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Abstract. Microplastic particles have become ubiquitous
in aquatic environments and can be found in large numbers
in riverine, estuarine, and marine settings at the surface of
water, in suspension, and as particles deposited at the bed.
The transport and settling behavior of small microplastic par-
ticles is likely very dependent on interactions with other sus-
pended particles. Herewe show from settling tube experiments
conducted in the laboratory that fragments and threads of poly-
vinylchloride microplastic in the size range of 63–125 mm
readily flocculated with fine-grained natural sediment under
relative particle number concentrations that can be observed
in nature in high-turbidity estuarine and coastal environ-
ments. The implication of this flocculation is that the micro-
plastic particles are suspended and transported incorporated
in aggregates that settle faster than the individual microplas-
tic particles. This is causing a continuous sedimentation of
microplastic particles in estuarine andmarine settings, result-
ing in increased microplastic loading for benthic life in these
environments.

Introduction

Microplastic (MP) has been observed almost everywhere
in nature and is present in riverine, estuarine, coastal, and
ocean waters (Rochman, 2018; Peng et al., 2020). The parti-
cles are released to nature either as individual small particles
(primary MP) or during degradation and fragmentation of
larger pieces of plastic (secondary MP). The release of plastic
to the world’s oceans by rivers has been estimated as 1.15–
2.41 million tons per year (Lebreton et al., 2017); and plastic
ions: LOI, loss on ignition; MP, microplastic; SPMC, sus-
culate matter concentration.
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can be observed floating on the sea surface (e.g., Law and
Thompson, 2014; van Sebille et al., 2015; Sterl et al., 2020),
suspended at depth (Covernton et al., 2019; Kvale et al.,
2020), and deposited on the ocean floor (Tekman et al.,
2017; Xue et al., 2020).

The fate of MP in coastal and marine environments is
highly dependent on the settling velocity of the particles
(e.g., Zhang, 2017). This, in turn, depends on the size and
density of the particles; the transport dynamics of MP will
possibly, in many respects, resemble that of other inorganic
particles. For larger MP in the size range of coarse sand and
gravel (0.5–5 mm), this will likely involve transport, depo-
sition, and possible resuspension of the MP as individual
particles; and the density of the polymer type will deter-
mine whether the particles will float or sink to the seabed
(Khatmullina and Chubarenko, 2019).

In contrast, MP in the size ranges of clay (0.1–2 mm), silt
(2–63 mm), and fine sand (63–250 mm) may show strong in-
teraction with natural suspended sediment, that is, other sus-
pended organic or inorganic particles, because they are in the
size range dominated by cohesive particles and substances
causing flocculation. Flocculation is the aggregation of fine
particles into flocs as a result of cohesive forces and organic
polymers and coatings; it takes place in the water column or
at the surface of the bed (Droppo, 2001). It differs from pro-
cesses involving active aggregation of particles, for example,
pelletization by macrofauna; and it is normally also consid-
ered to be different from biofouling, that is, the coating of
surfaces with living micro-organisms or macro-organisms,
which will typically increase the density of the affected par-
ticles (Kooi et al., 2016, 2017; Kaiser et al., 2017). Floccu-
lation induces an increase in particle size because particles
stick together and a decrease in particle density because the
flocs contain pores filled with ambient water. The settling
velocity of flocs is usually much higher than that of their
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constituent individual particles because an increase in diame-
ter results in an increase in velocity, as shown by Stoke’s law,
which is applicable to sedimentation of fine-grained material:

Ws 5
ðrs 2 rwÞ � g � d2

18m
, (1)

where Ws 5 settling velocity, rs 5 density of the particle,
rw 5 density of the water, g 5 acceleration of gravity, d 5
diameter of the particle, and m 5 viscosity of the water.

This law is valid for small particles in the silt and clay range
but has been shown to also be applicable to flocs up to sizes of
at least 500 mm (Dyer andManning, 1999). For flocs, qs is the
total density of the floc, including pores, and d is the diameter
of the floc; a general behavior is normally found where larger
flocs contain more pores and, therefore, have a lower density.
However, a doubling in diameter leads to a fourfold increase
in settling velocity, whereas the associated decrease in den-
sity results in only a proportional reduction in settling veloc-
ity; therefore, flocculation generally results in a significant
increase in the settling velocity of the involved particles.

