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A B S T R A C T   

Estimated plastic debris floating at the ocean surface varies depending on modelling approaches, with some 
suggesting unaccounted sinks for marine plastic debris due to mismatches between plastic predicted to enter the 
ocean and that accounted for at the surface. A major knowledge gap relates to the vertical sinking of oceanic 
plastic. We used an array of floating sediment traps combined with optical microscopy and Raman spectroscopy 
to measure the microplastic flux between 50 and 150 m water depth over 24 h within a natural harbour of the 
sub-Antarctic island of South Georgia. This region is influenced by fishing, tourism, and research activity. We 
found a 69 % decrease in microplastic flux from 50 m (306 pieces/m2/day) to 150 m (94pieces/m2/day). Our 
study confirms the occurrence of a vertical flux of microplastic in the upper water column of the Southern Ocean, 
which may influence zooplankton microplastic consumption and the carbon cycle.   

1. Introduction 

Plastics are chemically inert, persistent, and ubiquitous contami-
nants, posing environmental, economic and health risks (Galloway et al., 
2018). If current production and waste management trends continue, 
roughly 12,000 Mt of plastic waste will be in landfills or the natural 
environment by 2050 (Geyer et al., 2017). Current estimates of plastic 
quantities entering our oceans are not consistent with observed con-
centrations in the marine environment (Cózar et al., 2014). Reasons for 
this discrepancy include shore deposition, incorporation within the 
marine food web, and fragmentation into sizes smaller than captured by 
common sampling techniques (sampling methods mainly measure 
plastics above the 300-micron range) (Andrady, 2011; Eriksen et al., 
2014; van Sebille et al., 2015). One of the most influential factors for this 
discrepancy likely relates to a lack of data on the vertical distribution of 
microplastics in marine environments, with data being derived pre-
dominantly from surface trawls. Relatively few studies consider plastic 
concentrations within the water column, see for example Bagaev et al. 
(2017), Dia et al. (2018), Galgani et al. (2022)., Kanhai et al. (2018). 

Oceanic plastics can fragment to form microplastics (1–1000 μm) 
and nanoplastics (<1 μm) (Hartmann et al., 2019) via physical processes 
and chemical degradation (Jiang et al., 2020) as well as being manu-
factured at the micro or nano scale (Alimi et al., 2017). Approximately 
40 % of plastics are denser than the average seawater density (Alfaro- 
Núñez et al., 2021). As seawater density increases with depth, plastics 
with densities only marginally exceeding that of the surface seawater 
could sink to a depth where they achieve neutral buoyancy and remain 
suspended in the water column (Cózar et al., 2014). For microplastics 
that were initially buoyant, physical and biological drivers can cause 
them to sink though the water column. For example, wind driven mixing 
can drive buoyant microplastics down from the ocean surface (Cózar 
et al., 2017; Kukulka et al., 2012; Poulain et al., 2019) and, biofouling 
and incorporation into biological matrices (e.g., heteroaggregates, 
faeces, marine snow) can increase the density of microplastic particles 
(Cole et al., 2019; Cole et al., 2016; Porter et al., 2018). Field observa-
tions have also shown that biofouled plastic debris can undergo 
defouling when submerged, potentially allowing these particles to float 
back up to the surface; this process of biofouling-and-defouling might 
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lead to cyclical transport of particles (Kooi et al., 2021; Ye and Andrady, 
1991). 

Marine sediment cores have been used to determine quantities of 
plastic reaching the sea floor, facilitating microplastic flux calculations. 
These data are far sparser than from water samples collected at the 
ocean surface (Enders et al., 2019). Additionally, uncertainties in the 
dating of sediment cores are large, due to error margins ranging up to 
tens of years (Saarni et al., 2021). Sediment traps, conventionally used 
to quantify seasonal sedimentation of biogeochemical particles (Ojala 
et al., 2013) are now beginning to be used for microplastics analyses 
(Saarni et al., 2021; Galgani et al., 2022; Reineccius and Waniek, 2022) 
and could be a valuable tool for providing further insight into micro-
plastic fluxes (Saarni et al., 2021). Sediment traps enable the capture of 
sinking plastic debris over pre-selected time periods and therefore avoid 
temporal inaccuracies in flux calculations. Additionally, they can be 
positioned at different depths in the water column to enable assessment 
of fluxes at various depths (Saarni et al., 2021; Galgani et al., 2022) and 
can be fixed to moorings (Reineccius et al., 2020) or free-floating 
(Galgani et al., 2022). They can consequently allow for more accurate 
flux calculations that those provided from sediment cores, which can be 
aligned with the physicochemical environmental parameters at trap 
depths. Observing the behaviour of microplastic fibres and fragments of 
different buoyancies below the sea surface, which have not yet settled to 
the seabed, can advance our understanding of microplastic pathways in 
the ocean. 

