater samples and PC and PS for sediment core samples)
or treatment [polytetrafluoroethylene (PTFE) bottles containing
MP-free water used for laboratory ware rinsing]. To completely
rule out all potential contamination effects, we excluded all plastic
particles that could have originated from the polymer-based items
used during sample processing: PTFE from all samples, PVC from
water samples, and PS and PC from sediment core samples. The ex-
cluded polymers were not notable MP components in the western
Arctic samples (26, 29, 38, 58). Potential contamination was further
monitored using procedural blank samples (N = 1 for water, N = 1
for surface sediment, and N = 2 for sediment core) that were ana-
lyzed together with the samples in the same batch. MP particles of
zero to three pieces were found in the blanks, and thus, the amount
of MP in each sample of a batch was corrected by subtracting the
amount of MPs found in the procedural blanks of the same batch.
To validate the analytical methods, we also assessed the recovery
and reproducibility of MPs by analyzing MP particles with different
polymers, shapes, and sizes that were spiked into MP-free water and
sediment samples (see details in Supplementary Text). Triplicate
analysis for each mixture of sediment and water showed acceptable
recovery ranges of 72.5 to 97.0% on average with a relative SD of 2.7
to 27.0% for the spiked nonfibers and fibers (tables S3 and S4).

Sediment core dating and MP burial rate

>19pb activities were analyzed for sediment chronology (i.e., age
dating) for 11 layers of the entire core: 0 to 1 cm, 1 to 2 cm, 2 to
3cm,4to5cm, 6to7cm,9 to10cm, 14 to 15 cm, 19 to 20 cm,
29 to 30 cm, 34 to 35 cm, and 35 to 36 cm. The sediment chronology
of core ARA08B/12 was based on *'’Pb measurements. The *'°Pb
activities were measured using a silicon surface barrier alpha spec-
trometer (Canberra Inc., PIPS) at the Korea Basic Science Institute.
The excess >'°Pb (*!°Pb,,) was calculated by subtracting the activity
supported by its parent isotope, >*°Ra, from the total *'°Pb activity
(*'°Pbyyra) in the sediment. The *'°Pb, activities ranged from 14
to 53 mBq g~' of dry sediment weight, and the depth profiles of
210pp, . and *'°Pb,, showed a typical 210pp profile observed in
the WAO (Fig. 2A) (41, 42, 76). The sediment accumulation rate
(cm year™") was determined from the slope of the linear regression
line of best fit on a logarithmic scale of >'°Pb,, activity versus depth
using the constant flux—constant sedimentation model, which
assumes a steady state accumulation of sediments and that *'°Pb,,
activity of depositing sediment particles is constant (40). The
19Pb,, activities decreased exponentially below the SML, resulting
in an estimated linear sedimentation rate (LAR) of 0.107 cm year_1
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for the S12 sediment core. This LAR value was well consistent with
that of Kim et al. (77) at 0.09 cm yearf1 of 2'%Pb-derived LAR in a
site (73.52°N, 168.94°W, 72.5 m water depth) approximately 22 km
away from S12. The LAR for the S12 sediment core was also within a
similar range as those reported from other sites of the WAO
(average + SE = 0.141 + 0.032 cm year '; N = 22 sediment core
samples), including the Bering Slope and the shelf area of the
Chukchi Sea and the East Siberian Sea (0.17 + 0.05 cm year  '; N
= 15) (41), the northern Chukchi Sea shelf (0.094 + 0.019 cm
year_l; N =5) (42), and the Chukchi Sea slope (0.06 cm year_l; N
= 1) (76), all of which were based on *'°Pb measurements. There-
fore, applying the LAR of the S12 sediment core (0.107 cm year ')
to the entire WAO area does not cause substantial errors in the es-
timated MP amount sequestered in sediments accumulated in the
WAO since the 1930s.

MP analysis focused on layers dated after the 1930s, the onset of
industrial plastic production (43). Thus, the top 10 layers of the core
(0 to 10 cm) dated from 1933 to 2012 were processed. The burial
rates of MP (in number or milligrams of MP per square meter
per year) were calculated as the product of DBD of the sediment,
the MP quantity per gram of dry weight of the sediment, and the
LAR. Only a few nonfiber polymer items larger than 200 um in
size (9 of a total of 139 polymer particles found in the entire sedi-
ment core) were found in some layers (three in the 0- to 1-cm layer,
three in the 2- to 3-cm layer, two in the 5- to 6-cm layer, and one in
the 7- to 8-cm layer); however, they accounted for >91% of the total
MP mass in each of the four layers. When calculating the MP mass
burial rate, the large-sized nonfiber polymers (>200 um) were ex-
cluded because they caused bias in the total MP mass compared
with the total MP number in the layer that they occurred in (Sup-
plementary Text and fig. S12). To validate our results, we conducted
additional analysis using a 20-year moving average of burial rates
without excluding nonfiber MPs >200 pm based on the method dis-
cussed by Martin et al. (59) (fig. S8).

