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icroplastics in floodplains matters:
application in a sedimentary context

Simone Lechthaler, *ab Verena Esser,b Holger Schüttrumpfa and Georg Stauchb

Microplastics in the environment are a relatively new form of anthropogenic contamination. Right now, the

research focus is on the detection of microplastic accumulation in different environmental compartments

and understanding the processes that have led to its transport. Detailed information on microplastics in

floodplain areas and their distribution in depth are still missing to better understand accumulation points.

Therefore, this study presents on the one hand microplastic detection in fluvial sediments from nine

sampling sites along a river course. Polymers were determined with infrared spectroscopy and additional

sedimentary analysis of the grain size and heavy metal concentration was performed. In total, there was

less microplastic in the upper than in the lower river course and slip-off slopes were identified as

accumulation hotspots also in deeper sediment layers. Mostly, microplastic particles were detected in

fine sediment and heavy metal concentrations along the river were similar to those of microplastics. On

the other hand, besides the spatial distribution of microplastics and accumulation in floodplain areas,

microplastic analysis offered information in a sedimentary context. Sedimentation rates (0.29–4.00 cm

a�1) and patterns between temporal deposition and microplastic polymers were identified. The basis for

the development of a dating method by detection of MPs in sediments was thus established.

Microplastics as a contaminant provide, in addition to the identification of deposition areas, further data

in a temporal and sedimentary perspective.
Environmental signicance

Microplastics as anthropogenic contaminants are mainly transported in uvial systems and accumulate in uvial sediments which thus act as sink. With the
detection of microplastics there, sedimentation patterns can be identied to understand not only uvial processes that inuence the accumulation and
remobilisation but also the life cycle of microplastics within the environment. Furthermore, microplastics as contaminants especially in oodplains can be used
in a wider, sedimentary context, similar to other anthropogenic contaminants such as heavy metals, to reconstruct sedimentation there. In this manner, not only
processes can be analysed but also the effects can be dened and used. Therefore, microplastics are a relatively new and important part of environmental
processes that need to be investigated.
1 Introduction

Microplastics (MP), dened as plastic particles with d < 5 mm,1

are ubiquitous in the environment and have already been
detected in remote mountain areas and arctic deep sea sedi-
ments.2,3 Plastic particles have polluted most marine habitats,4 and
since the 1970s, plastic has been identied as a buoyant pollutant
in the open ocean.5,6 One advantage of plastic is its persistence; yet,
the long residence times of the material soon become a disadvan-
tage when plastic enters the environment.7 Although a high
contamination of MPs has already been measured in different
areas,3,8,9 the mass production of plastic and therefore
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accompanying environmental pollution started only in the 1940s–
1950s.10–13 This time, here 1950 was chosen, can be set as point zero
for a possible, following deposition of MPs in the environment.

Fluvial systems have been identied as main pathways for
MPs of different sources such as littering (the intentional
disposal of waste in the environment), washing effluents, tyre
abrasion, material loss from industries or landlls. Within the
life cycle of MPs, especially sediments in uvial and marine
systems act as (temporal) sinks.14 The densities of MPs vary
greatly from 11 kgm�3 up to 2300 kgm�3, while sediments have
an average density of 2650 kg m�3.15,16 These densities indicate
that MPs behave differently from sediments in riverine
processes in terms of various parameters such as ow velocities
and turbulences. Apart from density, the MP size and the grain
size of a sediment inuence transport and sedimentation
processes. Waldschläger and Schüttrumpf (2019) already
showed that the settling and rise velocities and the erosion
behaviour of MPs in aquatic environments differ from those of
Environ. Sci.: Processes Impacts, 2021, 23, 117–131 | 117
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the sediment and that MPs are therefore more mobile than
sediment grains.17,18

However, sediments are major sinks in uvial systems for
MPs and other contaminants such as heavy metals.19,20 During
transport in rivers, contaminants accumulate in uvial sedi-
ments from riverbeds and oodplain areas.21,22 Furthermore, in
aquatic and terrestrial areas, heavy metals can accumulate
directly on MPs, which, in turn, can act as a vector.23–26 Like
MPs, heavy metals are persistent pollutants and can be remo-
bilised, transported and accumulated in sediments; unlike MPs
that are transported with ne sediment without any adsorb-
ance, heavy metals can be adsorbed on the ne sediment frac-
tion.27–30 Sediment-bound heavy metals also accumulate in
oodplain areas and therefore can be used as additional indi-
cators to identify anthropogenic contamination,31 and provide
information about geochronological deposition.20,32