Flocculation of MP has been demonstrated in previous
laboratory studies (e.g., Long et al., 2015, 2017; Möhlen-
kamp et al., 2018), and flocs containing MP have also been
found in nature in spite of sampling and analysis difficulties
(Wang et al., 2021). The laboratory studies mostly focus on
studies of the behavior of spherical plastic microbeads and at
very high concentrations. However, spherical microbeads are
not a main constituent of the MP found in nature, where frag-
ments and threads are much more common (e.g., Brandon
et al., 2019). Likewise, MP is still found at very low concen-
trations in most environments; therefore, there is a need for
further studies of various types and shapes of MP under more
environmentally realistic conditions in order to evaluate the
potential for flocculation of MP and its influence on the trans-
port and deposition of the particles.

A major source of oceanMP is plastic transported by rivers
(Lebreton et al., 2017) to river mouths, estuaries, and coastal
lagoons, leading to environments with potentially high MP
concentrations. Estuaries are also characterized by relatively
high suspended sediment concentrations because fine-grained
sediment is trapped as a result of estuarine circulation, tidal
pumping, and settling and scour-lag processes (e.g., Dyer,
1997). Floating MP particles transported as clean, individual
particles are likely not affected by either of these processes
because they are staying in the upper part of the water column
and are not influenced by estuarine circulation or interaction
with the sea floor. They are, therefore, expected to escape
coastal and estuarine settings and be transported offshore
(Vermeiren et al., 2016). However, the high concentration
of natural suspended particles results in flocculation because
small particles in the silt and clay size range are almost always
forming aggregates in nature (e.g., Eisma, 1993), and small
MP particles will very likely interact with suspended material
and get incorporated in suspended aggregates (e.g., Möhlen-
kamp et al., 2018). This interaction with other suspended
particles will be pronounced in fluvial and estuarine settings
where the concentration of both natural particles and MP par-
ticles are high (Zhao et al., 2019); therefore, estuaries may
tend to also act as sinks for MP particles (Vermeiren et al.,
2016).

The flocculation, and subsequent sedimentation, of MP is
obviously of great importance to life in estuarine and marine
environments because MP, which would otherwise be float-
ing passively or settling very slowly, is incorporated in flocs
and settled out at the bed. Flocculation will generally tend to
reduce the amount of MP suspended in the water column and
increase the concentration at the bed; thereby, it affects, for
example, pelagic zooplankton and benthic deposit feeders
by decreasing and increasing, respectively, the concentration
of MP in their habitats. The flocculation and increasing set-
tling velocity of MP will also result in increased sedimenta-
tion ofMPclose to the source of the particles and, consequently,
a reduction in the dispersal of the particles. A modeling study
by Everaert et al. (2018) suggested that free-floating MP par-
ticles will not have increased to levels causing significant eco-
logical effects in pelagic life in the year 2100, whereas con-
centrations in seafloor sediment will be problematic already
around 2050. This also points to the potential importance of
flocculation and sedimentation of MP in estuarine and marine
waters.

The present study aims at investigating to what extent MP
fragments and threads flocculate with natural suspended par-
ticles at concentrations of MP and suspended sediment that
are realistic for estuarine settings with high concentrations
of MP. Polyvinylchloride (PVC) was chosen for the experi-
ments because it is a very common type of plastic used in
many different industries (Ryberg et al., 2018). The particles
were produced by wet grinding in order to get the fragments
and thread-like shapes so common in nature.
Materials and Methods

To examine to what degree MP particles are flocculating
and settling together with natural suspended material, set-
tling experiments with suspended sediment and PVC MP
were carried out using the settling tube principle developed
by Owen (1976). The settling tubes were 1 m long with an
inner diameter of 50 mm. For further description and draw-
ings of the physical dimensions of the settling tubes, see
Sengupta et al. (2011). Three treatments were tested; all in-
cluded suspensions of natural seawater and 100 mg L21 sus-
pended sediment and 0 (control), 1, or 10 mg L21 PVC MP
particles. An additional experiment was carried out with dis-
persed MP suspended in tapwater.
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PVC microplastic preparation

The MP used for the experiments was produced by grind-
ing a PVC rod on a Scheppach Tiger 2000S rotating wetstone
(Ichenhausen, Germany). The PVC particles produced by this
grinding were subsequently wet sieved at 125 and 63 mm
in order to retain the size fraction of 63–125 mm used in the
experiments. This size fraction was chosen in order to discern
the MP from the natural suspended sediment by grain size
analysis carried out after the flocculation experiments. Visual
examination of the MP under microscope revealed a strong
dominance of thread-like particles and fragments (Fig. 1, right).

