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Urban and highway surfaces discharge polluted runoff during storm events. To mitigate environmental
risks, stormwater retention ponds are commonly constructed to treat the runoff water. This study is the
first to quantify the retention of microplastics in the sediments of such ponds. It applied state-of-art FTIR-
methods to analyse the composition, size, shape, and mass of microplastics in the range 10e2000 mm.
Seven ponds serving four land uses were investigated, and the results are related to catchment char-
acteristics, sediment organic matter content, and hydraulic loading. We have not found a correlation
between the microplastics abundance, polymer composition, size distribution and the land use in the
catchment, as well as the sediment organic matter content. Both the highest (127,986 items kg�1;
28,732 mg kg�1) and the lowest (1511 items kg�1; 115 mg kg�1) accumulation of microplastics were found
in the sediments of ponds serving industrial areas. There was, however, a correlation to the hydraulic
loading of the ponds, where the sediments of the highest-loaded ponds held the most microplastics. This
study shows that sediments in stormwater retention ponds can trap some of the microplastics and
prevent them from being transported downstream. These systems need to be considered when assessing
the fate of microplastics from urban and highway areas.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Plastic has become ubiquitous in the environment due to the
continuous increase in its production (PlasticsEurope, 2018); and
its inherent resistance to degradation (Koelmans et al., 2019;
Windsor et al., 2019). Currently, an estimated 4.8e12.7 million
metric tons enter the oceans annually (Jambeck et al., 2015). The
role of microplastics (MPs) as part of plastic pollution has recently
received scientific, public, and political attention. Compared with
larger plastic debris, MPs have a higher surface-to-volume ratio,
leading to an increased potential to release additives and adsorb
organic chemicals (Velzeboer et al., 2014; Zhan et al., 2017;
Hahladakis et al., 2018). Investigation of MPs in freshwater and
terrestrial environments began quite recently (Eriksen et al., 2013).
Since then, studies on freshwater-related MPs began to emerge,
and wastewater treatment plants (WWTP) have been well-
documented as point sources (McCormick et al., 2014; Talvitie
et al., 2017; Simon et al., 2018). In addition, urban and highway
e by Dr. Sarah Harmon.

r Ltd. This is an open access article
stormwater runoff is known to be a land-to-sea pathway for MPs,
although it has received substantially less attention in terms of
experimental studies (Auta et al., 2017). One of the few such studies
shows that MP concentrations in urban and highway runoff could
be related to how land in the drained catchment is used (Liu et al.,
2019b).

Before discharging the runoff, an increasing portion of storm-
water runoff is treated by sustainable stormwater management
technologies such as stormwater retention ponds (Hvitved-
Jacobsen et al., 2010). The runoff is drained into the pond and
held from days to weeks before discharge, allowing pollution
removal processes to occur. Sorption and degradation are the
dominant processes for eliminating soluble pollutants like biocides
and pharmaceuticals (Minelgaite et al., 2017; Liu et al., 2019a). For
particulate materials, sedimentation and deposition are the main
removal mechanisms. For these processes, the size, shape, and
density of particles are critical parameters, as they affect directly
the particle movement in water and determine their final deposi-
tion (Hvitved-Jacobsen et al., 2010). For synthetic particles, the
formation of biofilm on the surface can further promote the particle
deposition, which makes sedimentation occur even for low-density
polymers (Rummel et al., 2017; Harrison et al., 2018). With their
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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retention, sediments can largely reduce the mobility of MPs in
water, hence decrease the transportation to another water envi-
ronment. However, accumulation in the sediments protects MPs
from solar UV light, which leads to the deposited MPs becoming
less degraded compared to those subjected to direct UV exposure
(Andrady, 2017; Da Costa et al., 2018). Therefore, retained MPs can
accumulate in the sediments over the years, until the sediments
eventually are removed, de-watered, and sent to a soil treatment
facility for further processing (Hvitved-Jacobsen et al., 2010).

MPs found in sediments, typically collected as a grab sample by
various means such as Van Veen grabs (Di and Wang, 2018; Haave
et al., 2019), shovels (Wang et al., 2017), spatulas (Abidli et al.,
2018), and sediment corers (Vaughan et al., 2017), can be under-
stood to comprise a long-term average of MPs. The analytical
methods for MPs identification and quantification are less
straightforward, and the applied approaches vary substantially
(Van Cauwenberghe et al., 2015; Cabernard et al., 2018; Hartmann
et al., 2019). Over the later years, focal plane array (FPA)-based
micro-Fourier-Transform Infrared (mFTIR) microscopy combined
with automated image analysis has proven to be a comparatively
reliable method for MP quantification. This approach reduces the
bias caused by manual particle sorting and allows for robust
quantification of particles down to sizes of roughly 10 mm (Primpke
et al., 2017; Simon et al., 2018; Liu et al., 2019b).