Floodplains are characterised by inundation during oods
and by deposition of uvial sediments and different contami-
nants. Thus, they offer ood induced stratigraphic records and
are particularly suitable sites to detect anthropogenic contam-
inants that are transported in the river and accumulated
there.13,20 It is already assumed that the highest MP concentra-
tions do not occur in-channel but on oodplain areas.33 So far,
oodplains have been insufficiently studied in terms of MP
abundance from source to mouth and in depth since only one
2018 study34 and one 2020 study13 have considered MPs in
oodplain areas. In contrast, this study focuses on the further
application of MP detection in uvial systems and additionally
analyses grain sizes and heavy metals to gain a holistic view of
anthropogenic contaminants in connection with uvial sedi-
ments. This was also the second time that depths >25 cm were
sampled and analysed for MPs.13,35 All in all, aquatic environ-
ments, including marine and lacustrine areas, provide ideal
conditions for (heavy) metals and also organic pollutants to be
incorporated and permanently xed in sediments offering
records on various inuences.30

A further application of MP detection in sediment is the
connection to temporal sediment deposition as the detection
process is easier to realise compared to other methods. Hence,
MPs are discussed to be a new time marker of the Anthro-
pocene.36,37 The coherence between the deposition of plastics
(including MPs) and a time reference (earliest possible deposi-
tion aer 1950) has already been mentioned in different
publications but have not yet been conrmed by sampling and
related analysis.13,36–41 Thus, sediments record a man-induced
contamination in a specic period of time.30 Regarding plas-
tics (and MPs), the year of polymer development can addition-
ally be seen as the maximum deposition time for each particle
that has been detected in a sediment layer, since they can be
listed chronologically: polyethylene (PE) 1933, polyamide (PA)
1934, polystyrene (PS) 1937, cellulose acetate (CA, cigarette
lters) 1938, polyvinyl chloride (PVC, water pipes) 1940,
expanded polystyrene (EPS) 1954, polypropylene (PP) 1959 and
polyethylene terephthalate (PET) 1973 (see Fig. 8).7,37

Therefore, if MPs in uvial sediments are applied as
a marker they can be used to investigate the following three
aspects and related issues in uvial systems:
118 | Environ. Sci.: Processes Impacts, 2021, 23, 117–131
1. The occurrence of MPs in the sediment along the river
course in a spatial and temporal scale: where along the river
course and in which sediment depths in oodplains was MP
detected?

2. The characteristics of the grain size regarding MPs in the
sediment samples: is there a correlation between the sediment
grain size and MP in the oodplain sediment?

3. The relation between heavy metals and MPs in the sedi-
ment samples in a spatial context: is the abundance of MPs and
heavy metals in the sediment comparable?

The added value of MP detection indicates temporal classi-
cation, including an approximate, possible deposition aer
1950, with which sedimentation rates can be determined and
which also provides information about the transport and
deposition processes of MP in uvial systems. With the inves-
tigation of the sediment grain size and heavy metals, additional
information about sediments with high accumulation rates can
be obtained and a comparison of the transport and deposition
of MPs can be drawn on heavy metal concentrations. By
detecting MPs in uvial sediments, which may not include all
types of polymers depending on the density, these aspects can
be transferred to any river to ll knowledge gaps and better
understand the life cycle of MPs. Compared to heavy metals, it
can be assumed, that MPs have no natural or geogenic back-
ground.13 Since MPs have so far only been regarded as
a contaminant in the environment, this study shows a more far-
reaching application in a sedimentary context.