Natural sediment

Natural fine-grained sediment was sampled with a Van
Veen grab in Kalø Vig at 56714052.7500 N, 1072601.0500 E, at
a depth of about 20m and a salinity of about 20 PSU. The sed-
iment was wet sieved through a 20-mm sieve, and only parti-
cles finer than 20 mm were used. The sediment received no
other treatment and, therefore, contained both inorganic and
organic particles, including bacteria and detritus (Fig. 1, left).
The organic content of the sedimentwas 17.3%, as determined
by loss on ignition (LOI). An estimate of the settling velocity
of the individual particles, using Stoke’s law, and the mean
grain size of 8 mm and a density of 2.65 g cm23 yields a veloc-
ity of 0.06 mm s21.

Seawater

Local seawater for the settling tube experiments was col-
lected from Øresund, the sound between Denmark and Swe-
den. It was sieved at 63 mm in order to discard larger organic
and inorganic particles but was otherwise unprocessed. Tem-
perature, salinity, pH, chlorophyll (Chl) a content, suspended
particulate matter concentration (SPMC), and LOI were de-
termined for the seawater. Temperature, salinity, and pHwere
measuredwithanOmegaCDS107probe (Norwalk,CT);SPMC
and LOI were determined after filtration of about 2 L of sea-
water with 0.7 mm glass-fiber filters and drying at 60 7C and
550 7C, respectively. The Chl a content was determined spec-
trophotometrically using the method of Parsons et al. (1984),
where 2 L of seawater was filtered on pre-filtered fiberglass
filters.
Experimental Procedure

Settling experiments

A settling experiment consisted of the addition of seawater
(see Table 1), suspended sediment, and varying amounts of
MP to each of the 2-L settling tubes (three or five replicate
tubes; see Table 2), to give a concentration of suspended sed-
iment of 100 mg L21 and of MP of 1 or 10 mg L21. A control
experiment with 100 mg L21 suspended sediment but with-
out MP was also carried out. Suspended sediment and MP
were dispersed ultrasonically for 2 minutes prior to the ex-
periments, using a Bandelin SONOPULS 2200 sonifier (Ber-
lin). The settling tubes were placed horizontally on a custom-
made bench that enabled slow rotation of each tube along its
main axis, in order to keep the material in suspension. The
treatments were incubated for two hours. After incubation,
the settling tubes were placed vertically, and a stopwatch was
started; then 10 subsamples, each containing 200 mL of the
total 2-L sample, were withdrawn at predetermined time in-
tervals (1, 2, 4, 8, 16, 24, 32, 48, and 64 minutes after the
start of the settling experiment), leaving the settling tube empty
after the experiment. An additional control experiment to
test the settling velocity of dispersed MP was carried out
with 50 mg L21 dispersed MP suspended in tapwater without
sediment.
Figure 1. (Left) Natural fine-grained sediment, <20 mm. (Right) Polyvinylchloride microplastic, 63–125 mm.
Scale bars 5 50 mm.
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All settling tube subsamples were filtered on pre-filtered
nitrocellulose membrane filters with a retention diameter of
0.45 mm. Filters were dried at 50 7C, and the mass in each
subtracted sample was calculated after correction for any gain
or loss of filter mass, using three blank filters. Settling velocity
distributions for each settling tube experiment were calculated
using the MATLAB script “svtube.m” developed by Malar-
key et al. (2013) and based on the measured mass of particles
in each subsample, the withdrawal time for each subsample,
the length of the settling tube (1 m), and water temperature.
Grain size analysis