Mass estimation of MP particles

Mass-based data were obtained by estimating the weights of individ-
ual polymer particles using the same method proposed for ice-
trapped MPs (26) because it is difficult to weigh micrometer-sized
objects in practice. This method infers the weight as the product of
volume [estimated from observed morphological features such as
four geometric shape types, the measured length of the longest
cross section, and the estimated (or measured) thickness] and
density (obtained from the FTIR characterization of polymers).
For the same reason, similar attempts have been made to estimate
the weights of MP particles based on the morphological features of
particles (5, 59, 78) or number-to-mass conversion factors (15). Our
method produced 10-fold higher mass values (for fragment-type
MPs) than the estimates obtained by a similar geometric morphol-
ogy-based model assuming an ellipsoid (78) but one to two orders
of magnitude smaller than the estimates obtained using conversion
factors (15). The MP mass yielded by our method was evaluated to
be within one order range of those quantified using gas chromato-
graphic mass spectrometry coupled with pyrolysis (26).

Budgeting for MPs in Arctic compartments

We conducted budgeting for MPs retained in sea ice, seawater, and
sediment to obtain the total MP load in the WAO. The amount of
MPs trapped in (or released from) sea ice was estimated in a
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previous study for the seasonal sea ice region of the WAO (26). For
comparison with the ice-trapped ones, total MP amounts (N in
number or tons in mass) in seawater and sediment of the same
region (area of 1.95 x 10° km? no consideration of seafloor slope
and roughness) were calculated by extrapolating the MP number
or mass stocks in 1-m” volume of each compartment observed in
the present study to the whole volume of each compartment in
the WAO study domain. The top 2 cm of the surface was considered
when estimating the MP load in the surface sediment. To estimate
the MP amounts sequestered in sediments accumulated in the
whole area of the WAO since the 1930s, we assumed that the LAR
and the annual rate of increase in MP burial at all six sites of the
WAO were the same as those observed at S12 since a similar
average LAR was observed across the entire WAO basin, but rele-
vant MP burial rate data for the WAO have not been reported so
far. We first estimated the MP amounts buried in the upper 10
cm of sediments at each site (i.e., post-1930 cumulative MP
amount) using the MP quantity in the top 2 cm of sediment at
each site and the annual increase rates (0.0320 year™' for MP
number and 0.0329 year™' for MP mass) of exponential curves ob-
tained from the S12 sediment core and then extrapolated the values
to the whole WAO area (Supplementary Text, table S5, and fig. S13).
The MP budget in the water column was calculated for the polar
mixed layer (50 m) of the WAO (48), assuming that the MPs were
well mixed in the layer. Additional seawater MP budgeting was con-
ducted for the average water depth of the WAO study domain (ca.
150 m) by conservatively assuming that MPs evenly distribute
throughout the water column, given that MP abundances in
Arctic deep and bottom waters were not substantially reduced com-
pared with those in polar mixed layer (57, 58).

Data treatment and statistical analysis

Four geometric shapes were further grouped into nonfiber (a sum of
fragments, sheets, and spherules) and fiber because the two geom-
etry groups had different size distributions and fragmentation
mechanisms (26). In this study, the term “MPs" or “total MPs" in-
dicates the sum of all MP particles in size, polymer, or shape unless
otherwise notified. MP abundance (in N kgfl) and mass concentra-
tion (in mg kg~ ') for sediments were presented on the basis of the
dry weight of sediment and then were converted to MP quantity per
cubic meter of sediment using DBD of sediment to compare with
plastic stocks in the same volume of seawater and sea ice. The rela-
tionships between MP abundance and environmental variables
(water content, porosity, TOC, chlorophyll a content, and water
depth) were tested using Pearson's correlation. The relationships
between MP deposition and world plastic production in Fig. 2B
were tested using a nonparametric test, Spearman'’s rank correla-
tion, since the data were not normally distributed (Shapiro-Wilk
normality test; W = 0.842 and P = 0.047 for nonfibers; W = 0.734
and P = 0.02 for fibers). Owing to the same reason, the relationships
in figs. S4 and S8 were tested by Spearman’s rank correlation. The
difference in average sizes of MPs was tested using the Mann-
Whitney test for between two groups and Kruskal-Wallis test for
between three groups because of nonnormality in their distribution
(Shapiro-Wilk normality test; P < 0.001 for all compared groups).
For MPs in the S12 sediment core, the exponential growth curve
was fitted to a simple exponent with two parameters to test the hy-
pothesis of exponential increases in burial rates and quantities of
plastic and to obtain the annual rates of increase for plastic
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deposition. All statistical analyses were performed in SPSS Statistics
version 25. All values are reported as means + SE.
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