2 Materials and methods
2.1 Study area

The Inde River is 54.1 km long and located in North-Rhine
Westphalia, Germany with a source region located in Belgium.
The catchment area is about 344 km2 with a mean discharge
(MQ) of 2.8 m3 s�1 (1965–2017).42 The river was chosen because
of anthropogenic inuences where MPs (littering, car tyres,
washing bres etc.) can enter the uvial system on different
transport paths (e.g. surface runoff, and wastewater treatment
plant (WWTP) discharge) (Fig. 1a). Today, the catchment area is
dominated by forest areas (45.2%), followed by grassland
(21.5%), settlement and industrial areas (15.7%) and agricul-
tural areas (10.5%).43 Low MP concentrations in the upper part
and high concentrations in the lower part were expected due to
different landcovers throughout the river catchment. Sampling
points were selected accordingly.

The lower part of the river was articially relocated in 2005
due to nearby opencast mining activity (see Fig. 1 ‘Relocated
Inde’). This stretch ranges from a river kilometre of 41.1 to the
river's mouth at a kilometre of 54.1. Since the properties of the
material used for building the riverbed and oodplain areas
were known (loess and gravel; d15 of 0.06 mm, d50 of 0.4 mm,
and d90 of 3 mm),31 the thickness of the accumulated layer
within the relocated river section can be dened (here sites P6–
P9). A previous contamination of this material with MPs cannot
be entirely excluded.

The methodological procedure was divided into four steps:
sampling, sediment preparation, separation and evaluation
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Overview of the research area: (a) sampling points with possible MP sources (traffic lanes (data basis: Landesbetrieb Strabenbau NRW),
WWTPs, plastic processing industries) and landuse in 2018 (data basis: Corine data set), and (b) soil types (data basis: soil type overview, 200 m,
BGR).
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(Fig. 2). With this methodological procedure larger particles
(0.5 mm# d < 5 mm) were considered for the detection of MPs.

2.2 Sediment sampling

The samples were taken from nine sampling sites along the
river course. If possible, both sites of the rivers were sampled
and 15 oodplain areas were analysed in total. Regarding the
soil type (Fig. 1b), all samples contained sediment from uvisol.

At each sampling site three different sampling types were
applied: composite, depth prole and surface samples (cf.
Fig. 3). Composite sediment samples were taken from the
riverbed to see if MPs have been transported in the river and
sedimented on the shores. To include the impact of previous
ood events on the sedimentation of MPs, the oodplain area
was analysed by taking samples from depth proles. For this
purpose, a trench was prepared within the embankment of the
oodplain, a sampling track was created and the samples were
taken from the top to bottom at 10 cm intervals. Only the top
layer was sampled in smaller intervals (5 cm, see Fig. 3) to
capture possible recent short-term events more accurately.
Thus, 15 depth proles were sampled in total, eight of them in
cut-off slopes and seven in slip-off slopes, whereby the following
depths were obtained: 20 cm (n ¼ 1), 30 cm (n ¼ 3), 40 cm (n ¼
6), 60 cm (n¼ 2), 70 cm (n¼ 1), 90 cm (n¼ 1) and 110 cm (n¼ 1).
This journal is © The Royal Society of Chemistry 2021
These different sampling depths were determined by the on-site
conditions at the different sampling sites. Additionally, surface
samples (upper 5 cm) were taken to dene the ooding area.
Depending on the morphology at each site, one to three surface
samples were taken. All samples were stored in aluminium
boxes with a volume of 1.21–1.28 dm3, which were each
completely lled with sediment. Aluminium boxes and stainless
steel spatulas and ladles were used for sampling to prevent
a possible cross contamination from the sampling and storing
equipment. In the whole Inde catchment 135 samples were
collected, 100 from depth prole sediments, 25 from surface
sediments and 10 from riverbed sediments (composite
samples).

2.3 Sediment preparation

All sediment samples were dried aer collection. Since the
aluminium boxes were opened for drying, the top layer (5 mm)
with possible cross contamination was removed and therefore
le out of the analysis. In addition, during the whole preparation
and separation process all used materials were pre-rinsed and
cotton coats were used to avoid cross-contamination.

The sediment was homogenised in a mortar and three parts
of each sample were separately prepared for grain size analysis
(GSA), X-ray uorescence analysis (XRF) and MP analysis. The
Environ. Sci.: Processes Impacts, 2021, 23, 117–131 | 119
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Fig. 2 Flow chart of the analysis process for fluvial sediments and MP detection.

Environmental Science: Processes & Impacts Paper

Pu
bl

is
he

d 
on

 2
7 

N
ov

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 7
/2

3/
20

25
 9

:0
6:

00
 A

M
. 