Grain size analysis of the dispersed material was carried
out by means of laser diffraction, using aMalvernMastersizer
2000 (Malvern Panalytical, Malvern, United Kingdom). Sed-
iments from selected subsamples from the settling experi-
ments were removed from the nitrocellulose filters by adding
0.02 mol L21 Na4P2O7 to cups containing the filters and plac-
ing the cups in an ultrasonic bath. Grain size analysis was
carried out for samples 1, 2, and 819 of experiments 1 and 2
and samples 1, 2, 3, 4, 5, and 819 of experiment 3. Additional
grain size analysis was performed on both the dispersed fine-
grained mud particles and the PVC MP particles after addition
of 0.02 mol L21 Na4P2O7 to suspensions of the particles and
ultrasonic treatment by the Bandelin SONOPULS 2200 sonifier.
Results

Grain size analysis of the dispersed mud smaller than
20 mm and PVCMP between 63 and 125 mm is shown in Fig-
ure 2. The two grain size populations of the dispersed indi-
vidual particles are clearly distinct, with a measured mode
of 8 mm for the natural mud and 79 mm for the PVC MP.
There is some overlap of the two populations because some
mud particles are measured by the Malvern Mastersizer to be
larger than 20 mm and some MP is smaller than 63 mm. How-
ever, the two populations are clearly discernible at the mass
concentration of 100∶1 when the grain size distribution from
the settling tube samples is analyzed.

The settling velocity distributions for the dispersed MP
and flocculated sediment 1 1 mg L21 MP are shown in Fig-
ure 3. The dispersed MP shows a median settling velocity of
only 0.09 ± 0.03 mm s21, whereas the flocculated natural
sediment with 1 mg L21 MP shows a mean settling velocity
of 0.74 ± 0.30 mm s21. The error bars are large in the MP-
only result, partly because of the small number of replicates
(n 5 3) and partly because of the inherent random variation
between settling tubes, primarily as a result of slightly un-
even distribution of the suspended material at the onset of
the settling phase of the experiment. This random, slightly
uneven distribution of particles after the 2-hour incubation
period in horizontal orientation appears to be unavoidable
in this type of application of settling tubes. However, despite
Table 1

List of properties of the seawater used in the three different flocculated treatments using local seawater

Treatment Water parameters

Sediment (mg L21) MP (mg L21) Salinity (PSU) pH r (kg m23) m (kg m21s21) Chl a (mg L21) SPMC (mg L21) LOI (%)

100 0 10.3 7.9 1008 0.00142 0.9 4.3 79
100 0 12.5 7.8 1009 0.00127 0.9 5.5 75
100 1 15.6 7.7 1010 0.00109 0.9 8.6 61
100 10 9.4 7.7 1006 0.00117 0.8 5.2 86
100 10 14.1 7.9 1011 0.00137 1.3 5.5 65
MP, microplastic; r, density; m, viscosity; Chl a, chlorophyll a; SPMC, suspended particulate matter concentration; LOI, loss on ignition.
Table 2

List of treatments, experiment type, medium, and number of replicates

Treatment

Experiment type Medium ReplicatesSediment (mg L21) MP (mg L21)

100 0 Flocculated Seawater 5
100 1 Flocculated Seawater 3
100 10 Flocculated Seawater 5
0 50 Dispersed particles Freshwater 3
MP, microplastic.
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these random variations, the medians of the two distributions
are significantly different (t test, P 5 0.03).

A comparison of the results from the sediment only (con-
trol) and the sediment 1 1 mg L21 and 10 mg L21 MP is
shown in Figure 4. They all show a mode between 0.5 and
1.0 mm s21, which is a magnitude higher than the calculated
velocity for the individual natural sediment particles. The
median settling velocities are not significantly different (t tests,
control vs. sediment 1 1 mg L21, P 5 0.12; control vs. sedi-
ment1 10 mg L21, P5 0.83; 1 mg L21 vs. 10 mg L21, P5
0.13). The control treatment without MP appears to show a
more pronounced tail of particles with low settling velocities,
but this may be an artifact because even very small changes in
the measured particle mass of samples taken late in the set-
tling experiments will result in the presence or absence of this
modeled tail of low velocities.

