Science of the Total Environment 838 (2022) 156035

Contents lists available at ScienceDirect

Science o e
Total Environment

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

L)

Check for
updates

Human footprints at hadal depths: interlayer and intralayer comparison of
sediment cores from the Kuril Kamchatka trench

Serena M. Abel *™“*, Sebastian Primpke ", Fangzhu Wu ", Angelika Brandt >, Gunnar Gerdts "

@ Senckenberg Research Institute and Natural History Museum, Department of Marine Zoology, Senckenberganlage 25, 60325 Frankfurt am Main, Germany
Y Department of Microbial Ecology, Biologische Anstalt Helgoland, Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Kurpromenade 201, 27498 Helgoland, Germany
¢ Goethe University Frankfurt, Institute for Ecology, Diversity and Evolution, Max-von-Laue-StrafSe 13, 60438 Frankfurt am Main, Germarny

HIGHLIGHTS GRAPHICAL ABSTRACT

Thirteen sediment cores were collected
from the KKT between 5740 and 9450 m
depth.

Overall, 215 to 1596 MP kg ~ ' were de-
tected, 72% of these were smaller than
25 pm.

Fourteen polymer types were detected,
mainly acrylates/PUR/varnish, PP, PE
and PA.

Intralayer and interlayer core compari-
sons highlighted a heterogeneous MP dis-
tribution.

The adapted MP processing procedure
permitted a higher detection of small MP.

ARTICLE INFO ABSTRACT

Editor: Rafael Mateo Soria Microplastic (MP) pollution affects almost all ecosystems on Earth. Given the increasing plastic production worldwide
and the durability of these polymers, concerns arise about the fate of this material in the environment. A candidate to

Keywords: consider as a depositional final sink of MP is the sea floor and its deepest representatives, hadal trenches, as ultimate

Microplastic pollution

g . sinks. In this study, 13 sediment samples were collected with a multiple-corer at depths between 5740 and 9450 m
Spectroscopic analysis

. ) from the Kuril Kamchatka trench (KKT), in the Northwest (NW) Pacific Ocean. These samples were analysed for MP
Density separation . . - . : .
Deep sea sediments presence in the upper sediment layer, by slicing the first 5 cm of sediment cores into 1 cm horizontal layers. These
Hadal trenches were compared against each other and between the sampling areas, in order to achieve a detailed picture of the depo-
Sedimentation dynamics sitional system of the trench and small-scale perturbations such as bioturbation. The analyses revealed the presence of
215 to 1596 MP particles per kg ~* sediment (dry weight), with a polymer composition represented by 14 polymer
types and the prevalence of particles smaller than 25 pm. A heterogeneous microplastic distribution through the sed-
iment column and different microplastic concentration and polymer types among sampling stations located in different
areas of the trench reflects the dynamics of this environment and the numerous forces that drive the deposition pro-
cesses and the in situ recast of this pollutant at the trench floor.

1. Introduction

Microplastic (MP) pollution, is demonstrated to affect the majority of
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Kurpromenade 201, 27498 Helgoland, Germany. etal., 2018; Roscher et al., 2021a). The ubiquity and the long-lasting dura-
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(Nakajima et al., 2021; Dai et al., 2018), are major causes for concern in the
scientific community.

It is estimated that 2.4 to 4.0 million tons plastic enter the marine environ-
ment though the rivers yearly (Lebreton et al., 2017; Schmidt et al., 2017),
from this a considerable portion sinks to the seafloor (Cézar et al., 2014),
accumulates in marine sediment (Andrady, 2011; Kane et al., 2020), or is
transported by bottom currents and ocean internal hydrodynamic events
until it reaches its ultimate destination: the hadal sea floor.

The ubiquity of marine MP pollution is the consequence of atmospheric,
oceanographic and biological processes causing the transport and dispersion
of MP at each water depth (Petersen and Hubbart, 2021; Matsushita et al.,
2021). Wind driven surface currents and the main oceanic water currents
are responsible for a long-distance transport, from land-born sources to the
open ocean (Obbard, 2018; Ryan, 2020). Vectors causing vertical mixing
such as waves, turbulences like gyres and eddies, downwelling phenomena
and thermohaline circulation, drive the transport of MP through the water
column to the seafloor (Kane and Clare, 2019a; Cincinelli et al., 2019).
Even in this environment the final destination of MP is not settled, as bottom
currents, turbidites, and seismic events can cause the dispersion, burying
and resuspension of MP particles (Pohl et al., 2020; Peng et al., 2018b).

Biota and biological processes, such as biofouling and the inclusion of
MP in organic aggregates and colloid substances (fecal pellets, marine
snow, phytodetritus, exopolymer particles) also contribute to modifications
in MP transport pathways by increasing the sinking rates of MP, including
those of low-density polymers (Zhao et al., 2017; Kvale et al., 2020a;
Porter et al., 2018). On the seafloor, the actions of meio- and macrobenthos
lead to the dispersion of MP and their inclusion in the deeper sediment
layers by bioturbation (Courtene-Jones et al., 2017; Nakki et al., 2017). It
is documented that in geographic areas with high anthropogenic activities,
the anthropogenic footprint is more persistent and MP accumulation in sed-
iments might reach considerably high levels (Dai et al., 2018). The North-
west Pacific Ocean is one of the major transit pathways for marine litter
that is entering the North Pacific Ocean from Asia (Nakajima et al.,
2021). Moreover, the Kuril Islands and their straits are intensely utilized
for fishing and shipping activities (Klovach et al., 2021). Therefore, it's
deepest point, the Kuril Kamchatka trench (KKT), would likely accumulate
sinking MP and marine litter and be the final sink and a potential hotspot of
MP (Peng et al., 2020). Specific hydrodynamic conditions and geological
activities favor MP accumulation in the trench, both consequent to the vi-
cinity of the KKT to the Kuril Islands. This island arc is considered as a
water body transition area, in which transport and mixing processes be-
tween the Sea of Okhotsk and the North Pacific, via the Kuril straits, are tak-
ing place. In this area, massive turbulences and vorticity occur in the water
column, all the way down to the seafloor (Yagi and Yasuda, 2012, 2013),
causing considerable sediment resuspension and recasting in the areas adja-
cent to the island arc. The Kuril Kamchatka arc system is also described as
the most mobile and seismically active region in Northeast Eurasia. The un-
derlying sea floor is the showplace of modern tectonic and volcanic pro-
cesses, including earthquake driven sub marine fan turbidities (Aksentov
and Sattarova, 2020; Avdeiko et al., 2007; Braitseva et al., 1995;
CORMIER, 1975; Fischer and Yang, 1994; Steblov et al., 2010). Addition-
ally, deep flows on the slope inshore of the trench were observed in ocean-
ographic studies (Uehara and Miyake, 1999) and combined, together with
the above listed geological and hydrological processes, drive the resuspen-
sion of sediment and particulate material, including MP, in the trench sys-
tem. One of the principal Northwest Pacific currents, the northwards
Kuroshio current, reaches the Kuril region, transporting with its nutri-
ents (Saito, 2019) as well as anthropogenic litter (Nishizawa et al.,
2021; Shiu et al., 2021; Nakajima et al., 2021). On one hand, the current
provides a constant nutrient supply for benthic communities in this re-
gion, which are reliant on sinking nutrients form the water column
(Golovan et al., 2019). On the other hand, it is a consistent long-distance
transport path by which MP (Kalak, 2018) reach the geographic region of
the trench.