The objective of this study was to quantify the retention of MPs,
in the range 10e2000 mm, in the sediments of stormwater retention
ponds. FPA-based mFTIR imaging was used to quantify MPs below
500 mm, and attenuated total reflectance (ATR)-based FTIR was
used to identify larger particles. We hypothesised that the accu-
mulation of MPs in pond sediments would correlate with catch-
ment characteristics, sediment characteristics, and hydraulic
loading. Seven ponds with drainage areas covering four land use
types were chosen for evaluation.

2. Material and methods

2.1. Sampling

Sediments were collected from seven stormwater retention
ponds in Denmark in March and April 2017. The ponds received
stormwater runoff from catchments of different land use. Three
served residential areas (R1, R2, R3), two served industrial areas (I1,
I2), one had a commercial catchment (C1), and one received runoff
from a highway (H1). Six of the ponds were around 10 years old.
One pond was much older, but had its sediments dredged some
10e15 years ago (Table 1).

The sampling was done in dry weather, with an antecedent dry
Table 1
Overview of stormwater ponds, their catchments, and the organic matter content of the

Site City Coordinate (N,
E)

Hydraulic loading: catchment impervious
area per pond surface area (m2/m2)

Catchmen

R1 Silkeborg (56�11039.800 ,
9�32057.900)

71000/4000 Residenti
Construct

R2 Aarhus (56�10018.400 ,
10�05049.900)

426000/11880 Residenti

R3 Aarhus (56�10018.400 ,
10�06022.600)

466000/11900 Residenti

I1 Aarhus (56�10049.000 ,
10�07058.400)

109000/7460 Light ind

I2 Viborg (56�28029.300 ,
9�24043.300)

698000/6500 Light ind
Dredged

C1 Aarhus (56�08041.800 ,
10�08012.200)

190000/6050 Commerc

H1 Aarhus (56�13013.900 ,
10�07043.500)

48000/5540 Highway
weather period of at least two days. Samples were taken at 1m
water depth using a Van Veen bottom grab sampler and stored in
1 L glass jars. The jars were closed with non-sealing glass lids. Only
the top 5 cm of the sediments were collected from each grab. At 1m
water depth, deposited sediments are not prone to wind-induced
re-suspension (Bentzen et al., 2009) and sediment accumulation
rates can be expected to range between 0.7 and 1.6 cm y�1 (Damrat
et al., 2013; Szmytkiewicz and Zalewska, 2014). Hence the samples
are expected to represent the long-term average of approximately
3e7 years of sediment accumulation. For each pond, samples were
collected the same day from three randomly locations; sediments
from the same pond were combined and analysed as one sample
(Wang et al., 2018). A minimum of 3 L of sediments was collected
from each pond. All samples were immediately transferred to the
laboratory and stored at 5 �C until analysis. Sediment organic
matter content was determined by the weight loss on ignition
(LOI): the dried sediments were placed into a muffle furnace and
heated to 550 �C for 4 h (Hurley et al., 2018).

2.2. Sample processing

The isolation of MPs from the sediments followed a method
derived from Masura et al. (2015) and Mintenig et al. (2017). First,
particles larger than 2mm were removed from the 3 L of the wet
sediments by wet-sieving, using a 2mm sieve (Retsch GmnH,
Germany). The wet-sieving used 1.2 mmGF filtered Milli-Q water
(47mm in diameter, Whatman), and the sieved sample was
collected in 5 L glass beakers. To reduce the largewater volume that
resulted from the wet-sieving, the collected samples were settled
for one week, after which the supernatant was filtered through a
10 mm stainless steel mesh (47mm in diameter, laser-cut from
larger filter sheets, Filtertek A/S, Denmark). The filter was then
collected in a glass beaker containing 20e30mL Milli-Q water and
sonicated for 15min. Particles remaining on the filter were carefully
flushed into the solution and transferred back into the 5 L beaker
containing the settled sediments.