Analysis of grain size distributions of the disaggregated
particles in individual subsamples from the settling tube ex-
periments with natural sediment and 1 mg L21 MP is shown
in Figure 5. They all show a dominance of fine-grained par-
ticles, with a mode around 8 mm, corresponding to the fine-
grained mud fraction of the samples, and a distinct tail of particles
larger than about 63 mm. This tail of larger particles corre-
sponds to the PVC MP particles that were added to the sus-
pension. The content of particles larger than 63 mm has been
summed by integrating under the curves in Figure 5 for par-
ticles larger than 63 mm and is plotted in Figure 6 for the treat-
ment with 1 mg L21 MP. There is no systematic variation in
Figure 2. Grain size distributions of fine-grained natural mud (dot-dashed line) and polyvinylchloride micro-
plastic (solid line).
Figure 3. Frequency distribution of settling velocities for dispersed microplastic (MP; green, n5 3) and floc-
culated natural sediment 1 1 mg L21 MP (light blue, n 5 3). Error bars are 1 SD.
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the content of this grain size fraction, and all of the samples
contain at least 1.5% by mass of these MP particles.

Discussion

Flocculation and resulting settling velocity
of microplastic

The rapid settling of the suspended natural material (Figs. 3,
4) shows that flocculation took place, with an increase in
floc size and associated increase in settling velocity as a re-
sult. This flocculation was also easily observed by the naked
eye as a gradual shift of the experimental water during the
incubation, from a cloudy milky appearance at the start to
a clearer suspension with large aggregates at the end of the
incubation. The MP particles were incorporated into the
flocs, resulting in a four- to eightfold increase in the settling
velocities of the MP in the flocculated suspensions compared
to the MP settling as individual particles (Fig. 3). The floc-
culation took place irrespective of the treatments (Fig. 4),
which indicates that the presence or absence of MP at the
studied concentrations did not significantly alter the behavior
of the total suspension. The settling velocity distributions of
the three flocculation treatments (sediment alone, sediment1
1 mg L21 MP, and sediment 1 10 mg L21 MP) were fairly
uniform and not significantly different, with modal settling
velocities in the order of 0.5–1 mm s21, which is 1–2 orders
of magnitude higher than what was calculated for the mean
size of individual mud particles (0.06 mm s21). This also
confirms that the suspensions flocculated. The two treatments
with MP at concentrations of 1 and 10 mg L21 did not show
Figure 4. Frequency distributions of the settling velocities for sediment only (red, n5 5), natural sediment1
1 mg L21 microplastic (MP; light blue, n 5 3), and natural sediment 1 10 mg L21 MP (dark blue, n 5 5). Error
bars are 1 SD.
Figure 5. Grain size distributions of subsamples withdrawn after 1, 2, 4, 8, 16, 48, and 64 minutes from set-
tling tubes with 1 mg L21 microplastic (MP; n 5 3). Error bars are 1 SD.
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any marked differences in flocculation or settling behavior
(Fig. 4); and median settling velocities were not significantly
different, indicating that varying the concentration of MP did
not significantly alter the flocculation or settling velocities of
the suspensions. However, the lower concentration is more
environmentally realistic (seeRelative concentration ofmicro-
plasticandsuspendedsediment,below),andthediscussionwill,
therefore, focus on this experiment. The variations in the
properties of the seawater used for the experiments did not
appear to affect the flocculation behavior, irrespective of var-
iations in SPMC and Chl a content.

The settling tube method was chosen because it is one of
the few methods that allow examination of both the settling
velocity and the composition of undisturbed flocculated ma-
terial (e.g., Dyer et al., 1996) and because it has been used
with success in previous laboratory studies (e.g., Sengupta
et al., 2011). Examination of the contents of individual sub-
samples allows assessment of, for example, possible size frac-
tionation during the incubation or settling phase of the exper-
iment. In this particular study, the subsamples were analyzed
for their grain size distributions, which could be related to the
contents of natural sediment andMP in each sample. Potential
problems associated with settling tube measurements include
possible floc breakup during sampling, possible secondary
currents, and possible increase in flocculation due to differ-
ential settling; but settling tube measurements are still con-
sidered a valid and standard technique for studies of floccu-
lated suspensions (Dyer et al., 1996). Alternative methods
include laboratory systems relying on video camera to photo-
graph floc size, shape, and settling velocity (e.g., Markussen
et al., 2016; Skinnebach et al., 2019; Tran and Strom, 2019).
However, these systems do not easily allow for physical anal-
ysis of specific subsamples of particles.