Preliminary studies highlighted the presence of anthropogenic litter in
the KKT and the identification of MP was performed in the abyssal and
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hadal sediments of the trench (Abel et al., 2021) confirming the presence
of MP in the deepest part of the trench. Several deep-sea related studies fur-
ther identified MP in other Pacific trenches (Jamieson et al., 2019b; Zhang
et al., 2020), hypothesizing that this environment could indeed act as an ul-
timate sink for MP pollution.

On this background, our study aims to (1) provide the baseline for the
understanding of MP sedimentation in deep sea trenches, (2) foster a better
understanding of the unique dynamics in this remote area and (3) highlight
the importance of a tailored MP extraction method by comparing analyses
based on the same physical and chemical principles.

2. Material and methods
2.1. Sediment sampling

Thirteen sediment cores were collected from the KKT from seven sam-
pling areas (A2, A3, A4, A9, A10, Al11, A7) in summer 2016, on-board
the RV Sonne during a deep-sea expedition (SO-250 Kurambio II). Every
area, except A7, was sampled twice, by using a Multiple-Corer (MUC
2011-124 K2 x100; OKTOPUS GmbH, Kiel, Germany; 12 core tubes,
inner @: 95 mm, length: 600 mm, material: stainless steel, PC), and is there-
fore represented by two sediment cores each. A7 is represented by one core
due to complications during the sampling event. Further details of the sam-
pling areas are provided in Fig. 1.

Onboard, the first 5 cm of each sediment core were sliced into 1 cm
layers and stored separately in PVC bottles (Kautex Textron GmbH and
Co KG, Bonn, Germany), and immediately frozen at —20 °C. Further-
more, the water layer above the sediment present in the MUC, a volume
ranging between 50 and 710 mL, was collected and stored in the same
way.

2.2. Sample preparation and processing

Prior to MP identification, several preparatory steps were required,
based on density separation and organic material digestion. The five sedi-
ment horizons representing each core, the water layer above the sediment,
as well as a procedural blank, were all processed simultaneously.

Each sediment layer was defrosted, and transferred to a pre-weighed
beaker (weights of the samples are listed in SI). The samples were then
dried for four days at 60 °C, covered with aluminium foil. The dry samples
were weighted and the backers weight subtracted to determine the dry
weight (DW) of the sample. Subsequently, the samples were sieved with a
500 pm stainless steel mesh. Both fractions, larger and smaller than
500 pm were weighed, then the >500 pm fractions were transferred to
glass Petri dishes and stored for further analysis.

2.2.1. Processing of the <500 um fraction

2.2.1.1. First density separation. The density-based separation step in this
study was inspired by two MP extraction methods: the density separation
via MPSS (MicroPlastic Sediment Separator, Hydro-Bios), (Imhof et al.,
2012b) and the principle of overflow to collect lighter sample fraction ap-
plied by Mani et al. (2019). For the initial density separation, the sample
material was mixed with a sodium bromide (NaBr) solution (density 1.6 g
cm ™ %) (Quinn et al., 2017) (99.5% purity, Griissing GmbH, Diagnostica
Analytika, Flisum, Germany) and transferred into glass culture-media bot-
tles with straight neck (300 mL Duran), filled to 2.5 cm below the brim,
and covered with an aluminium cup.

To disaggregate sediment agglomerates, the bottles were submerged in
an ultrasonic bath, with the brim of the bottle 3 cm from the water surface,
and sonicated for 15 min at 160 W/35 KHz (Sonorex RK255 H, Bandelin
Electronic GmbH & Co., Berlin, Germany).

The samples were then stirred with a magnetic stirrer (C-MAG HS
control, IKA, Germany, stir bar: Bola Beakerliner, PTFE, Omnilab-
Laborzentrum GmbH & Co. KG; Germany) for 1 h at 350-450 rpm. Before
placing the bottles in the laminar flow cabinet (ScanLaf Fortuna, 1800;
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A2 6522.4
A2 6515.2
A3 5742.5
A3 5743.4
Ad 8734.4
A4 9013.4
A9 8225.9
A9 8215.8
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A10 5214.4
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Fig. 1. List of samples (Sample ID), sampling areas (Station ID) and sampling depth in meters. Red dots on the map depict the location of the sampling area in the trench, the
red line underlines the trench extension, yellow dashed arrow represents the Kuroshio Current, red dashed arrows underline the Krusentern and Bussol straits, purple dashed

lines indicate the limit of the Kuril Island arc system.

LaboGene, Lillergsd, Denmark), the external walls of the bottles were
cleaned using an airbrush (Airbrushgun Typ 180, WilTec Wildanger
Technik GmbH, Germany), to remove potential airborne contamination.
The bottles were then placed into PTFE evaporating basins with flat bottoms
(height 36 mm, @ ext. 132 mm, VWR International GmbH, Germany) and
the sample was left settle to allow the density separation process, until the
liquid column clear. The settling time depended on the sedimentation
time of the denser fraction and ranged between 60 and 120 min.

To separate the lighter material from the denser sediment, 90 mL NaBr
solution was added to each sample at around half the height of the liquid
column by using glass syringes (50 mL, Carl Roth GmbH+ Co. KG,
Germany). Adding the NaBr solution at this level, leads to the overflow of
the lighter particles, which were then collected in the evaporating basins,
without causing the resuspension of the settled heavier material. After the
overflow, the solution in the bottle was partially removed to prevent it
from ending in the evaporation basins. The syringe needle, the external
walls and the bottom of the bottles were then rinsed carefully with 0.22
pm filtered Milli-Q ultrapure water (Milli-Q water) and the rinsing water
was collected in the evaporating basins.

The collected particles were filtered onto stainless-steel meshes (pore
size 20 pm, @ 47 mm, HAVER & BOECKER OHG) and flushed with Milli-
Q water to remove residues of the NaBr solution. The main steps of the pro-
cedure are illustrated in SI.

2.2.1.2. Fenton treatment and second density separation. Fenton reaction was
carried out following the protocol suggested in studies by Tagg et al.
(2017), Bergmann et al. (2017a), Hurley et al. (2018), Tekman et al.
(2020) and Abel et al. (2021), and are descried in detail in SI. After the
Fenton reaction, the treated samples were removed from the filters by plac-
ing them in 150 mL glass beakers containing 50 mL of NaBr solution and

sonicated for 5 min at 160 W / 35KHz. The filters and the beakers were
rinsed with NaBr solution to collect the adhered particles and the
suspended treated samples underwent a second density separation to re-
move any remaining inorganic material. For this, the NaBr- sample suspen-
sions were transferred into glass separation funnels (50 mL LabMarket
GmbH, Germany) and placed within a laminar flow cabinet. After 12 h,
the lower fraction in the funnel was discarded. New NaBr added, to reach
the initial volume of 50 mL, and to resuspend eventual particles stick to
the glass walls. This procedure was repeated twice, after a further 4 h and
8 h settling time. After this time, the remaining sample solutions were fil-
tered onto stainless-steel filters (pore size 20 pm, diameter 47 mm), and
flushed with Milli-Q water to remove any NaBr residues from the samples.
Finally, the sample material from the filters was resuspended in Milli-Q
water and these processed samples were stored in 250 mL wide neck
glass bottles (Duran) until analysis.