View Article Online
grain size was measured with a laser diffracter (Beckman
Coulter LS 13320). This method is well established in research
due to the fast and precise generation of results.44 The laser
diffracter measures grain sizes in a range of 0.04–2000 mm by
Fig. 3 Schematic illustration of a sampling point with the three different
items have been detected.

120 | Environ. Sci.: Processes Impacts, 2021, 23, 117–131
putting the sample material into the suspension whereby it
circulates within the sample cell. To ensure that each sediment
grain is detected, one measurement value per second is gener-
ated based on the refraction of the laser beam at the sediment
sampling types and two depth profiles (not scaled) where larger plastic

This journal is © The Royal Society of Chemistry 2021
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grains. Aer 90 seconds a mean grain size distribution can be
calculated.45 A detailed description of the procedure of XRF can
be found in Esser et al. (2020).46 For MP analysis, the previously
mortarised sediment was sieved (mesh size¼ 5mm). It needs to
be mentioned that due to mortaring it is possible that larger
plastic particles break down to smaller ones. However, it is
important to separate aggregated materials.

2.4 Separation

Separation is necessary to extract MPs from sediment samples
and 10 g of each sediment sample, analogous to other sediment
sampling for MP analysis,15,47,48 were used for separation, rep-
resenting a random sample. It must be clearly highlighted, that
the low sediment amount thus presents only a limited insight
into a possible MP contamination but the sediment volume was
determined by the applied methodology of oil extraction in
conjunction with a plastic free separation unit, which has
already been extensively validated.49 In this method the volume
of the sediment to be separated and analysed is hence limited to
10 g.

The separation unit, a Sediment-Microplastic-Isolator (SMI,
detailed described in Lechthaler et al. 2020 (ref. 49)), was lled
with sediment (10 g), distilled water (1000 mL) and canola oil
(10 mL). The SMI was replicated in aluminium as described by
Coppock et al. (2017)50 and is therefore plastic free. Sediment,
distilled water and canola oil were homogenised with a stainless
steel stirrer manually for 30 seconds. During the following
settling time of 15minutes an aluminium cover was used for the
SMI to prevent cross contamination. Aerwards, the gate valve
that separates the lower part with sediment and distilled water
from the upper part with the canola oil layer and possible MP
particles was closed. Due to the lipophilic characteristics of
plastic, the MP particles concentrate in the oil layer. This setup
and as well as the separation efficiency for different MP types
has already been shown in preliminary tests.49 The upper part
was vacuum ltered right from the SMI, so no further separa-
tion step was necessary that could have led to a loss of material.
Glassmicrobre lters (MN GF-6, d ¼ 55 mm, pore size ¼ 0.6
mm) were used for vacuum ltration. Aer ltration, the lters
were rinsed with ethanol (96%) to avoid interference frequency
in further spectroscopic analysis.51 The lters were stored at
40 �C for 24 hours in a drying oven and aerwards placed in
glass petri dishes for microscopic and infrared analysis.

2.5 Evaluation

Aer separation, each sample was microscopically analysed to
detect MPs with a lower size limit of 0.5 mm. Thereby, typical
characteristics, such as no cellular or organic structure, shini-
ness, unnatural colours or reective properties,52–54 were used
for MP identication. With the visual identication of particles
in a size range of 0.5–5 mm, the probability of misidentication
is assumed to be lower than in a size range <0.5 mm. Therefore,
and in order to obtain information on the shape and colour,
microscopic analysis was rstly carried out and all suspected
MP particles were photographed. For additional polymer iden-
tication particles were analysed with Fourier-transform
This journal is © The Royal Society of Chemistry 2021
infrared spectroscopy (FT-IR) by using an NIR Spectrometer
System of Perkin Elmer FT-IR Spotlight 400 along an attenuated
total reection (ATR) Imaging Accessory with a Germanium
crystal and a Mercury Cadmium Telluride detector (MCT). Since
MP particles had to be removed from the sample for the
measurements, only half of all microscopically detected poly-
mers could be identied with FT-IR (similar to Lusher et al. 2013
(ref. 55)). Thus, a theoretical error ratio (relative abundance of
not identied MP particles) and a verication rate (relative
abundance of properly identied MP particles) have been
calculated. The corrected MP quantication (MPcorr) was used
for further analysis and as basis for correlation and MP load
development. In addition to MP analysis, GSA and XRF were
performed for each sediment sample.
3 Results and discussion