Sediments contain aggregates of organic matter and the fine
inorganic particles which can trap MPs. This could reduce the
extraction efficiency of the density separation as such agglomer-
ated particles can have densities close to sand and clay, and hence
lead to a loss of MPs (Kooi et al., 2018). To avoid this bias, the
sediments went through a pre-oxidation designed to reduce the
organic matter content and open up the matrix before the density
separation. Peroxide-based treatment has proven efficient for
organic matter removal, and a concentration of 30% H2O2 has
commonly been used for such treatment (Hurley et al., 2018).
However, prior to processing the pond samples, initial tests on the
sampled sediments.

t type Organic matter
(% dry weight)

al with single-family houses and part of an orbital road.
ed: 2008

1.01

al with single family houses. Constructed: 2005 2.10

al with single family houses. Constructed: 2005 3.26

ustry. Constructed: 2007 3.61

ustry, commerce, do-it-yourself shops. Constructed before 1995.
for sediments approx. 10e15 years before sampling

8.96

ial (shopping centre), some residential use. Constructed: 2008 1.13

. Constructed: 2009 2.30
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same matrix had shown that the use of 30% H2O2 can lead to an
uncontrolled exothermic reaction and gas production for storm-
water pond sediments, which may potentially cause loss of MPs.
Hence the sediment samples were divided into several smaller
batches, which each underwent oxidation at a lower peroxide
concentration. Briefly, approx. 50 g of wet sediments were sub-
sampled from the sieved sediments and placed in a 2 L glass beaker.
The beaker was filled with 200mL Milli-Q water before adding
30mL of 30% H2O2 (achieving a final H2O2 concentration of 4%),
thus achieving a diluted peroxide solution. The reactor was kept at
50 �C by placing it on a heating plate and gently stirring it. The
temperature was monitored and, in case the solution overheated
due to the exothermic oxidation reaction, the beaker was placed in
an ice-water bath until the thermal reaction slowed down. The
oxidation was continued by adding another 30mL of 30% H2O2
every 24 h, until no foaming was observed when adding peroxide.
The pre-oxidized sediments were transferred onto a glass dish and
dried in an oven at 50 �C. This procedure was repeated until all 3 L
of sediments had been processed. The dried sediments were
combined and subjected to further oxidation with 15% H2O2 on a
heating plate (50 �C) for 7 days. Temperature wasmonitored during
the oxidation. Subsequently the sediments were oven-dried at
50 �C.

A sub-sample of 200 g dry sediments underwent density sepa-
ration using 1.5 L of zinc chloride solution (1.97 g cm�3), and the
MPs abundance was quantified based on this dry weight. The
separation was performed twice in a 2 L glass funnel. In the first
separation, the mixed solution was aerated with dry and dust-free
compressed air for 1 h and allowed to settle for 5 h. The settled
particles were drained off through the bottom of the funnel. In the
second separation, the solution was aerated for 30min and left to
settle overnight, after which the settled particles were again
drained off. The remaining liquid was filtered through a 10 mm
stainless steel filter. The pre-oxidation e intended to open up the
matrix prior to density separation e was insufficient to remove all
organic matter. The collected particles hence underwent a Fenton
reaction by adding 146mL 50% H2O2, 63mL of 0.1M FeSO4, and
65mL of 0.1M NaOH (Simon et al., 2018). The reaction was kept at
15e19 �C by putting the reactor on ice. After the reaction had
slowed down sufficiently, the reactors were left for 2 days at room
temperature. After that, the liquid was filtered through a 500 mm
stainless steel sieve, followed by a 10 mm steel filter. The particles
remaining on the sieve (500e2000 mm) were collected, dried at
50 �C, and analysed with ATR-FTIR. Particles on the steel filter
(10e500 mm) were collected into HPLC grade ethanol by ultra-
sonication, then transferred into a glass vial and evaporated by
nitrogen (N5.0) until dry. Finally, 5mL of 50% ethanol was added to
the vial.