2.2.1.3. Analytical filter preparation for <500 um fraction. To establish the
particle concentration in the treated sample suspensions, a FlowCam
(Fluid Imaging Technologies, Portable version IV, Scarborough, Maine,
US) was used to quantify the particle concentration in a subsample (100
uL) (Abel et al., 2021; Lorenz et al., 2016; Bergmann et al., 2019). This con-
centration values were then applied to calculate the sample volumes that
would be suitable for individual FTIR measurement. Ideally, this optimal
sample volume results in a full coverage of the aluminium-oxide filters
(Anodisc, 0.2 pm pore size, 25 mm diameter Whatman) used for FPA-
pFTIR analyses (Lorenz et al., 2017; Primpke et al., 2020; Tekman et al.,
2017). Subsequently, each of the samples was vacuum filtered, in its en-
tirety, onto the determined number of aluminium-oxide filters and placed
in a desiccator cabinet (Bohlender Star-Vitrum, V1841-07) overnight
prior to FTIR measurement.
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2.2.1.4. MP identification of small microplastics (S-MP, <500 ym). In accor-
dance to Primpke et al. (2017) an FPA (Focal Plane Array) -based micro
Fourier Transform Infrared (pFTIR) hyperspectral-imaging approach was
applied for the chemical identification, quantification and sizing of S-
MP. The pFTIR measurement was performed using a Bruker TENSOR
II spectrometer, with a 64 X 64 FPA detector Hyperion 3000 pFTIR-
microscope (Bruker Optics GmbH, Ettlingen, Germany). Before the
measurement, Anodisc filters were covered with a BaF, window,
compressing all items into the narrow focal plane of the FTIR micro-
scope, which especially enhances the assessment of fibre-like MP
(Primpke et al., 2019). The FTIR measurements were performed using
3.5 x objective (Bruker Optics GmbH, Ettlingen, Germany) at a spectral
resolution of 8 cm ~! and 32 co-added scans, Blackman-Harris 3-term
apodization, zero filling factor of two and Power/ No peak search for
phase correction. With this setup, a pixel size of 11.69 X 11.69 pm
per spectra was achieved and an area of 22 X 22 FPA fields measured.
All data were collected using Bruker software OPUS 8.5 (Bruker Optics
GmbH, Germany).

SiMPle database (version 1.0. ) (Primpke et al., 2020) was applied for
the polymer identification for the automated analysis of all datasets
(Primpke et al., 2020). Pixels assigned to the Polypropylene (PP) edge of
the Anodisc filter were removed using the circular mask function within
the heatmap feature application within siMPle (Primpke et al., 2019).
Finally, in order to obtain the final data on S-MP numbers, sizes and
assigned polymer cluster, an image analysis in MPAPP (version 1.1.1) was
performed.

2.2.2. Sorting and analysis of large microplastics (L-MP, 500-5000 pm)

Putative L-MP were manually sorted out from the >500 pm sample frac-
tion by using a stereomicroscope at 100-400 X magnification. All putative
L-MP (fibres and particles) were transferred into glass petri dishes,
photographed and measured (length at their longest dimension and the or-
thogonal dimension at their widest point) under the stereo microscope
(Olympus DP26 Digital Camera, Olympus) using image analysis software
(CellSens, Olympus). Subsequently, all particles and fibres were identified
individually using an Attenuated Total Reflection (ATR) FTIR spectrometer
(Bruker Tensor 27 coupled to diamond platinum ATR unit, Bruker Optik
GmbH, Germany) (Roscher et al., 2021b; Lorenz et al., 2021), with a
Blackman-Harris 3-term apodization and zero filling factor of two. The IR
spectra were collected in the spectral range of 400-4000 cm ™! and com-
pared against a reference library (Primpke et al., 2018). Particles with a
match of at least 700 (out of 1000) were counted as effectively identified.
Particles with a lower match (between 600 and 700) were manually com-
pared to database spectra and manually re-evaluated leading to confirma-
tion or rejection (Roscher et al., 2021b). Particles with a match below
600 were rejected and considered as undefinable.

2.3. Quality assurance and quality control

Contamination prevention was considered during the whole analysis
pipeline. While handling and processing the samples 100% cotton labora-
tory coats were worn to reduce possible contamination with fibres from
clothing, additionally, fibre samples from all the clothes worn during the
laboratory analysis steps were collected and analysed by ATR- FTIR spec-
trometer (Bruker Tensor 27 coupled to diamond platinum ATR unit, Bruker
Optik GmbH, Germany) to exclude them as potential fibre contamination
sources. Hands were carefully washed before every procedural step and
no nitrile gloves were worn during the entire analysis pipeline (Witzig
et al., 2020). All reagents (e.g., FeSO, solution, H,O5, HCI and NaBr solu-
tion) were filtered through glass microfiber filters (0.2 pm pore size, @ 47
mm, Whatman, Germany) and all equipment used were made of glass or
stainless steel. Equipment and surfaces were carefully rinsed with Milli-Q
water and cleaned with an airbrush prior to use. To minimize airborne con-
tamination all the preparatory steps were carried out in a laminar flow cab-
inet (ScanLaf Fortuna, 1800; LaboGene, Lillergd, Denmark). The only
exception was the initial stirring step, performed on the laboratory bench.
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Here, contamination was avoided by closing the glass culture-media bottles
with aluminium lids before moving them out of the flow cabinet. Dust box
air-filters (DB1000, G4 prefiltration, HEPA-H14 final filtration, Q ¥4 950 m®
h ~!, Mocklinghoff Lufttechnik, Gelsenkirchen, Germany) were active in all
laboratories. Finally, blank samples analyses were conducted and
confirmed that no contamination from the use of plastic storage bottles
has occurred.

2.4. Statistical analysis

MP concentrations and polymer types were considered for statistical
analysis: Pearson correlation was calculated to verify any correlation be-
tween these variables with; 1) sediment composition, including sediment
granulometry (clay, silt and sand) and total organic carbon (TOC); 2) distri-
bution in the sediment column; and 3) sampling stations at different depths.
Pearson correlation was calculated to verify any correlation between sedi-
ment granulometry and TOC with the sediment depth and station depth.
Sediment composition related data (TOC and sediment granulometry) orig-
inated from geochemical and physical analyses carried out by the V.I.
Il'ichev Pacific Oceanological Institute team (Far Eastern Branch of
Russian Academy of Sciences, Vladivostok 690,041, Russia) (Sattarova
and Aksentov, 2021). The cores for geochemical and physical analysis
were collected with the same MUC sampling as the cores used for MP anal-
ysis in this study, and provided information about granulometry and TOC of
the first five cm of the sediment column of the following samples: SO62,
SO51, SO74, SO101 and SO79 (Fig. 1).