In the Southern Ocean, microplastic debris has been detected at the 
ocean surface (e.g., Jones-Williams et al., 2020; Suaria, 2020b), seafloor 
(e.g., Munari et al., 2017; Reed et al., 2018) and, in a range of pelagic 
(Cannon, 1928; Jones-Williams et al., 2020) and benthic fauna (Sfriso 
et al., 2020). The mountainous and glaciated sub-Antarctic island of 
South Georgia (54.5◦ S, 37◦ W) is located south of the Polar Front (Orsi 
et al., 1995) in the southwest Atlantic sector of the Southern Ocean. 
South Georgia represents one of the most productive ecosystems in the 
Southern Ocean, hosting large colonies of higher predators such as fur 
seals, albatrosses, penguins, and whales (Smetacek and Nicol, 2005) 
sustained by a high concentration of Antarctic krill (Euphausia superba), 
hereafter krill). The waters around South Georgia are among the most 
important regions for carbon sequestration in the world’s oceans, with 
particularly high fluxes to the deep sea (Belcher et al., 2017; Manno 
et al., 2020). In the nearshore waters of South Georgia, concentrations of 
microplastics in the surface waters have been found to be higher than 
elsewhere in the Southern Ocean (Buckingham et al., 2022) including 
open waters and nearby to the Antarctic continent (e.g., Cincinelli et al., 
2017; Isobe et al., 2017; Suaria et al., 2020a, b). King Edward Cove is an 
area of particularly high marine traffic since all vessels operating in 
South Georgia are required to visit the government office at King 
Edward Point. Patagonian toothfish (Dissostichus Eleginoides) and krill 
fisheries are managed within South Georgia waters, with 40 registered 
vessels operating year-round (Government of South Georgia and the 
South Sandwich Islands Annual Visitor Report July 2018 to June 2019). 
South Georgia is also a popular tourist destination, with over 10,000 
visitors per annum (Government of South Georgia and the South Sand-
wich Islands Annual Visitor Report July 2018 to June 2019). King 
Edward Point is also home to a marine and fisheries research station, 
open throughout the year. Each of these human influences increase the 
potential for locally derived sources of anthropogenic pollution. 

Using a multi-level vertical sediment trap array, this study provides 
new insights into the vertical flux of microplastic though the water 
column of King Edward Cove, South Georgia. Determining the vertical 
flux of microplastic through the water column is critical for under-
standing the distribution and abundance of oceanic plastics, as well as 
determining microplastic bioavailability to marine organisms and po-
tential plastic/ecosystem interactions (Kukulka et al., 2012; Law, 2017; 
Reisser et al., 2015). This information can better inform modelling 
studies of oceanic plastics and aid implementation of effective policy 
and conservation strategies. 

2. Methods 

2.1. Sample sites and trap deployment 

A vertical sediment trap array was deployed for 24 h on 19 January 
2019 from RRS Discovery in King Edward Cove, within Cumberland East 
Bay which is midway along the northern coast of South Georgia 
(54.260◦S, 36.439◦W, Fig. 1). 

The trap array was tethered to the starboard side of the ship whilst 
deployed to ensure that it remained in the bay throughout the deploy-
ment. The floating sediment trap (Fig. 2) was ~5 m from the ship. A 
minimum acceptance level of 2 m is acknowledged to minimise ship- 
based contamination (Michida et al., 2019). 

The floating sediment trap array (purchased from KC Denmark A/S) 
is a vertical series of three stainless-steel frames, each containing four 
Perspex 8.5 l tubes (traps). At the top of the trap array a single small 
surface buoy was attached to maintain buoyancy. At the bottom, a 50 kg 
steel weight was added to ensure the tubes were kept in an upright 
position. The trap frames were placed at 50 m intervals, at depths of 50 
m, 100 m and 150 m. Each trap (104 mm inner diameter, 1000 mm 
height) had a lid which was cocked and deployed in the open position. 
The trap array was equipped with a firing mechanism to close the trap 
lids at depth. The deployment had a 100 % success rate with all lids 
closing, ensuring samples accurately reflected the sampling depths and 
avoiding contamination during recovery. 

A Conductivity-Temperature-Depth (CTD) unit (SBE 911 plus / 917 
plus) equipped with a fluorometer was used to vertically profile the 
water column <1 km from the sampling site on 20 January 2019. This 
provided temperature, salinity and fluorescence data. CTD data were 
processed according to standard British Oceanographic Data Centre 
(BODC) and British Antarctic Survey (BAS) protocols, and fluorescence 
was converted to chlorophyll a using the manufacturer’s calibration 
routine (DY098 Cruise Report Polar Ocean Ecosystem Time Series- 
Western Core Box, 2019). In-situ and potential density were calculated 
from the CTD temperature, salinity, and pressure data using the 
seawater toolbox of Matlab, which uses the EOS 80 polynomial (Fofonoff 
and Millard Jr, 1983). 