Use of sediment and MP of distinctly different sizes that
could be traced in subsamples in the settling tube experiments
enabled an evaluation of whether theMP particles were incor-
porated in the flocs or settled as individual particles without
interaction with the suspended sediment. Systematic varia-
tion of the relative content of MP particles in the subsamples
would indicate that they, to some extent, settle independently
from the natural sediment because any settling as single par-
ticles would result in systematic differences in grain size dis-
tribution between different subsamples. However, no system-
atic variation was observed, and all subsamples containedMP
particles (Fig. 6). Subsamples containing fast-settling flocs at
the beginning of the experiments and subsamples containing
slow-settling flocs at the end of the experiments showed a
fairly similar content of MP particles. This shows that the MP
particles were incorporated in the settling flocs and that frac-
tionation of the MP particles and the natural sediment did not
take place during the incubation or settling. The implication
of this finding is that small PVC MP particles are expected
to interact with organic and inorganic suspended particles in
nature and are likely to be incorporated in flocs and aggre-
gates. The study shows that aggregation can take place by pas-
sive flocculation with other suspended particles without the
MP particles being subject to, for example, biofouling (Dai
et al., 2018; Wu et al., 2020) or consumption by copepods
(Coppock et al., 2019; Payton et al., 2020). Additional stud-
ies should test whether this is also the case for other types of
plastics. Studies of low-density plastics will be particularly in-
teresting in this respect because similar flocculation behavior
would enable the settling of particles that would otherwise be
floating at the sea surface.
Timescale of flocculation

The experiments showed extensive flocculation already af-
ter two hours of incubation time, which is in line with results
from Skinnebach et al. (2019), who performed similar exper-
iments without the addition of plastic but otherwise under
Figure 6. Content of microplastic (MP) in subsamples from settling tube treatments with 1 mg L21 MP. The
sample ID indicates the time since initiation of settling experiment (n 5 3). Error bars are 1 SD.
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essentially the same setup as the present study. This shows
that the flocculation of natural sediment is very rapid at rel-
atively high concentrations. The implication is that the settling
velocity of suspended sediment—and any associated MP—
supplied by riverine systems will increase very rapidly in tur-
bidity maxima zones in coastal and estuarine waters. This rapid
flocculation is due to both the generally high SPMC in these
settings (Dyer, 1997) and the increase in salinitywhenmoving
from the riverine to estuarine system, which will also increase
flocculation (Gibbs, 1985; Li et al., 2019).

The incubation time was limited to two hours because lon-
ger incubation resulted in a tendency for settling at the side of
the tubes and a snowballing effect, where aggregates would
grow larger by rolling into each other instead of actual floc-
culation in the water column. The upper limit of the settling
velocities found in the experiments is, thus, restricted by this
short incubation period, and it is possible that even larger and
faster-settling flocs may form in nature, where there is no
time limit. The limitation in nature is more likely to be actual
deposition of the suspended material or physical disruption
of the flocs due to turbulence.
Shape and size of the studied microplastic

The MP particles used in the present study were produced
by wet grinding a PVC rod and subsequent wet sieving to get
the size fraction 63–125 mm. Examination of the particles
under a microscope showed that irregular and thread-like par-
ticles dominated significantly (Fig. 1, right). This is in contrast
to other flocculation studies that havemostly used microbeads
(e.g., Long et al., 2017; Möhlenkamp et al., 2018; Li et al.,
2019), which are spherical or close to spherical. The frag-
mented and thread-like particles used in the present study
were chosen in order to more closely mimic nature, because
numerous studies have shown dominance of MP fragments
and threads in most natural settings (e.g., Covernton et al.,
2019). It is possible that the shape of MP particles will influ-
ence flocculation tendency and behavior, but this remains to
be studied in detail and could also be the subject of further
studies.