Finally, one way ANOVA on ranks, based on a Kruskal-Wallis test, was
applied to test whether the samples originate from the same distribution
(Kane et al., 2020). To find out which layers were significantly different,
a Dunn-Bonferroni Post Hoc test was run. All the statistical analyses were
carried out via R (R development Core Team, version 4.1.2) and
STATISTICA (StatSoft).

3. Results
3.1. Small microplastics (S-MP)

This study investigates MP in 13 sediment samples collected in the KKT
between 5211 and 9541 m (Fig. 1). The samples weight ranged between 90
and 207 g (DW) Overall, between 215 and 1595 S-MP kg ~ ! were detected.
In all cores, S-MP were predominantly particle-like shaped with a relative
percentage ranging between 71 and 97%, while 3 to 29% were fibre-like
MP. In total 14 different polymer types were identified, with acrylates/
polyurethane/varnish (acrylates/PUR /varnish) and polypropylene (PP) as
the most common polymer types, accounting for 34% and 19% of the
total measured S-MP composition, respectively, followed by polyethylene
(PE; 14%) polyamide (PA; 8%) and polyethylene chlorinated (PE-CL;
9%). Rubber type 3 (RT3), ethylene vinyl acetate (EVA), nitrile rubber
(NR), polyvinylchloride (PVC), polycaprolactone (PCL) and polystyrene
(PS) accounted, for 2.5% each, while polycarbonate (PC), chemically mod-
ified cellulose (CM) and polyester/polyethylene terephthalate (PEST) ac-
counted each for less than 1% to the total measured S-MP composition
(Fig. 2a).

On average, 45% of all detected S-MP were smaller than 11 pm, 27%
ranged between 11 and 25 pm in size, 15% between 25 and 50 pm and
7% between 50 and 75 pm. The remaining 7% were larger than 75 pm, of
these 2% were between 75 and 100 pm, and the remaining 5% were
above 100 pm. No MP larger than 750 um were identified. Considering
the size of just the particle-like S-MP, no particles larger than 425 pm
were detected, with all the MP larger than 425 pm being fibre-like in
shape (Fig. 2b) S-MP concentration (MP kg '), number of polymers per
sample (N pol) and polymer types (expressed in relative percentage, %)
specified for every sample are listed in Table 1 and are represented graph-
ically in Fig. 4a (red square).

S-MP distribution and polymer composition in sediment layers are
displayed in Fig. 3, and listed in detail in SI.
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Fig. 2. (a) Mean percentage of each polymer type in all sediment samples (black square) PE: polyethylene, PE-CL: polyethylene chlorinated, PP: polypropylene, PS:
polystyrene, PC: polycarbonate, PA: polyamide, PVC: polyvinyl chloride, CM: chemically modified cellulose, NR: nitrile rubber, PEST: polyester/polyethylene
terephthalate, PUR: polyurethane, EVA: ethylene vinyl acetate, RT3: rubber type three. Error bars show the 95% confidence interval. (b) Mean percentage of each S-MP
size class in pm from all sediment samples (squares). Error bars show the 95% confidence interval.

3.2. Large microplastics (L-MP)

In total nine particle-like and 35 fibre-like MP were categorised as puta-
tive L-MP, however, the spectral analysis revealed that just one transparent
particle was identified as being a synthetic polymer, confirmed as PVC,
with the dimensions 1758.7 pm X 421.5 pm. All the remaining particle-
like and fibre-like putative L-MP were characterised as being not synthetic
(mostly chitin coal, and plant fibres and animal fur).

3.3. Statistic results

Pearson correlations revealed negative correlations between silt and the
station depth (r = —0.484; p = 0.041), and between TOC and station
depth (r = —0.592; p = 0.002) in all the stations with granulometry and
TOC data availability. The negative correlation was especially visible in
A7 and A9 (Fig. 1) where the r-values were — 0.951 and — 0.990 and p-
values 0.031 and 0.043 respectively. For the remining granulometric clas-
ses no correlations were established (Tables in SI).

Concerning MP composition and concentration, PE (r = 0.671;p =
0.003), PE-CL (r = 0.440; p = 0.05), PP (r = 0.0515; p = 0.032) correlate

Table 1

positively with the sediment class ‘clay’, whilst NR (r = —0.4886;p =
0.001) correlates negatively. PCL showed a positive correlation with the
‘silt’ class (r = 0.489; p = 0.02), and PVC showed a positive correlation
with TOC (r = 0.463; p = 0.04).

Concerning the abundance of specific polymers through the sediment
column, (0-5 cm), significant negative correlations with the sediment
depth were detected overall for PS (r = —0.254; p = 0.042), PA (r =
—0.266; p = 0,032), PCL (r = —0.314; p = 0,01) and RT3 (r =
—0.298; p = 0,005 TOC). Clear negative correlation trends were observed
in A7 (core SO79) for PP (r = —0.87;p = 0.048) and in A11 (core SO104)
for RT3 (r = —0.979; p = 0.05), while in A4 (core SO53) the correlation
was positive for EVA (r = 0.890; p = 0.038). In all the cores, MP concen-
tration had a slightly negative correlation with the sediment depth (r =
—0.298 p = 0.025) and was clearly negative in SO62 (r = —0.888;p =
0.012). Finally, the polymer composition in SO79 showed a negative corre-
lation with the sediment depth (r = —0.991 p = 0.039). One-way ANOVA
on ranks, based on a Kruskal-Wallis test, revealed statistically significant
differences in PCL distribution and in MP concentration through the sedi-
ment column. The post-hoc Dunn's test confirmed that PCL content in the
first layer (the 0-1 cm of sediment) differed significantly from the second

S-MP concentration (MP kg~ 1), polymer diversity (N Pol) and relative percentage of polymer types detected in the analysed KKT sediment samples. PE: polyethylene, PE-CL:
polyethylene chlorinated, PP: polypropylene, PS: polystyrene, PC: polycarbonate, PA: polyamide, PVC: polyvinyl chloride, CM: chemically modified cellulose, NR: nitrile rub-
ber, PEST: polyester/polyethylene terephthalate, PUR: polyurethane, PCL: polycaprolactone, EVA: ethylene vinyl acetate, RT3: rubber type three.