2.2. On-board sample preparation 

Two traps per sampling depth (50, 100, 150 m) were processed for 
microplastic analyses. The contents of each trap were decanted into 
plastic measuring jugs that had been washed three times with Milli-Q 
prior to use and covered with aluminium foil to minimise contamina-
tion. Samples were then filtered onto a 45 μm nylon mesh using a vac-
uum pump filtration set-up. During filtration, when not decanting 
liquid, all filtration equipment was covered with aluminium foil to 
prevent airborne contamination. Additionally, a wetted polycarbonate 
filter (diameter 47 mm, pore size 1 μm) was exposed to the air each time 
the aluminium foil was removed to monitor airborne contamination. 
After the filtration process, the nylon filters were then folded, placed in 
round-bottom centrifuge tubes and frozen at − 20 ◦C. 

2.3. Laboratory analysis 

2.3.1. Microplastic analyses 
Quantification of microplastic loads was achieved with a two-step 

analysis: (1) visual microscopy identification of suspect microplastics 
in each sample and (2) a single point Raman analysis for polymer 
identification of each suspected microplastic. 

To prepare the samples for microscopy analysis, the filters were 
transferred from the 50 ml centrifuge tubes used for frozen storage onto 
47 mm diameter plastic Petri dishes (PALL). This was carried out inside a 
laminar flow hood to control for airborne contamination. Filters were 
initially examined under a stereo microscope (AmScope, 2×-225×
Trinocular Stereomicroscope) coupled to a camera and Image J software 
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to assess particle loads and distribution, with the petri dish lid closed. A 
relatively low matrix background enabled a good visual assessment of 
fibres and particles >45 μm. 

To screen for and enumerate suspected microplastics, filters were 
divided into 5 × 5 mm areas with the help of a gridded adhesive on the 
petri dish lid. Plastic selection criteria were adopted based on previous 
recommendations (Hidalgo-Ruz et al., 2012; Lusher et al., 2020): (i) the 
candidate contains no visible cellular structures; (ii) the fibre has a 
uniform width and even coloration; (iii) the ends of the fibre are flat and 

not tapered to a point or frayed; and (iv) the fibre curls, crimps, or bends 
in three dimensions, and can stand partially upright on the filter or 
microscope slide. A separate set of visual criteria was adapted for non- 
fibrous particles that included: (i) the candidate has sharp, relatively 
straight edges and even colouration and (ii) the particle does not easily 
deform or break apart when poked with a fine needle (Hidalgo-Ruz 
et al., 2012; Ross et al., 2021). Candidates within each grid cell were 
investigated using these criteria and the location of suspect micro-
plastics on the filter logged. This was performed with the petri dish lid 
closed to prevent airborne contamination. Since a mesh size of 45 μm 
was used, and potential microplastic candidates were identified by eye, 
the smallest categorised fragment range, based on the maximum ferret 
diameter, was 50–100 μm. 

Once the visual assessment was completed, suspected microplastics 
from each filter were transferred onto double-sided permanent tape 
(Scotch® 3 M™) adhered onto gridded microscope slides. This process 
was performed inside a purpose-built clean area within an isolated 
laboratory. Each candidate was characterized in terms of its type 
(fragment, fibre, bead), size dimensions (ferret minimum (width) and 
maximum (length) for fragments, and ferret minimum (width) and 
longest dimension traced using ImageJ software for fibres), area, and 
colour. Each candidate was photographed and assigned a unique num-
ber identifier. 

Each candidate was measured using an inVia™ confocal Raman 
microscope (Renishaw, UK) controlled by WiRE software (version 
4.4.0.6908). Candidates were first visually identified and focused using 
a 20×/0.40 magnification objective lens (Leica, N Plan EPI) in bright 
field mode with the light microscope. Raman spectra were acquired with 
532 nm and 785 nm lasers (RL532C50 model, Renishaw UK) as an 
excitation source. Raman spectra were acquired in 2–3 spots on each 
particle to identify the area with the highest signal-noise ratio. The 
inVia™ spectrometer was equipped with a diffraction grating with a 
density of 2400 l mm− 1. Centrus 08HQ36 sensor (Renishaw) was used as 
the detector. Before candidates were measured, the Raman spectra of a 
piece of silicon wafer was acquired to calibrate the instrument. All 
collected sample spectra as a function of the Stokes shift were centred at 

Fig. 1. (A) Sample site location at the northern coast of South Georgia. Shading indicates monthly mean chlorophyll a concentration (mg m− 3) from MODIS-Aqua for 
January 2019 (Goddard Space Flight Center, NASA and Ocean Ecology Laboratory, 2014) and arrows indicate the major ocean currents around South Georgia, based 
on Matano et al. (2020). (B) Trap array deployment location within King Edward Cove (red marker) and local bathymetry (Hogg et al., 2016). The location of King 
Edward Point research station is marked (KEP). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 2. A schematic of the floating sediment trap array.  
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1500 cm− 1 with a range of 950 to 2000 cm− 1. Laser power and acqui-
sition time were recorded for every candidate. Measured spectra were 
compared to reference spectra of virgin and weathered plastics from 
open-source libraries [OpenSpecy (Cowger et al., 2020), SLoPP and 
SLoPP-E (Munno et al., 2020)] using in-house software based on Pearson 
correlation spectral matching. In some cases, commercial libraries 
(KnowItAll, Willey) were used for cross-referencing of data and quality 
control. The Pearson correlation coefficient, r, is used directly as the Hit 
Quality Index (HQI). Additional information on spectral data collection 
and quality assurance can be found in the Supplementary Information 
(S1). 