2.3. MP identification and quantification

MPs <500 mm were analysed as described in Liu et al. (2019b)
and Simon et al. (2018), yielding major dimension, minor dimen-
sion, and estimated mass for each particle. Briefly, a sub-sample of
the 5mL particle concentrate was deposited on a zinc selenide
window, where a compression cell (Pike Technologies, USA) was
used to restrict the surface to a diameter of 10mm. The window
was dried at 55 �C and scanned at a pixel resolution of 5.5 mm
(mFTIR imaging), using a Cary 620 FTIR microscope coupled with a
Cary 670 IR spectrometer (Agilent Technologies). The microscope
used a 15x Cassegrain objective and a 128� 128 Mercu-
ryeCadmium-Telluride (MCT) FPA detector. The resulting IR maps
were analysed using MPhunter (Liu et al., 2019b). The wavenumber
range was 900e3750 cm�1. The library used by MPhunter con-
tained 113 reference spectra, organized into 29 material groups:
ABS (acrylonitrile butadiene styrene), acrylic, acrylic paints, alkyd,
aramid, cellulose acetate, diene elastomer, EPDM (ethylene pro-
pylene diene monomers), epoxy, EVA (ethylene vinyl acetate), PA
(polyamide), PAN Acrylic fibre (polyacrylonitrile), PE (poly-
ethylene), Pebax®, PEG (polyethylene glycol), phenoxy resin, PLA
(polylactic acid), polycarbonate, polyester, POM (polyoxy-
methylene), PP (polypropylene), PS (polystyrene), PTFE (poly-
tetrafluoroethylene), PU (polyurethane), PU paints (polyurethane
paints), PVA (polyvinyl alcohol), PVAC (polyvinyl acetate), PVC
(polyvinyl chloride), SAN (styrene acrylonitrile), SBR (styrene
butadiene rubber), and vinyl copolymer. In addition, to reduce the
risk of false-positive detections, the database contained cellulose
and proteinaceous material. Three replicates from the 5mL particle
concentrate were sub-sampled, deposited, scanned by mFTIR, and
analysed by MPhunter. The results of the 3 scans were combined
and interpreted as the final result (Liu et al., 2019b).

MPs >500 mmwere visually sorted with ultra-fine micro forceps
under a stereomicroscope (Stereo Discovery V8, Zeiss, Oberkochen,
Germany). The chemical composition of each potential MP particle
was confirmed with ATR-FTIR (Cary 630 FTIR Spectrometer, Agilent
Technologies, equipped with a single reflection diamond ATR
crystal). Spectra were collected over the wavenumber range
650e4000 cm�1. The particles were analysed by 32 co-added scans,
with a background correction of 64 co-added scans and a resolution
of 8 cm�1. The spectra of samples were analysed using OMNIC 8.3
software (Thermo Fisher Scientific, Madison, WI, USA) software by
comparing them to the several reference polymer libraries,
including the spectral library developed by JPI-OCEANS, BASEMAN
(Primpke et al., 2018). The sample’s polymer type was determined
by a combination of the best-fitted spectra and the expertise of the
operator on interpreting polymer IR spectra. Each identified parti-
cle was measured in both its major and minor dimensions, using
the stereomicroscope’s software (ZEN Core, Zeiss, Oberkochen,
Germany). The mass of the particle was estimated based on the
same assumptions used for particles <500 mm: first, the volume
was estimated while assuming that the thickness was 67% of the
minor dimension and that the particle had an ellipsoid shape. The
mass was estimated from the volume and density of the polymer
material. Car tyre rubber could not be identified by the FTIR tech-
niques, as it contains carbon black as a filler, which absorbs light
throughout the infrared region (Kole et al., 2017).

2.4. Experimental quality control

To minimize contamination during sample processing, only
glass, stainless steel, and PTFE-coated labware was used. PTFE was
excluded in this study, as it has a density of 2.2 g cm�3, and these
particles hence would be drained off with the inorganics in the
density separation. All labware was flushed with Milli-Q water
beforehand and covered with a watch glass or aluminium foil
immediately after each treatment step. Sieves and steel filters were
muffled at 500 �C. Cotton lab coats were worn during all process
steps. Samples were processed inside a fume hood whenever
possible, and the air of the FTIR room was continuously filtered by
an air treatment device (Dustbox® Hochleistungsluftreiniger, Ger-
many) with a HEPA filter (H14, 7.5m2). All open containers were
covered with watching glass or aluminium foil. Even so, contami-
nation could still occur from cloth, lab dust, etc. (Woodall et al.,
2014; Dris et al., 2017). Hence, the background contamination
from the sample processing was assessed by use of three blanks.
Washed and muffled (500 �C) sand of 75e1000 mm (Baskarp Sand
No. 15) was used. The blanks went through the same processes
described for the sediment samples.

Recovery was tested in triplicate for the density separation step
by spiking 300 items of red 100 mmPS beads (Sigma-Aldrich,
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product no. 56969) into 200 g themuffled sand (Fig. S1). The spiked
sand went through the separation following the steps described
above, and the 10 mm stainless steel filters were investigated under
a stereomicroscope and the beads counted.

2.5. Statistical analysis

The Shapiro-Wilk normality test was used to test the normality
of datasets. All statistical analysis was performed in R (v3.5.1), and
the significance level in all cases was set to 0.05.