Sample ID Station ID MP Kg-1 N pol PE PE-CL PP PS PC PA PVC CM NR PEST PUR PCL EVA RT3
SO95 A2 463 10 26% 3% 36% 2% 2% 1% 3% 2% 13% 10%
S09%6 A2 464 8 12% 5% 10% 12% 16% 12% 25% 8%
S062 A3 399 8 11% 16% 34% 6% 23% 5% 2% 4%
S063 A3 892 6 5% 1% 6% 1% 1% 1%

SO51 A4 1595 9 34% 11% 27% 6% 1% 2% 14% 2% 1%
SO53 A4 1321 13 8% 9% 20% 1% 1% 13% 3% 1% 1% 34% 4% 1% 5%
SO74 A9 315 9 19% 15% 26% 4% 6% 3% 19% 5% 3%
SO88 A9 383 11 3% 1% 31% 17% 5% 3% 1% 33% 2% 1% 3%
SO83 Al10 215 6 2% 19% 40% 30% 3% 5%
SO84 Al0 293 10 16% 6% 7% 2% 11% 5% 5% 33% 3% 12%
SO101 All 230 7 17% 21% 11% 4% 4% 4% 28%

SO0104 All 1150 13 7% 19% 16% 2% 1% 3% 2% 1% 4% 31% 2% 6% 7%
SO79 A7 1310 12 7% 16% 12% 1% 2% 2% 1% 1% 40% 3% 12% 4%
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layer (1-2 cm) and the fifth layer (4-5 cm), while the post- hoc analysis on
MP concentration distribution in the layers didn't reveal any significant dif-
ferences (see SI for more details).

4. Discussion
4.1. Interstudy comparison

Given the variety of environmental samples and MP processing
methods, comparing the results of different studies is still one of the main
criticisms in this research field (Cashman et al., 2020). Nevertheless, com-
parisons between analyses based on the same physical and chemical princi-
ples can consistently help improve the methods of MP analysis by
supplementing potentially critical or bias-prone steps. In this context, it is
essential to underline the importance of the choice of suitable MP process-
ing methods, based on the characteristics of a sample. Inferences were
drawn by comparing our outcomes with those of an earlier study on MP
identification in abyssal and hadal sediments of the KKT (Abel et al.,
2021) utilising a comparable, density separation-based, approach. Abel
et al. (2021) aimed to determine and characterize MP contamination in
the first 5 cm of sediment column from four sampling areas, represented
by a total of eight samples, using a Munich Plastic Sediment Separator
(MPSS). The MP concentration from this study ranged from between 14
and 209 MP kg ~ ' (DW), with 15 polymer types identified overall, and a
polymer diversity per sample ranging between four and seven (Fig. 4a, in
yellow). By comparing these values with the ones achieved in our present
study, the MP concentration and polymer diversity in the samples were de-
cidedly different, being higher in the current study, with concentrations
ranging from 215 to 1596 MP kg ~ * (DW) and a sample polymer diversity
of between six and 13 (Fig. 4a, in red). The total polymer diversity, how-
ever, differed by only one polymer type (15 in Abel et al. (2021), 14 in
this study), suggesting that the different polymers are not specifically af-
fected by one technique rather than the other, but that the MP concentra-
tion data are (Fig. 4b). See SI for further comparison of the differences in
MP concentration and polymer diversity between the two studies. These
discrepancies in the concentration data result from a higher recovery effi-
ciency of the method applied in our current study rather than a higher
MP concentration in the sample.

4.2. Processing procedure comparison

As deductible from the comparison of the MP size-class distribution in
the two studies, the MP size target of a processing method has a high influ-
ence on the outcomes of MP detection in environmental-matrices studies.
Despite that in both studies MP belonging to the lowest size range (<11
pm) are the most represented, the relative percentage of particles in the
lowest size range of the present study is around 10% higher than that of
the earlier study (Abel et al., 2021) (Fig. 4c). This discrepancy between
the size distributions could be attributed to MP particle loss during the pu-
rification step when using the MPSS, especially for those MP representing
the lower size class.

The MPSS remains one of the most suitable devices for MP processing
for large quantities of sediment (1-6 kg) (Imhof et al., 2012a), as demon-
strated by the numerous previous studies that used this device or that
took inspiration from its design. (Bergmann et al., 2017a; Bergmann
et al., 2017b; Coppock et al., 2017; Haave et al., 2019; Lorenz, 2014;
Mabhat, 2017; Stock et al., 2019).

A recent study tested the MP processing efficiency of the MPSS, with the
lowest size limit set at 40 um, achieving a recovery rate efficiency of 95.5%
for MP smaller than 1 mm (Imhof et al., 2012a). The size class distribution
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from a previous study (Abel et al., 2021), highlighted that 71.1% of all de-
tected MP were <25 pm in size, therefore would not have been included in
the processing evaluation by Imhof et al. (2012a). Furthermore, in the eval-
uation experiment, natural sediment, cleaned of MP contamination using
sequential ZnCl, processing and deionised water rinses, was subsequently
enriched with primary and secondary MP. The recovery of these environ-
mentally relevant plastic types from the treated sediment was used to test
the efficiency of the MPSS. As highlighted by another study (Zobkov
et al., 2017), the MP recovery rate via MPSS can be reduced by 50%
when using natural, rather than treated, marine sediment. Moreover, high
volumes of sediment, combined with an inefficient agitation time, reduces
the processing efficiency (Filgueiras et al., 2021). This is caused, among
other factors, by a screening effect of the dense mineral component of the
sediment at the bottom of the MPSS on underlying lighter material, that
is therefore, prevented from resuspension and separation. Furthermore, ag-
glomerates of material can include MP polymers and prevent them from
reaching the upper collecting chamber, instead of remaining suspended at
a lower level of the density separation column. Even when sampling the
suspended material from the collecting chamber, further particle loss
could occur, as there is the risk that small particles become entrapped in
the ball valve fitting. There is also the possibility of the ZnCl, solution
reacting with carbonate compounds and shelf fragments present in the sed-
iment, producing gases such as CO,, and leading to foam formation. Sepa-
rated MP particles can become trapped in this foam and are easily lost if
excessive foaming overspills the collection chamber.

In the present study, based on the methodology of Mani et al. (2019) for
MP processing from sediments, we attempted to avoid the above described
weaknesses in the MPSS technique. By analysing small amounts of sedi-
ment, given the intrinsic necessity to study the individual sediment layers
of the cores, many of the issues of bulk sediment processing were further
negated. To avoid the negative effects of particle agglomeration, an
ultrasonification step was applied, prior to the density separation, to disag-
gregate the sediment. During the mixing step of the density separation, the
speed of the magnetic stirrers was set in such a way as to cause all the sed-
iment to become suspended. As the required speed to achieve a complete
suspension of the material was strongly dependent on the grain size of
the sample, this was easily adjusted by observing the degree of suspension
in the glass bottles and optimising it for every sample. Using a glass bottle
for the initial density separation steps also had the advantage of being a
simple receptacle with straight walls, thus avoiding the aforementioned
risks associated with particle loss in the multiple components and connec-
tions of the MPSS. The optimisation of the processing method in this
study led to a higher recovery of small MP than when using the MPSS, con-
firmed by a higher relative percentage of MP in the present study.