2.4. Anti-contamination protocol 

To minimise and identify potential contamination of the samples, 
specific measures were put in place aboard the RRS Discovery. Foot 
traffic in and out of the lab was limited to scientists involved in sample 
transfer and filtration. Each scientist wore a cotton lab coat. All labo-
ratory equipment was acid washed before deployment, cleaned with 
Milli-Q three times in between each sample, and covered with 
aluminium foil when not being used. Potential sources of contamination 
on the deck were identified, photographed and samples taken to be 
added to a specific ship deck contamination library. This included 
polymeric paints, polyamide rope and other kit being operated from the 
aft deck. Prior to deployment, all parts of the floating sediment trap and 
the trap bottles were flushed with filtered sea water. Lids were not 
cocked until the moment of deployment to minimise airborne contam-
ination. Trap lids were triggered to close at depth prior to recovery, 
minimising the risk of airborne contamination whilst recovering the trap 
array onto the aft deck. 

2.5. Data analyses 

2.5.1. Mass calculations 
Determining the mass of microplastic was achieved using an 

extended method of Simon et al. (2018) which limits the overestimation 
of mass by crudely accounting for (unobserved) concavity in the thick-
ness dimension. Calculations were specific to fragments or fibres. 

For fragments, volume was calculated as cross-sectional area multi-
plied by thickness. ImageJ area (AImageJ) measurements, which account 
for concave regions of the 2D shape, were multiplied by fragment 
thickness (T) after adjusting thickness to account for potential (unob-
served) concavity across the 3rd dimension. Thickness was estimated 
from length and width measurements by assuming equality of the 
width/length and thickness/width ratios. Then, to account for concav-
ity, an adjusted thickness was calculated as P*T, where P = AImageJ / 
(L*W) is the proportion of the bounding rectangle filled by the 2D shape. 
The volume calculation was therefore: V=P*T*AImageJ. Fragment mass 
was then calculated by multiplying volume by the polymer density 
found in the Supplementary Information (S2). 

For fibres, the mass was calculated by assuming fibres were flexible 
cylinders, using the feret minimum (width) and maximum (length) 
measurements in the following equation V = (π × W 2 × L) / 4 and 
multiplying by the density of the identified polymer. 

2.5.2. Flux calculations 
Flux calculations also varied according to microplastic type. For 

fragments, only those confirmed as plastic were included in microplastic 
flux calculations. Although cleaning treatments were implemented to 
enhance the success of polymer identification, many fibres identified as 
anthropogenic (synthetic and non-synthetic) were challenging to iden-
tify to their polymer category due to degradation. To account for this, 
the percentage of confirmed microplastic fibres from all polymer- 
confirmed fibres from each depth (38.09 %, 46.94 % and 37.93 % 
from the top, middle and bottom depths respectively) was applied to the 
non-polymer confirmed fibres, to extrapolate the predicted numbers of 

synthetic fibres in each sample (the microplastic fluxes including only 
spectral matches can be found in the Supplementary Information (S3) 
for comparison). The relevant percentage of unidentified spectra at each 
depth, which were expected to be microplastic, were selected using a 
random number generator. 

2.5.3. Statistical analyses 
Statistical analyses were conducted in SPSS 28.0.1.0. Differences 

between fibre and fragment sizes at each trap depth were tested using 
ANOVA and post hoc Tukey’s tests. Assumptions of normality were 
assessed by visual inspection of Normal Q-Q plots. 

3. Results 

3.1. Physicochemical environmental conditions 

At the time of sampling, the upper 25 m of the water column con-
tained a layer of fresh water, creating a relatively shallow halocline and 
pycnocline beneath it (Fig. 3). The halocline coincided with peaks in 
both potential temperature and chlorophyll a concentration (3.3 ◦C and 
1.2 μg l− 1 respectively). Beneath this, the water was well mixed to a 
depth of approximately 60 m, after which potential temperature 
decreased to 1.2 ◦C and salinity increased to 34.05 at 250 m. Compar-
ison of the sediment trap depths with the potential density profile shows 
the first sediment trap was located below the near-surface pycnocline 
but within the deeper layer of well-mixed waters, and the second and 
third traps were in the stratified waters beneath. In-situ density at the 
three sediment traps ranged from 1027.2 kg m− 3 at 50 m to 1027.8 kg 
m− 3 at 150 m. 