3. Results

3.1. Background contamination and recovery

For each of the three blank samples, a sub-sample of 400 mL was
deposited and scanned. Only five MPs were found in total in the
blanks. All were of PE with a summed estimated mass of 17.5 ng.
This corresponds to 20.8 items and 72.9 ng per sample processing.
Compared to some other studies, the slightly higher MP number in
the blanks could be explained by the different MP identification
and quantification method applied. For instance, Yang et al. (2019)
and Allen et al. (2019) both found< 10 items in the procedural
blanks. But they used manual sorting in their study, which could
introduce human bias and lead to an underestimation of MPs
especially for particles <500 mm (Hidalgo-Ruz et al., 2012). In the
present study, all MPs found in the blanks were between 16.5 mm
and 75.1 mm, and could easily have been missed if manual sorting
had been applied instead of automated analysis. Compared to the
studies applying a similar MP analysis method, the contamination
in the present study was much lower. For instance, Simon et al.
(2018) stated that 2110MPs (84 mg) had been found, while
Mintenig et al. (2017) reported that 21 particulate and 130 fibrous
MPs were detected in their blanks.

Since the blank tests were conducted o muffled sand, the
contamination is related to the inorganic fraction of the processed
sample. As 200 g of dry sediments were processed, the contami-
nation accounted for 104 items kg�1 and 0.36 mg kg�1, which cor-
responded to 1% and 0.02% of the average MP number and mass
concentration of the field samples, respectively (Table S1). This was
lower than the 6.8% reported by Su et al. (2016). Since the back-
ground contamination is subject to variation (Scheurer and Bigalke,
2018), and to avoid unknown biases and simplify data interpreta-
tion, the results were not corrected for this background
contamination.

The density separation showed a recovery of 66± 5.6%. For
comparison, Olesen et al. (2019) found a quite similar recovery
(64%) for extraction of MPs from stormwater pond sediments. It
should be noted that the actual recovery rate could differ from this
value. One reason is that some of the microbeads e although
recovered by the separation e were covered by other materials on
the filter (Fig. S1). Another reason is that microbeads probably
behave differently from the polymers found in the field samples
because polymer types, shapes, and size differ. Hence to avoid these
unknown biases, the results were not corrected by the recovery
rate.

3.2. MP abundance and size

Various studies have shown that MP abundancy in terms of
particle number increases with decreasing size (Mintenig et al.,
2017; Cabernard et al., 2018; Simon et al., 2018). However, re-
ported studies have applied different sampling methods and
analytical techniques to different targeted size ranges (Hartmann
et al., 2019). These differences make the reporting of MP
abundancy challenging and complicate inter-study comparisons
(Hartmann et al., 2019; Liu et al., 2019b). In this study we choose an
upper cut-off in particle size of 2mm as the number of large par-
ticles in the samples was low (Horton et al., 2017), and the finding
of single large particles would be quite random, introducing a large
bias in the mass estimate (Simon et al., 2018). The lower size limit
set to 10 mm as this was the pore size of the gliters used in the
sample preparation. MP abundancewas reported by theMP’s major
dimension, which was classed into size ranges that are commonly
used in other studies (Leslie et al., 2017; Vaughan et al., 2017; Peng
et al., 2018; Zhang and Liu, 2018). Five unevenly distributed frac-
tions were used: 10e50 mm, 50e250 mm, 250e500 mm,
500e1000 mm, and 1000e2000 mm (Fig. 1).

A total of 2232 particles were identified as MPs among all
analysed samples, among which 1135 items were within the size
range of 10e50 mm, while only 5.3% (118 items) were above 250 mm
(Fig. 1A). The highest number concentration was found in the
fraction of 10e50 mm (8894 items kg�1), while the lowest was in
the fraction of 500e1000 mm (118 items kg�1, Fig. 1B). In contrast,
these two fractions had the lowest and highest mass concentration
(43 mg kg�1 and 1054 mg kg�1, respectively, Fig. 1C), which was quite
expectable as number of particles increase with decreasing particle
size. The accumulated particle number and mass concentration
from all size classes were 17490 items kg�1 and 3085 mg kg�1,
respectively. Comparing with other freshwater-related studies, the
overall particle number concentration found was generally several
orders of magnitude higher. For instance, MP concentration in river
sediments from Shanghai was found to be 802 items kg�1 (Peng
et al., 2018), while it ranged from 178± 69 to 544± 107 items
kg�1 in sediments from the Beijing River littoral zone (Wang et al.,
2017). Nel et al. (2017) reported that MPs were present at an overall
average concentration of 160.1± 139.5 items kg�1 in a South Afri-
can temperate urban river system during winter.