4.3. Use of NaBr for density separation

In this study, a NaBr solution (density 1.6 g cm ') was chosen as the
separation solution for the MP extraction step. The different fluidic and
chemical proprieties of the brine solutions used for MP density separation,
NaBr and ZnCl, in this case, can also concur to explain the higher number of
MP extracted in this study, compared to that of Abel et al. (2021). The eval-
uation of MP presence in the trench from the previous study, highlighted
the presence of a considerable percentage of small MP (99% smaller than
125 pm). ZnCl, has a higher recovery rate for the upper MP size class
range, whereas NaBr has a recovery rate described as inversely propor-
tional to MP size (Quinn et al., 2017), and is relatively high, regardless of
the shape and size of the particles (Liu et al., 2019). From the point of
view of the user, NaBr has a lower toxicity than ZnCl, and is less viscous
and sticky, making its use generally more practical and preferable.

Fig. 3. Panels displaying the S-MP concentration (in MP kg~ ' sediment, dry weight) and the polymer composition (in relative percentage) of the five, 1 cm thick, sediment
layers (L1 to L5) of the 13 sediment cores analysed. In every panel are displayed the results from two cores collected from the same area: A10, A3, A2, A4, A9, A11, A7. The
order of arrangement the panels in the figure is related to the sampling depth, from shallow to deep. PE: polyethylene, PP: polypropylene, PS: polystyrene, PC: polycarbonate,
PA: polyamide, PVC: polyvinyl chloride, PEST: polyester/polyethylene terephthalate, PUR: polyurethane, PCL: polycaprolactone, EVA: ethylene vinyl acetate.
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Fig. 4. (a): Comparison between the geographic distribution of sampling sites within the Kuril Kamchatka trench, sediment microplastic (MP) concentrations and relative
polymer compositions, from the current study (red boxes) and those of Abel et al. (2021) (yellow boxes). MP concentration is reported in particles per kg sediment (DW),
represented by the pie charts sizes. PE: polyethylene, PP: polypropylene, PS: polystyrene, PC: polycarbonate, PA: polyamide, PVC: polyvinyl chloride, PEST: polyester/
polyethylene terephthalate, PUR: polyurethane, EVA: ethylene vinyl acetate. (b): Boxplots recording microplastic concentration (MP Kg ') and polymer diversity (N Pol)
of both studies, grey box plots depict the outcomes of Abel et al., 2021, violet the outcomes from this study. (c): Comparison of the mean percentage of each size class in
pm, for all sediment samples (squares), of both studies. Error bars show the 95% confidence interval.



S.M. Abel et al.

4.4. Factors influencing the recovery efficiency

In most of analytical procedures, MP particles loss during laboratory
processing can't be excluded completely, (Mani et al., 2019; Stock et al.,
2022) nor the recovery rates of test particles, added to a sample, guarantees
the same recovery efficiency of a procedure for environmental MP (Rozman
and Kalcikova, 2022; Way et al., 2022). Effective methods for MP extraction
from sediment matrixes depends on the reagents used (Quinn et al., 2017),
the soil characteristics (Radford et al., 2021) including organic material
content (Hurley et al., 2018), grain size (Moller et al., 2020) and the
characteristics of the targeted MP (Horton et al., 2017). Therefore, recovery
rates comparisons of different procedures must be reasonably contextual-
ized and are informative if referred to similar sediment matrixes. Compared
to the study conducted by Abel et al. (2021), on hadal samples collected in
the KKT, in this study MP abundancies were 88% higher, confirming a
lower particle loss during laboratory procedure. Nevertheless, without
knowing the absolute value of MP at the trench floor, and given the hetero-
geneous distribution of MP in the samples, the MP load may be
underestimated.

4.5. Processing procedure suitability

By comparing the MP concentrations detected in this study with those
of the earlier study, both based on the identification of MP at the trench
floor, important considerations regarding the analytical approach, in partic-
ular the processing of MP from the mineral matrix, are raised. Primarily, the
discrepancies in MP concentrations between the two studies revealed that a
MP processing method targeting a lower size class range, leads to a higher
total MP recovery. In this study, the processing method tailored for reduc-
ing any potential particle loss caused by intrinsic set up proprieties and
took into consideration the uniqueness of each sample during its analysis.

The outcomes of a previous study (Abel et al., 2021) were mandatory to
establish the kind of contamination in terms of MP size and polymer com-
position (Moller et al., 2020), and set the bases for adequate processing pro-
cedure setup, given the uniqueness and little knowledge of the hadal sea
floor. The suitability of an analytical procedure for MP analysis strongly de-
pends on the research question. If the aim of an analysis, like in this study, is
a precise MP investigation using a relatively low amount of sediment, a
sample size conforming set-up that prioritises the reduction of particle
loss, is recommended.

For a good representation of MP contamination in the environment, in
this case the abyssal and hadal KKT floor, an adequate number of samples
must be analysed in order to avoid misinterpretation deriving from the het-
erogeneous distribution of MP in environmental samples (Moller et al.,
2020). The time required for the MP processing form a sediment matrix
was therefore optimised to permit the analysis of a large sample numbers
in short times, being at the same time reliable and accurate (Hengstmann
and Fischer, 2019). Compared to previous MP processing procedures
based on density separation (Bergmann et al., 2017a; Haave et al., 2019;
Trinh et al., 2021) which required a setup of up to 24 h per sample, the pro-
cedure presented in this study allowed the processing of seven samples si-
multaneously within this time. This method is therefore compelling for
research activities involved in MP monitoring in sediment matrices as it
combines a simultaneous analysis of samples with a good representation
of MP contamination, permitting a representative sampling of a non-
homogeneously distributed particulate contaminant.

4.6. MP in the KKT

4.6.1. MP size classes

By considering the granulometry data of sediment cores sampled simul-
taneously in the same location of the cores analysed in this study (Aksentov
and Sattarova, 2020), with the grain size range of the trench floor sediment
(clay and silt, 0.98 and 62.5 pm respectively) and comparing this to the de-
tected MP size range, with 94% of all MP particles being <75 pm, there is a
clear match. It is plausible to assume that the “physical sedimentology”
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according to the definition provided by Allen (1985), can be applied to
MP in the same way as for the sediment. The high amount of diatomaceous
material and TOC (Kolesnik et al., 2019; Aksentov and Sattarova, 2020), as
fractions of the sediment composition, is a further point of comparison
given their comparable densities, thus the comparison of MP with organic
matter and diatom frustules, in terms of their sedimentation behaviour, is
particularly compelling (Harris, 2020).

The polymer composition detected in the sediment is diverse and in-
cludes both high- and low-density MP polymers. With low-density poly-
mers being detected in all sediment samples and at every sediment
column depth, this suggests that there are multiple pathways with which
MP reaches the trench floor, including those pathways that lead to MP
with neutral or positive buoyancies to sink.

A heterogeneous distribution of MP, in the sediment column and be-
tween different sampling stations, suggest that the localised sedimentation
dynamics in the different areas of the trench influences the accumulation
potential of MP.

Differences in MP concentration and polymer diversity through the sed-
iment column in samples collected in the same area, suggests the occur-
rence of events that influence the sedimentation/resuspension dynamics
in the range of meters, such as bioturbation and vorticity and are described
further in detail later. A certain level of sampling disturbance, caused by the
MUC of the first sampling event on the second, is not to be excluded as a
sediment recasting factor (Underwood et al., 2017). Especially in the
upper layers, the generally fine-grained sediment of the trench is easily sus-
ceptible to resuspension. To minimize the influence of this factor on the
data interpretation, resuspended material present in the MUC core, as the
fraction that is most likely disturbed by the sampling event, was not in-
cluded in the evaluation of the MP composition of the samples, but was
compared, for consistency, with the surface layer (0-1 cm). From this, it
was possible to quantify the eventual loss, in terms of particle number
and polymer diversity contribution, because of this exclusion (see SI).