TheMP particles were in the size range of 63–125 mm and,
therefore, were larger than what is normally considered to be
within the range of cohesive sediment. There is not a strict,
agreed definition, but cohesive sediment is mostly consid-
ered to be particles smaller than 63 mm (Mehta, 2013). The
observed flocculation of MP particles larger than 63 mm,
therefore, indicates that with respect to flocculation dynamics
they may resemble natural suspended particles of a smaller
size. The reason is not known but may be related to the very
irregular shape of the particles, resulting in a relatively large
surface area compared to that of spherical particles of a sim-
ilar nominal diameter. The large surface area, for example,
increases the effect of surface coatings by organic polymers
(Furukawa et al., 2014). The relatively low density of MP
may also result in MP particles in the very fine sand size frac-
tion (63–125 mm) taking part in cohesive sediment dynamics
because they settle more slowly than regular mineral grains
(density: 2.65 g cm23) of a similar size. A study aimed at de-
termining the upper size limit for participation of MP in floc-
culation dynamics is clearly called for.
Relative concentration of microplastic
and suspended sediment

The relative concentration of MP in the experiments, in
terms of plastic particles per natural suspended sediment par-
ticles, can be estimated by assuming an average size of 100
and 10 mm, a density of 1.4 and 2.0 g cm23, and a concen-
tration of 1 and 100 mg L21 for MP particles and natural
particles, respectively. The relative concentration by mass is
obviously 1%, but the relative concentration by number of
particles is only 0.014‰ because of the larger size of the
MP particles than the natural particles. Relative MP concen-
tration by particle number has so far not been reported for
natural settings, but a crude estimate of a natural concentra-
tion in an estuarine setting can be made using the concentra-
tion of 8900 MP items per cubic meter in the Pearl River es-
tuary in Hong Kong (Yan et al., 2019). The concentration of
natural particles was not reported in that study, but the aver-
age mass concentration of natural sediment of 170 mg L21 in
the river calculated byWai et al. (2004), and an estimated av-
erage size and density of the suspended particles of 20 mm
and 2 g cm23, respectively, allow for a calculation of the rel-
ative concentration of MP in the Pearl River estuary to be on
the order of 0.0035‰. This number is only a back-of-the-
envelope estimate, and the actual value likely also varies sig-
nificantly over time but shows that the low MP concentration
used in the present setup is likely well within the range that
may be observed in nature. The experiments in the present
study are, therefore, believed to be carried out under environ-
mentally realistic concentrations.
Implications of the flocculation of microplastic
with suspended material

The implication of the interaction and flocculation of the
MP particles with other suspended particles is that the trans-
port and deposition of MP particles is modified; generally, an
increase in particle settling can be expected, simply because
of the flocculation, which increases the settling velocity of
the suspended load. This will be the case for MP particles
similar to the ones used in the present study but very likely
also for many other types and sizes of MP particles. The net
result, with respect to distribution of MP particles in the estu-
arine and marine environment, is that MP particles origin-
ating from riverine sources are likely to be deposited close
to land in estuarine and coastal settings as a result of the
increased settling velocities. This results in increased MP
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deposition in high-turbidity settings; and benthic life in these
settings will, therefore, be subject to much higher concentra-
tions of MP than in a hypothetical situation without floccula-
tion. In contrast, pelagic life in these settings will actually be
subject to lower MP concentrations than may be expected.

It should be noted that the flocculation does not result in
the absence of MP in marine settings far away from terrestrial
sources because MP particles are also formed offshore as a
result of degradation of larger pieces of plastic; MP particles
are, therefore, also found at the seafloor in remote oceanic
settings (e.g., Tekman et al., 2017). Other processes of ag-
gregation may dominate in such low-turbidity environments
because interaction with other suspended particles is less promi-
nent as a result of the very low content of suspended particles.
Notable among these other processes are likely biofouling by
living bacteria and algae (Kooi et al., 2016; Kaiser et al., 2017)
and incorporation in fecal pellets produced by zooplankton
(Cole et al., 2016).
Conclusion

The PVC MP particles in the size range of 63–125 mm
were shown to quickly flocculate with natural fine-grained
suspended sediment in a laboratory experiment mimicking
coastal and estuarine settings. The experiments were carried
out under environmentally realistic MP particle concentra-
tions on the order of 0.014‰. The PVC MP particles studied
showed mostly irregular thread-like shapes similar to what is
usually found in nature and did not appear to impact the gen-
eral settling behavior of the suspended load at the studied
low concentrations of MP.
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