There are several possible reasons for the differences in MPs
number concentrations. One is that some studies used less dense
solutions, such as NaCl and CaCl2 (1.2e1.3 gmL�1), to separate MPs
from the inorganics. Such density is insufficient to extract high-
density polymers such as PVC or polyester (Van Cauwenberghe
et al., 2015; Leslie et al., 2017; Scheurer and Bigalke, 2018). In the
present study, the high-density polymers constituted 13.5% of all
MPs (244 polyester and 57 PVC, Table S2). Another reason is related
to the different particle cut-off size applied. This study used 10 mm
as the lower limit of detection, which is smaller than the sizes re-
ported by most other studies. For instance, Horton et al. (2017)
investigated MPs in the sediments of the River Thames (UK) and
found 660 items kg�1 of 1e4mmMP. A range of 18e629 items kg�1

of MPs was found in the Antu~a River, Portugal, using 55 mm as the
cut-off size (Rodrigues et al., 2018). However, the present study
showed that particles <50 mm constituted more than half (1135
items) of all MPs. Another difference relates to the analytical
detection method. Other studies have applied manual sorting of
particles under a microscope, followed by a material verification of
the collected particles. The present study applied mFTIR imaging
combined with automated MP identification, a method that mini-
mizes false negatives and reduces human bias in the analytical
procedure (L€oder et al., 2017; Primpke et al., 2017). Finally, the
sampledmatrices do of course differ, and it cannot be expected that
sediments from stormwater retention ponds should hold the same
concentration of MPs as, for example, river sediments.

Compared to the few cases where mass concentrations have
been reported, the mass concentrations of the present study were
lower. This can be because of the vast majority of the identifiedMPs
were small-sized particles, which had less mass contribution
compared to larger particles in other studies. For instance, a Swiss
floodplainwas found to be contaminated byMPs at a concentration



Fig. 1. MP abundance in the sediments of the seven ponds. (A) shows the distribution of the 2232MP particles found; (B) the calculated number concentrations in the size bins; and
(C) the calculated mass concentration. The blue bars are the abundance in each size fraction, and the red lines show the corresponding accumulated abundance. (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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up to 55.5mg kg�1 (Scheurer and Bigalke, 2018), but the majority
(88%) of the MPs were larger particles of 125e500 mm.
3.3. Relation between MP abundance and pond characteristics

As climate conditions at the seven sites are similar, the ratio
between the impervious catchment area and the pond surface area
is used as a surrogate for their specific hydraulic loading (Table 1). A
positive correlation was observed between the pond hydraulic
loading and the MP abundance, both in particle number (Fig. 2A)
and mass concentration (Fig. 2B). Sediment’s organic matter con-
tent also showed a correlation towards the MP mass concentration,
but with less significance (P-value of 0.02, Fig. 2D). It should be
noted that the low number of sampled ponds might introduce
some uncertainty in the data interpretation and that the results
Fig. 2. The relationship between MP abundance and the pond hydraulic loading (left), and
particle number concentration (up) and mass concentration. The solid blue line represents th
regression, the coefficient of determination (R2), and the significance level (P) were presen
referred to the Web version of this article.)
hence should be handled with care. It is furthermore unknown to
what extent MPs are lost in other parts of the stormwater drainage
systems, such as deposition in gully pots that are regularly emptied
or accumulated in the soil of permeable surfaces such as ditches
and infiltration trenches. Therefore, the MPs accumulated in the
sediments of the ponds can only to a limited extent reflect the MP
abundance in the runoff. Despite these potential biases, the present
study still found a strong correlation between the MP abundance in
the sediments and the pond hydraulic loading (P-values for both
particle number and mass concentration< 0.005), yielding a
reasonable confidence in the found correlation.

The sediment MP concentrations showed no correlation with
the land use of their catchment, since the least and the most
contaminated sediments were both from ponds serving industrial
catchments, and the three residential ponds also had MP
the sediment organic matter content (right). The MP abundance are presented both as
e regression line. The confidence intervals (95%) are highlighted as grey areas. Both the
ted. (For interpretation of the references to colour in this figure legend, the reader is
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accumulation varying with one order of magnitude (Table S1). This
is in contrast with the findings of Liu et al. (2019b), who concluded
that such correlation did exist for the water phase of the same
seven ponds. Other freshwater-related studies reported that pop-
ulation density probably affected the MP pollution level in China’s
largest inland lake (Xiong et al., 2018), and for Laurentian Great
Lakes of the United States, the urbanization level also correlated
with the MP pollution (Eriksen et al., 2013).
3.4. Polymer composition, size, mass and shape