4.6.2. Contextualisation of MP sedimentation dynamics within the KKT
depositional system

The hadal region is one of the most challenging environments to study,
given its remoteness and the difficult, time consuming and expensive sam-
pling techniques required. MP pollution in the deepest trenches worldwide
has, nevertheless, been reported, and defined hadal trenches as “the trash
bins of the oceans” (Abel et al., 2021; Peng et al., 2020; Jamieson et al.,
2019a; Peng et al., 2018a). Despite the certainty of the accumulation of
MP in the trenches, the driving sedimentation dynamics at hadal depths re-
main relatively unclear. The unique topography of this environment, the
consequently complex hydro-dynamical systems and sedimentation dy-
namics, together with challenging research conditions, make it difficult to
clarify these processes.

It is also important to remark that hadal seafloor zones are not only in-
fluenced by topography, but also by the overlaying pelagic environment,
their geographic position, oceanic currents, regional hydrodynamic condi-
tions and seasonal events, such as algal blooms and river plumes conse-
quent to massive seasonal rainfall, making the direct comparison between
individual trenches difficult.

This study focuses on the complexity of the KKT sedimentary system,
and the variability of its environmental signal. The latter term is meant as
the changes in sediment production, transport, or deposition, which
originate from environmental perturbations and is reflected in the MP dis-
tribution in sediment layers in different areas of the KKT (Romans et al.,
2016). To study MP accumulation in the trench, it is essential to consider
the entirety of factors that influences the sedimentation of material and sup-
plies the sedimentary system of the trench, including sources, transport,
and recast of sediment (summarized schematically in Fig. 5).

4.6.3. High productivity of the overlaying Pacific Subarctic Gyre region

The high biodiversity in the KKT is the consequence of a high POM
(particulate organic matter) and POC (particulate organic carbon) flux
driven by the overlaying biogeochemical province (Stewart and
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Fig. 5. Factors that influence the sedimentation of material and supplies the sedimentary system of the trench. A: Turbidity currents; B: Diapycnal mixing; C: Downfall; D:
Laminar flow interruptions; E: Oceanic lee waves; F: Landslides on the trench slope G: Internal currents and vorticity; H: Recasting events in the trench; I: Bioturbation; L:

Laminar flow.

Jamieson, 2018), thus, in terms of energy supply in form of nutrients, the
trench is considered highly dynamic rather than stagnant (van Haren
etal., 2017). The accumulation of POM in the trench is guaranteed by tur-
bulent motions and gravity driven downward transport along the trench
axis and these are considered the main driving forces for this transport
(Danovaro et al., 2003; Jamieson, 2015; Otosaka and Noriki, 2000;
Romankevich et al., 2009). On the one hand, these conditions sustain
hadal life, but on the other hand, they also drive MP accumulation down
to the deepest part of the trench.

By considering the province primary production rate of the Pacific Sub-
arctic Gyre (PP PSAG: 264 g C m~2 yr_l), the mean POC flux (2.26 +
0.77gCm~?yr~! £ S.D.) and total POC flux of the KKT (3118.86 g C
yr~1) against those rates and fluxes from other major subduction trenches,
>6500 m depth, only two out of the 21 trenches are shown to be higher
(Stewart and Jamieson, 2018). It is then clear that this trench receives a
relatively high amount of POM compared to the other trenches
(Longhurst, 2010). The aggregation of POM in marine snow increases the
sedimentation velocity of material down to the trench, and concurs to the
sequestration of MP in the sediment (Kvale et al., 2020b). This sedimentary
input is temporally irregular, as the primary production and the resulting
nutrients in the forms of POM and POC, from euphotic zones, is strongly
seasonal. Assuming a close relationship between organic input and MP
input into the KKT, the variable POM sedimentation rate may also help to
explain the heterogeneous vertical and horizontal distribution of MP in
the trench sediment.

4.6.4. Influence of the adjacent island arc

The Bussol Strait (2400 m) and the Krusenstern Strait (1500 m) (Fig. 1)
are the two deepest straits that are connecting the Sea of Okhotsk and the
North Pacific. The transport and mixing processes taking place between
these two waterbodies, via the Kuril straits, play an important role not
only in the local environment but also in determining the water properties
of the North Pacific (Kitani, 1973). Nakamura and Awaji (2004), suggested
the formation of large-amplitude unsteady lee waves that are generated
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around sill tops all along the Kuril Island Chain. These waves induce an en-
hanced diapycnal mixing and consequently create a significant density in-
version from the sea surface down to deeper layers. Moreover, tidally
induced baroclinic processes are responsible for low temperature anoma-
lies, which indicate the formation of temperature fronts and eddies and
are associated with vertical mixing and stirring (Simpson, 1997). By mov-
ing outwards, close to the trench and away from the turbulence source,
suspended particles are no longer subjected to these events and settle,
making the trench prone to sedimentation (Allen, 2012). Oceanic lee
waves can also be generated in the deep stratified ocean by the flow of
ocean currents over an uneven sea floor topography, like those charac-
teristic of the trench edges (Nakamura et al., 2000). When the waves
break, they can lead to mixing events in the stably stratified ocean inte-
rior (Legg, 2021). They can also interrupt the lateral advection of fine
sediment and nepheloid layers close to the ocean floor, by altering the
thermohaline circulation and cause contourite drifts. These are de-
scribed by Kane and Clare, (2019b) and Kane et al. (2020) as one of
the most important transport processes of fine-grained particles, includ-
ing MP, in the deep sea.

Deep-sea circulation also influences the deposition and resuspension of
MP on the seafloor, with bottom currents interacting with the seafloor and
reworking the sediment and any MP present, in gravity flow systems and
sequestering them within drift deposits (Rebesco et al., 2014). The
granulometry of these deposits is characterised by fine grained, clay-silt
sediment, similar to the sediment characterising the seafloor of the KKT,
suggesting that this trench could be a conspicuous depocenter for these
drift deposits.

4.6.5. Canyons and turbidites

The KKT sedimentary system is connected to a large submarine canyon
system on the continental slope of Kamchatka. The scale of the individual
canyons that make up this system range from the 40 km long Storozh
Canyon, to the 175 km long Kamchatsky Canyon. Three of the canyons
within the system (the Kamchatka, Zhupanovsky and Avachinsky canyons)



S.M. Abel et al.

extend across the entire continental slope to the KKT, where they deposit
their sediment (Gnibidenko and Svarichevskaya, 1984).