3.2. Microplastic contamination 

A total of 7 fibres were identified on the aerial blank from the water 
filtration. Spectral analysis confirmed 2 polyester fibres (1 blue, 1 
black), 1 synthetic black fibre, and four of the spectra were unidentifi-
able (2 orange, 1 black and 1 brown fibre). Since a percentage of the 
spectra were unidentifiable, a precautionary approach was adopted 
assuming air pollution had a random composition and therefore all 7 
fibres were deemed to be microplastic for the purpose of applying a 
correction factor. Microplastic abundance flux calculations were there-
fore adjusted to deduct the average aerial contamination (7 / 3 = 2.33, n 
= 2 for each of the 3 depths). Mass fluxes were adjusted to remove the 
total mass of fibres present on the air contamination filter (which 
equated to 2.5 μg/m2/day per depth) from microplastic fibre flux and 
total microplastic flux calculations. Mass fluxes were also adjusted to 
remove the blue polypropylene fibre identified at each depth (which 
equated to 0.8, 1.7 and 1.5 μg/m2/day for the 50, 100 and 150 m depths 
respectively). 

Of the 12 materials collected from the ship as potential contamina-
tion sources (polymeric paints, polyamide rope and other kit being 
operated from the aft deck), 7 were identified as plastics and 5 were 
unidentifiable. The identifiable ship materials were cross referenced 
with the spectra of all microplastic candidates. Only one match of 
colour, shape and polymer type existed, that of blue polypropylene fi-
bres (1 at each depth of 50, 100 and 150 m). To air on the side of caution, 
we removed the 3 blue polypropylene fibres found in the sample from 
analyses. No other ship materials matched the characteristics of the 
recovered oceanic microplastics. For example, we collected green 
polypropylene and rubber fragments from possible contamination 
sources on deck, but the only green fragments within the samples proved 
to be polyethylene and polyvinyl alcohol, and we collected a white 
polyethylene fragment on deck, but no white fragments were found 
across samples. Consequently, it can be assumed that host ship 
contamination within samples is minimal, likely owing to the sampling 
method allowing containment of samples pre-recovery, unlike that of 
common techniques used for surface sampling. 
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3.3. Flux of microplastics 

The estimated total flux of microplastic (average of n = 2 traps per 
depth) decreased with depth from 306.3 pieces/m2/day at (50 m) to 
93.8 pieces/m2/day at (150 m). The contribution of fibres to the total 

microplastic flux was 86 % (262.5 fibres/m2/day) at 50 m, 97 % (212.5 
fibres/m2/day) at 100 m and 100 % (93.8 fibres/m2/day) at 150 m. 
Microplastic fragment contribution to the total microplastic flux was 14 
% (43.8 fragments/m2/day) at 50 m, 3 % (6.3 fragments/m2/day) at 
100 m, and no fragments were found at 150 m. The estimated total 

Fig. 3. Physicochemical parameters (potential temperature (◦C), salinity and chlorophyll a (μg l− 1) from a Conductivity-Temperature-Depth (CTD) unit (SBE 911 
plus / 917 plus) within 1 km of the sampling site with sediment trap depths (50, 100, 150 m) shown by horizontal dotted lines. 
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microplastic mass flux was highest at 100 m (1550 μg/m2/day) with 
values one and two orders of magnitude lower at 50 m (158 μg/m2/day) 
and 150 m (33 μg/m2/day) respectively (Fig. 4). The contribution of 
fibres to the total mass flux was 97 % (152.7 μg/m2/day) at 50 m, 22 % 
(342.3 μg/m2/day) at 100 m and 100 % at 150 m. At 100 m, 78 % of the 
microplastic mass flux was from one large fragment. 

Fibres were the dominant anthropogenic particulate recovered in our 
samples with optical microscopy yielding a total suspected microplastic 
fibre count of 118, 78 and 48 from 50, 100 and 150 m depths respec-
tively. Spectral analyses confirmed 24 (20 %) of these fibres as micro-
plastic from the 50 m, 23 (29 %) from 100 m and 11 (14 %) from the 150 
m depth. Spectral analyses further identified 39 (33 %) fibres from the 
50 m, 26 (33 %) from the 100 m and 18 (38 %) from the 150 m depth as 
having cellulosic properties. Whilst these candidates met the visual 
criteria for microplastic, the distinction between semi-synthetics and 
natural cellulosic fibres is not conclusive and they were eliminated from 
the final counts of microplastic fibres. The remaining candidates yielded 
unidentifiable spectra, totalling 55 (47 %) from 50 m, 29 (37 %) from 
100 m and 19 (40 %) from the 150 m depth. The percentages of 
confirmed synthetic fibres from all identifiable fibres with a spectral 
match from each depth (38.09 %, 46.94 % and 37.93 % from the 50, 
100, and 150 m depths respectively) was applied to the unidentified 
fibres to extrapolate the likely total numbers of synthetic fibres in each 
sample. Consequently, of 118, 78 and 48 microfibres from the 50, 100 
and 150 m depth, 45, 37 and 18 fibres are deemed to be microplastic 
respectively. Once corrected for contamination, 42, 34, and 15 micro-
plastic fibres were included in flux calculations from the 50, 100 and 
150 m depth respectively. 