Analysis using MPhunter (Liu et al., 2019b) enabled MPs to be
assigned to one of the followingmaterial groups: PE, PS, PVC, PP, PA,
PU, polyester, ABS, epoxy, acrylic, SAN, vinyl copolymer, EVA, PVAC,
polycarbonate, phenoxy resin, EPDM, acrylic paint, PU paint, and
alkyd. Some of these polymers were not commonly detected and
hencewere gathered into a group of ‘others’ (ABS, epoxy, SAN, vinyl
copolymer, EVA, PVAC, polycarbonate, phenoxy resin, EPDM,
alkyd), which contained 70 items in total. Furthermore, acrylic
paint (17 items) and PU paint (9 items) were grouped with acrylic
and PU, respectively (Table S2).

PP clearly dominated in the ponds, in terms of both number and
mass of particles (Fig. 3). When sorted by particle mass, PS ranked
as the second most abundant polymer, followed by polyester, PE,
PU, PVC, others, and PA. However, when sorted by number of par-
ticles PA was the second most abundant polymer, followed by
polyester, PE, PS, PU, acrylic, others, and PVC. The high contribution
of polymers with low densities indicted that, particle density was
not the only factor determining MP sedimentation. But whether
this was a result of these materials simply being more abundant, an
increased density due to the formation of biofilms on the particles,
or a combination of various other factors cannot be determined by
the present study (Eerkes-Medrano et al., 2015; Rummel et al.,
2017).

Polymer density and particle size had a significant impact on the
abundance when comparing number versus mass of particles. For
instance, even though PVC was present at low numbers, its mass
exceeded that of PA and acrylic due to its higher density. Another
pronounced example is PA, which had the second highest number
concentration, but as the particle size was the smallest of the
polymers (Fig. S3B), it had the lowest mass concentration (Fig. 3).

The polymer composition of the seven ponds analysed was
comparable with results from other studies of freshwater sedi-
ments. For example, Thompson et al. (2004) find that acrylic, alkyd,
PP, PE, PA (nylon), polyester, polymethylacrylate, poly (ethylene:
Fig. 3. Polymer composition of the main polymers detected in the seven ponds. The
concentration is given as particle mass and number of particles.
propylene), and polyvinyl-alcohol were conclusively identified in
estuarine and sub-tidal sediments around Plymouth, UK. Polyester
was also commonly detected in river sediments in Shanghai (Peng
et al., 2018), and PP, PE, and PS were commonly found in river
sediments in Portugal (Rodrigues et al., 2018) as well as lake sedi-
ments in India (Sruthy and Ramasamy, 2017).

Low-density polymers (PP, PE) accounted for 65.2% by mass and
46.4% by the number of MPs identified overall (Fig. 3). Their
abundance in the sediments of the stormwater ponds, as well as in
many other sediment types previously reported (Klein et al., 2015;
Haave et al., 2019), suggests that density is not the only factor that
affects the distribution of polymers between water and sediments.
Simple sedimentation in calm water is not sufficient to explain MP
retention mechanisms. Other processes related to in-pond hy-
draulics, turbulence, and sediment organic matter may also have
impacted the distribution (Thompson et al., 2004; Nel et al., 2017),
as could aggregation with other particles, biofilm growth, and an-
imal uptake (Besseling et al., 2017).

The polymer composition varied significantly between ponds
(Fig. S2). For example, PVC was present in comparable concentra-
tions in the residential ponds (R1, R2, R3) and highway pondH1, but
it was rarely detected in commercial pond C1 and not detected at all
in industrial pond I1. Beyond this, ponds serving the same catch-
ment type did not hold similar distributions of polymers. PP
dominated in industrial pond I2, but constituted a much smaller
fraction of MPs found in I1. Among the residential ponds, polyester
dominated in R1, but PP was the most abundant polymer in R2.
These results are in contrast with previous findings for the water
phase of the same seven ponds. The water phase of the ponds
serving residential and highway catchment, as well as the ones
serving industrial and commercial catchments both had similar
polymer distribution patterns (Liu et al., 2019b). The reason here
fore is unclear, but could be related to the fact that water phase
concentrations represent short term MP concentration in the
runoff, while the sediments reflect accumulation over several years.