Submarine canyons consistently influence the sedimentation dynamics
in deep sea trenches. Recently, Pohl et al. (2020) described submarine can-
yons as sites of preferential macroplastic and MP accumulation. When sam-
pling these canyons, they detected double the MP concentration than was
found in open slope continental shelve and abyssal plain sites. Furthermore,
submarine canyons are described as conduits for gravity- driven avalanches
of turbidity currents, highly efficient agents for transferring sediment and
organic carbon from shallow to deep water (Galy et al., 2007; Liu, 2015).
These currents are able to bury high proportions of the MP that they
carry and to transport MP particles in distal lobe deposits. Large submarine
canyons funnel coarse terrigenous debris directly to the trench floor, which
effectively bypasses depositional sites along the lower slope (Underwood
and Karig, 1980), and contributes to the transport of MP to the deepest
parts of the trenches.

The predominance of a fine-grained fraction, the presence of turbidites
in the upper sediment layers, and a higher MP concentration in the deeper
sampling stations (A4, A11 and A7, Fig. 1) of the KKT, are evidence that the
afore described dynamics are likely involved in sediment transport and its
deposition within the KKT system.

4.6.6. Recasting events in the trench

Downfall alone cannot fully explain the heterogeneous distribution of MP
in the trench and its depositional behaviour within the sediment depth pro-
file. Once deposition of sediment occurs, perturbations such as earthquakes,
submarine landslides (Kioka et al., 2019), internal currents (Turnewitsch
et al., 2014), bioturbation by the local fauna (Brandt et al., 2015; Kamenev,
2019; Brandt et al., 2018; Bober et al., 2019; Blazewicz-Paszkowycz et al.,
2015; Malyutina and Brandt, 2020; Fukumori et al., 2019; Brandt et al.,
2019) and location-specific hydrography can rework the sediment layers
and depositional processes on different scales of magnitude.

4.6.7. Location dependent factors

Highly heterogeneous environmental features, including avalanche de-
posits, internal hills, canyons and depressions, reflect the highly heteroge-
neous MP distribution within the sediment depth profiles and between
sampling locations within the KKT. By observing the distribution of MP
throughout the sediment profile, the relative distributions of MP in the sam-
ples are consistently different from each other, implying variations in resus-
pension and burial factors. In highly dynamic areas, fine and superficial
particles are continuedly resuspended and transported elsewhere, therefore
making the deposition and/or burial of these particles difficult. This resus-
pension activity may be translated to a low MP load in the sediment profile
in general and a reduction of MP distribution in the deeper layers and can be
observed, for example, in the samples from stations A9 and A10 (Fig. 3). The
opposite trend was observed in areas with weak hydrodynamics, with high
quantities of MP expected due to the tendency for MP accumulation, includ-
ing in the surface sediment layer, as was the case for station A7.

These two distribution trends can be considered as a simplified situa-
tion, in which no other confounding factors are contributing to the disper-
sion of MP in the sediment and where the hydrodynamic conditions are
consistently stable. When only considering the mean annual deposition
rate within the KKT (1.3 mm/year) (Aksentov and Sattarova, 2020), the
first 5 cm of sediment would have been deposited over the last 65 years,
however, within this timeframe, the local topography is likely to have
been reshaped by the afore mentioned large- and small-scale hydrodynamic
perturbation events, therefore altering the homogeneity of sediment and
MP deposition within the trench.

Assuming that location-specific hydrodynamics are the main factors
driving MP sedimentation trends, an increase in high-energy turbulent con-
ditions would lead to a decrease in MP accumulation, and vice-versa, with a
higher MP accumulation expected with decreasing turbulence.

By considering in the sampled locations at station A10, A3, A2 and A9
(trends are visible in Fig. 3, to visualise the location of the station, consult
Fig. 1), the MP accumulation trends show low MP concentrations, which
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reflects high energetic locations, in which MP do not readily accumulate.
Stations A4 and A7, however, appear to show an affinity for the accumula-
tion of MP, possibly due to the presence of less energetic hydrological con-
ditions. Focusing on the distribution of MP in the sediment column, the
accumulation trends (Fig. 3) suggest that local fluctuations in hydrody-
namic conditions lead to fluctuations in sedimentation patterns, depending,
among other reasons, on the specific area and its topographic variability.

When evaluating MP accumulation trends through the sediment depth
profile, factors, including hydrodynamics, have to be taken in consider-
ation, especially when comparing sediment cores collected in the same
location. The MP accumulation trends of A9 and A4 (Fig. 3), for example,
could reflect a highly dynamic event succession. Both cores from station
A9 (SO74 and SO88) have low total MP concentrations, but the distribution
of the MP that are present in the two sediment columns are distinctly
different. In A9, core SO74 has a relatively high MP number in the surface
layer, but with relatively low numbers of MP detected in the rest of the pro-
file. Taken from the same station, core SO88, shows a succession of low to
relatively high MP concentrations through the sediment profile. In A4, both
cores (SO51 and SO53) have a relatively high concentration of MP, with al-
ternating layers of higher and lower MP content, but with an inverted trend.
In this location, local vorticity may act on the sedimentation and resuspen-
sion of particles, avalanches could have shifted the deposited layers and
bioturbation is likely to have recasts the sediment column to some degree.

By comparing the cores in A11 (SO101 and S104) and A3 (core SO62
and SO63), an uneven distribution of MP in the sediments is evident in
terms of concentration and polymer composition. This heterogeneous dis-
tribution of MP in the sediment of the KKT can therefore be classified as a
stochastic factor (Fisner et al., 2017; Martin et al., 2017; Nuelle et al.,
2014).

Statistical analysis by Pearson correlation revealed a positive correla-
tion between the sampling station depth and MP concentration (r =
0.311, p = 0.0117). A similar trend was also observed in a recent study
carried out on other sediment samples taken from the KKT, in which MP
concentrations were also higher in the deeper stations (Abel et al., 2021).
Premising the non-absolutistic value of this assumption, due to the impossi-
bility of limited sampling representing such a vast, inaccessible and hetero-
geneous environment, as a hadal trench, with complete accuracy, the
outcomes of both studies, nevertheless, seem to validate the hypothesis
that the deepest part of the trench is a region polluted with MP, if not the
most polluted. This validation leads back to the significance of gravitational
effects, with the hadal floor, at its deepest part, being the end destination of
many MP transport pathways, such as sinking from the water column and
downslope transport.

5. Conclusion

This study focused on improving our understanding of the MP sedimen-
tation in the context of deep-sea depositional system dynamics. Our results
highlight, firstly, that there is a heterogeneous distribution of MP between
locations within the KKT, likely resulting from the dynamic environment of
this hadal trench; and secondly, that MP heterogeneity within the sediment
profile reflects the site-specific hydrodynamic conditions and the local sed-
iment recasting events. The first was confirmed by consistent differences in
MP concentration and polymer composition in sediment collected from dif-
ferent areas of the trench. The second led from differences in cores collected
at the same sampling station only a few meters apart and from stochastic
trends of MP distribution through the sediment column. Overall, MP num-
bers in this study exceeded those of previous assessments of the KKT by one
order of magnitude. The applied method permitted a higher detection of
MP belonging to the lower size range and revealed a greater level of MP
contamination on the seafloor of the KKT than was known previously.
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