Fragments were far less abundant than fibres, with a total of 14 
meeting visual microplastic criteria across the three depths. Of 11 
fragments from the 50 m depth optically identified, 7 were confirmed as 
microplastic via spectral analyses and 4 were unidentified. Of 3 optically 
identified fragments at 100 m, 1 was confirmed as microplastic, and 2 
spectra were unidentified. 

3.4. Polymer composition and characteristics 

Samples collected at the 50 m depth showed the greatest variability 
in size of microplastic. The flux of microplastics at the smallest classified 
size (50–100 μm) was 6.7 % at 50 m, whilst we neglected to quantify any 
microplastics of this size within the 100 m and 150 m flux. Although 
synthetic fibres are characterized by narrow widths (10–20 μm) their 
lengths can vary extensively, up to several μm or even cm (Lusher et al., 

2020; Ross et al., 2021; Vassilenko et al., 2021). This feature makes fi-
bres prone to entanglement and retention on filters of various porosities, 
especially in samples with high particle loads. Indeed, in our samples, 
fibres comprised the majority of suspected microplastics, despite the use 
of 45 μm mesh, however short and/or thin fibres could be overlooked. 

The most common microplastic size based on feret maximum was 
1001–5000 μm, equating to 52.3 % of the total microplastics sampled 
across all depths, followed by 301–1000 μm which totalled 26.2 % 
across depths. The 150 m traps showed the least variability in size, with 
no microplastics smaller than 300 μm or >5000 μm detected (Fig. 5). 
The mean maximum feret diameter of microplastic significantly differed 
with depth (ANOVA, F = 3.385, p = 0.04). A post hoc Tukey’s test 
showed microplastic at 100 m, which had the largest maximum feret 
diameter of 2670 μm ± s.e 622, was significantly larger than that at 50 
m (1209 μm ± s.e 237; p = 0.03) but not significantly larger than at 150 
m (1551 μm ± s.e 761; p = 0.31). 

The 50 m depth displayed the greatest variability in terms of polymer 
type (9 polymers identified), whilst the 150 m depth showed the least 
variability (4 polymers). Cellulosic fibres yielded the highest abundance 
at each depth (52–62 %). Polyester was the most abundant synthetic 
fibre type with a total of 43 identified across all depths (27–32 % at each 
depth), followed by polypropylene with 10 fibres across all depths (4–7 
% at each depth). Only 1 polyamide fibre was among the microplastic 
detected, found at 100 m depth and only 1 polyethylene microplastic 
was found, which was at 50 m depth (Fig. 7). Paints/varnishes (50 %) 
were the most abundant fragment type, with 4 of the 8 identified frag-
ments being categorised as such. For microplastic fibres, blue was the 
most common colour (34 %), followed by transparent (30 %), black (22 
%) and orange (4 %). Yellow, brown, green, pink and the mixed group 
were least common (2 % each). For microplastic fragments 50 % (4) 
were blue, 25 % (2) were green, 12.5 % (1) was orange and 12.5 % (1) 
silver. Diverseness in colour of fibres and fragments was highest at the 
50 m depth with 7 colours identified compared to 5 at 100 m and 150 m 
(Fig. 6). 

Three of the nine identified polymers (polypropylene, polyethylene 
and polystyrene) had a density lower than or equal to the in-situ 
seawater density, whilst six had a greater density than surrounding 
seawater (Fig. 7). Of positively or neutrally buoyant polymers, poly-
propylene was found across all depths, rubber was found at 50 m only 
and polystyrene at 150 m only. There was no trend of buoyant polymers 
being more prominent nearer the surface. 

Fig. 4. Left: Total microplastic (MP) flux (pieces/m2/day) of fibres and fragments at each measured depth. Right: Total microplastic mass flux (μg/m2/day) of fibres 
and fragments at each measured depth. In both cases, light blue depicts fibres, and dark blue depicts fragments. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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4. Discussion 