Stormwater retention ponds are physically close to the MP
source and receive surface runoff from a well-defined drainage
area. It hence seems reasonable to assume that their sediments
reflect the MP sources in the drainage area. A similar argument has
been brought forward by Rochman (2018), who states that
compared with the open ocean, MPs in freshwater and terrestrial
systems more readily reveal their original sources, because they are
direct receivers of treated and untreated urban, industrial, and
agricultural waste. In line with this argument, it seems reasonable
to believe that at least some of the MPs found in stormwater ponds
originate from the structures and activities in the catchment.
However, it cannot be excluded that some of the MPs found in the
ponds originated outside the pond drainage area, and had been
transported into it by atmospheric deposition (Free et al., 2014).
Hence the fact that PP was abundant in all sediments could be due
to its use in the drainage area, or it could simply be a consequence
of the fact that it is one of the most widely used polymers
(PlasticsEurope, 2018), and hence is abundant in atmospheric par-
ticles and deposited during dry and wet weather.

When grouping the MPs from all seven ponds into polymer
types, there was a clear trend of the median particle size of the
polymers: PVC> PP> others> acrylic> PS > PE> poly-
ester> PU> PA (Fig. S3, Table S2). This trend held almost true also
for particle mass, except that acrylic and ‘others’ switched place in
the ranking. When the MPs were grouped by ponds, there was also
a trend in the particle size: R1> I2> R2> I1> C1> R3>H1 (Fig. S3,
Table S3). This trend, though, did not correlate with land use, and
was also in contrast with the findings of the pondwater of the same
seven ponds (Liu et al., 2019b). MP mass in the ponds also followed
this trend, except that R2 had lower average particle mass than I1. A
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likely reason for this slight change is that pond R2 held a relatively
higher percentage of PP. PP is the polymer that had the second-
largest particle size (Fig. S3), whilst its low density pulled down
the average particle mass.

Particles identified by ATR-FTIR were mostly fragments (38
items) followed by film (6 items), whilst only one fiber and one
pellet were found (Fig. S4). The majority of the MPs in the smaller
size range (10e500 mm) were plump ellipsoids, with the median
value of the major to minor dimension ratio at 1.9 (Fig. S6). To
compare the shape between polymers, the major dimension was
plotted against the minor dimension and fitted to a linear model
(Fig. S5). PP particles were found to be the slimmest in shape,
where themajor dimension on averagewas close to three times the
minor dimension. Although this ratio on its own is not sufficient to
determine whether these were truly fibres, it is reasonable to as-
sume that compared to other polymers, PP particles had a higher
tendency to be fibres. PU particles were the plumpest in shape, with
the major dimension only slightly longer than the minor.

The shape of particles <500 mm in the present study was
determined based on the assumption that, all the particles were of
ellipsoid shaped (Simon et al., 2018; Liu et al., 2019b). This
assumption is a simplification made to allow mass estimation, and
the shape information only used for comparison between the
polymer types within this study. The shape of particles >500 mm
was an actual measurement by the stereomicroscope, and this
fraction can hence be compared with other studies. So did for
example Sruthy and Ramasamy (2017) e in contrast to the present
study e found that film and foam shapes dominated in sediment of
Vembanad Lake in India, whilst fibres were the most common
shape in Taihu Lake, China (Su et al., 2016). However, it is rather
complex to distinguish which specific factors drove the difference
in MP shape distribution, as it is a result of a combination of a
multitude of anthropogenic activities and environmental
processes.

Several important questions remain largely unanswered: What
causes the variation in particle shape and how it depends on
polymer types? What explains the variation in particle sizes in
between polymers and ponds? and within the same stormwater
retention pond, what causes the difference in polymer composition
between the water phase and the sediment phase? While this first
study on MPs in the sediments of stormwater retention ponds
raises at least as many questions as it answers, the results are an
important step towards a better understanding of MPs in urban and
highway runoff and the role of the retention ponds, which miti-
gatingMP pollution from downstream by retain them in sediments.

4. Conclusion

This study is the first evaluation of MPs in the sediments of
stormwater retention ponds. It shows that microplastics, and
especially small particles (10e250 mm) were prevalent in these
sediments. The variation in MP abundance, size distribution, and
polymer composition between the ponds was large. Hydraulic
loading was an explanatory factor for the difference in MP abun-
dance, while other potential explanations such as land use and
sediment organicmatter content were not supported. Furthermore,
the determination of whether or not stormwater ponds are efficient
for controlling overall plastic pollution from urban and highway
areas remains a question for future research. It does, though, seem
clear that stormwater pond sediments do retain MPs and hence
plays a role in managing MPs from urban and highway areas.
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