Using a combination of a floating sediment trap array aligned with 
optical microscopy and Raman spectroscopy, we estimate the summer 
vertical flux of microplastic with a lower detection limit of 45 μm, at 
different depths off the northern coast of the sub-Antarctic island of 
South Georgia, in the Southern Ocean. We found a 69 % decrease in 
microplastic flux from 50 m (306 pieces/m2/day) to 150 m (94 pieces/ 
m2/day). No previous studies have investigated the in-situ vertical flux 
of microplastic in the Southern Ocean. However, Saarni et al. (2021) 
estimated a summer flux of 131 pieces/m2/day just above the sediment- 
water interface (water depth 11 m) of lake Haukivesi, Eastern Finland. 
Additionally, Reineccius et al. (2020) determined a mean microfibre flux 
rate (including cellulose based fibres) of 94 fibres/m2/day in the North 
Atlantic Subtropical Gyre with moored sediment traps at 2000 and 3000 
m. Galgani et al. (2022) with a floating sediment trap array in the North 
Atlantic, also calculated a microplastic mass flux between 120 μg/m2/ 
day (300 m) and 1700 μg/m2/day (100 m). We calculated a microplastic 
mass flux in the same order of magnitude in the Southern Ocean, also 
finding the total microplastic mass flux was greatest at 100 m (1550 μg/ 
m2/day). However, the mass flux at this depth in our study was biased by 
one large fragment, as discussed later. 

Overall, the 50 m trap contained the highest abundance of micro-
plastic in each of the smaller size categories <1 mm. A lack of small 
particles reported at the ocean surface has led to the widespread state-
ment that 99 % of microplastic smaller than 1 mm is essentially ‘missing’ 
(Cózar et al., 2014; Eriksen et al., 2014), though this has been recently 
debated (Weiss et al., 2021). Here we show the vertical flux of micro-
plastic, especially in the upper 50 m of the water column, is a conduit for 
plastics of these smaller size categories. Our findings align with regional 
modelling studies e.g., Mountford and Morales Maqueda (2021) and 
Wichmann et al. (2019) which postulate that the majority of micro-
plastic in the Southern Ocean will be concentrated within the top 55–60 
m, below the very surface. 

We also found that the dominant polymer type (polyester) at each 
depth was denser (1.38 g cm− 3) than surrounding seawater (1.03 g 
cm− 3). Whilst much less abundant, we observed positively/neutrally 

buoyant microplastic through to the deepest depth (polypropylene 0.95 
g cm− 3, polystyrene 1.03 g cm− 3). These microplastic types may be 
drawn down to depths beyond their neutral buoyancy in areas of strong 
surface mixing and can be drawn down to depths of many hundreds of 
meters (Mountford and Morales Maqueda, 2021). Equally, polymers 
denser than seawater can be widely found in the upper water layer, e.g., 
Suaria et al. (2020a, b), as we go on to discuss. 

Biological processes such as biofouling and zooplankton grazing 
could promote the flux of microplastic regardless of their density. For 
instance, zooplankton may incorporate microplastic in their fast-sinking 
faecal pellets (Bergami et al., 2020; Cole et al., 2016; Coppock et al., 
2019). In-situ ingestion of microplastic in this region by krill, a key 
zooplankton species of the Southern Ocean ecosystem, has recently been 
confirmed (Wilkie Johnston et al., 2023) and the incorporation of 
microplastic into their faecal pellets has already been demonstrated in 
laboratory exposures (Bergami et al., 2020; Dawson et al., 2018). The 
high flux of microplastic at 50 m, just above the well mixed layer, cor-
responds to the preferred feeding zone for zooplankton (Ward et al., 
2012). 

The presence of sediment particles can also enhance the downward 
transport of both buoyant and negatively buoyant microplastic through 
the water column, due to aggregation or scavenging of microplastic by 
sediment. Pohl et al. (2020) exploring the role of turbidity currents in 
transporting microplastics concluded fibres are more homogeneously 
distributed throughout an artificial turbidity current compared to frag-
ments, yet resultant deposits have an opposing trend with fibres being 
more abundant than fragments. They attribute this to fibres being more 
easily trapped between settling sediment particles than fragments. 
Further, Serra and Colomer (2023) show in a controlled environment 
that fast-settling sediment particles can scavenge slower-settling 
microplastics, drawing them down through the water column with 
scavenging being greater in calm zones compared to zones with high 
mixing. Differences in the vertical transport of microplastics between 
calm and turbulent waters is something that needs addressing further. 
Francalanci et al. (2021) provide a new method to predict the sinking 
velocity of plastic particles to further understanding of the vertical 
transport of microplastics in marine environments. However, they also 

Fig. 5. Size distribution of items identified as microplastic by Raman spectroscopy based on maximum feret diameter (μm). Fibre proportions are uncorrected for 
contamination (n = 3 fibres per depth). Traps are grouped by deployment depth (m). N = 65 across depths (one fragment excluded due to breakage). 

E. Rowlands et al.                                                                                                                                                                                                                              



Marine Pollution Bulletin 193 (2023) 115117

8

Fig. 6. Left: Total percentage of particles/fibres identified via Raman microscopy at each depth categorised by material from all identified microplastic spectra (n =
66). Right: Colour categorisation of particles and fibres identified as microplastic by Raman spectroscopy. Fibre proportions are uncorrected for contamination (n = 3 
fibres per depth). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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note that the approach is currently restricted to particles in quiescent 
fluids and that in the case of turbulent conditions, the sinking velocity 
may be significantly altered. An important future step in understanding 
the vertical transport of microplastics in the Southern Ocean will be to 
account for the turbulent conditions in a more complex transport model. 

Fibres dominated the microplastic flux at each depth (92 % of total 
microplastic) in our study. The attributes of fibres i.e., small gravita-
tional mass, linear shape and high flexibility, means fibres readily 
respond to movements in their surrounding medium (Bagaev et al., 
2017; Chubarenko et al., 2018). Consequently, the hydrodynamics of 
fibre motion can be more complicated than for fragments, and fibres are 
particularly susceptible to environmental influences that can keep them 
suspended in the water column. For example, Khatmullina and Chu-
barenko (2021) demonstrated that convective mixing in a laboratory 
environment altered the sinking behaviour of negatively buoyant fibres, 
with their motions becoming unsteady, leading to a reduced downward 
flux. The reduction in downward flux was attributed to fibres following 
circular motions of a convective cell. Fibres caught in a cyclic transport 
mechanism would align with our results of a decreasing flux at depth. 

In the nearshore surface waters of South Georgia (King Edward 
Cove), Buckingham et al. (2022) determined that fibres accounted for 
49.2 % of microplastic while Cunningham et al. (2020) found fibres 
contribute to 39 % of microplastic from deep sea sediment cores in three 
Antarctic regions including the bays and continental shelves of South 
Georgia, South Sandwich Islands and the Antarctic Peninsula. Whilst 
different environments, collection methods and analytic techniques 
must be considered, our findings indicate that the proportion of fibres 
versus fragments flux in the water column (92 % fibres) differs to the 
concentration at the sea surface and within marine oceanic sediments, 
highlighting once again the presence of different biotic and abiotic 

driver mechanisms. 
Buckingham et al. (2022) calculated the potential annual release of 

microfibres from ships and stations within Cumberland Bay, South 
Georgia to be between 8.6 and 36.8 million. However, it should be noted 
that ships are prohibited from expelling grey water (domestic waste, 
including laundry effluence) into the marine environment within 12 
nautical miles of the South Georgia coast. We found polyester was the 
most abundant polymer of our microplastic fibres. From sediment cores 
in the region, Cunningham et al. (2020) also found polyester, commonly 
used in the fishing industry, to be the most abundant microplastic fibre 
polymers. For fragments, paint/varnish dominated the identifiable 
polymers (50 %) reflecting the widespread application of polymer-based 
varnish for protective coatings of surfaces, including ships (Lacerda 
et al., 2019). Other studies in the Southern Ocean also highlight the 
emergence of a new subset of paint polymers from antifouling paint (e. 
g., Lacerda et al. (2019); Suaria et al. (2020b)). This raises cause for 
concern due to the presence of toxic additives to the antifouling paint 
such as metals and booster biocides used to prevent the growth of or-
ganisms (Soroldoni et al., 2017). 

The sampling location of King Edward Cove, within Cumberland 
Bay, is subject to a relatively high level of vessel traffic with 105 vessels 
visiting during the same year in which sampling for this study took 
place. This includes passenger and research ships, private yachts as well 
as fishing vessels (Government of South Georgia and the South Sandwich 
Islands Annual Visitor Report July 2018 to June 2019), all of which can 
contribute to local microplastic sources. Most vessels visit the region 
during the austral summer, coinciding with sampling period. Relatively 
little is known about the small-scale currents around South Georgia, and 
therefore retention in the bay is unknown. However, local inputs of 
microplastics in this relatively enclosed bay (with potentially slow 

Fig. 7. Density (g cm− 3) of microplastic fibres and fragments at each depth (m), categorised by polymer type and size (maximum feret diameter, μm). Vertical blue 
line = calculated in-situ seawater density 1.03 g cm− 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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turnover relative to the open ocean) may be substantially higher than in 
the open ocean where local sources have previously been deemed too 
low to account for the level of microplastic pollution detected (Waller 
et al., 2017). 

To understand the fate of microplastic in the ocean and work towards 
a global microplastic budget, it is suggested that quantitative micro-
plastic flux data (g/m2/year) are required across a range of environ-
ments (Harris, 2020). Here we show that although the abundance of 
microplastic flux decreased with depth when considered as pieces/m2/ 
day, the total microplastic mass flux was greatest at 100 m (1550 μg/m2/ 
day), two orders of magnitude higher than at 150 m. Our findings also 
highlight the importance of providing both abundance and mass data, 
since microplastic mass flux can be easily skewed by just a small number 
of large microplastics. For example, just one fragment within the 100 m 
trap increased the total microplastic mass flux by 78 %. To advance our 
understanding of the vertical flux of microplastic in the Southern Ocean, 
a combination of multiple short term floating sediment traps deployed 
across multiple seasons, and long-term moored sediment traps at both 
near shore and open ocean locations, pre-selected based on environ-
mental properties (e.g., currents, sea ice) and anthropogenic activities 
(e.g., shipping lanes, proximity to research search stations), is required. 
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