In 69 of all 135 sediment samples MPs were visually identied
in a size range of 0.5–5.0 mm (in total 176 particles), which
therefore only represents particles in this size category and
leaves out possible smaller MPs. 51.9% of the identied shapes
were lms, 30.4% fragments and 8.9% each bres and pellets.
The predominant colour of all MPs was white (47.7%), and
other determined colours were transparent (26.9%), blue
(11.5%), green (6.9%), red (3.8%), black (2.3%) and yellow
(0.8%). The observations of lms as the predominant shape and
white as the most detected colour are similar to those in other
studies and especially to MPs detected in uvial sedi-
ments.13,15,56 Nevertheless, it must be pointed out that despite
the large number of samples (n ¼ 135), the amount of sediment
per sample was very small at (10 g) and the results consequently
represent only a fraction.

MP contamination in this study area can be traced back to
different sources. Since no biological effects are taken into
consideration, MPs are referred to as a contaminant.57 During
sampling, numerous articles of plastic waste in various sizes
were found within different layers of the depth proles (cf.
Fig. 3). Such waste can enter the river by wind or surface runoff,
be transported in water, fragmented to smaller sizes (MP) and
deposited in oodplains as a result of ooding. Since plastic
packaging represented the main part of detected waste, littering
can be seen as a major source. For sampling sites outside from
settlements or walking paths, uvial transport and deposition
can be conrmed as the predominant processes. Other possible
sources of MPs are wastewater discharges from WWTPs (e.g.
care products, and bres), and surface runoffs from streets,
industry areas and settlement areas (e.g. tyre abrasion, pellets)
that enter the river system. There are two plastic processing
industries along the river and MP pellets were only found at
sampling points located downstream of the rst plastic indus-
trial site. The second one is situated directly before the river's
mouth, where no samples were taken (see Fig. 1a).
3.1 Data correction

The total number of MP particles was 176 of which only 88 were
measured with FT-IR, since not all particles could be removed
Environ. Sci.: Processes Impacts, 2021, 23, 117–131 | 121
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from the sample and in some samples several MP particles were
made of the same material and therefore only one was
measured. Of these 88 measured particles, 28 were identied in
19 samples as synthetic polymers with a probability $70%
(identical to that observed by Thompson et al. 2004 (ref. 58) and
Lusher et al. 2013 (ref. 55)) matching with the spectra of the FT-
IR library. Since the library contained only the most common
polymers, this led to a theoretical error ratio of 68.2% (perror).
The most common polymer was PE (67.9%), other measured
polymers were PS, PET, PP, PVC and polymethyl methacrylate
(PMMA) (cf. Table 1).

The parameter MPcorr, [n kg�1] was calculated for each
sample using this theoretical error ratio perror to dene the load
of MP particles based on the number of identied polymers:

MPcorr ¼ MPtotal � perror with

MPtotal [n kg�1]: total number of microscopically identied
MPs.

perror [%]: theoretical error ratio of polymer identication.
Since MPcorr is a percentage of the corrected number of

identied MP particles, this value is given as a decimal number.
Table 1 Absolute and relative values of MP contamination identified
by microscopy (M) and infrared spectroscopy (IR) within all samples

Samples
Absolute
[n]

Relative
[%]

Total number of
samples

135 100

Contaminated samples (M) 66 48.9
Uncontaminated
samples

(M) 69 51.1

Contaminated samples (IR) 19 14.1
Uncontaminated
samples

(IR) 116 85.9

MP Particles
Absolute
[n]

Relative
[%]

Total number of MP
particles

(M) 176 100

Measured number of
MP particles

(IR) 88 50.0

Number of ‘polymers
$70%’

(IR) 28 31.8

Number of ‘no polymers
<70%’

(IR) 60 68.2

Polymers
Absolute
[n] Relative [%]

PE (IR) 19 67.9
PS (IR) 3 10.7
PET (IR) 3 10.7
PP (IR) 1 3.6
PVC (IR) 1 3.6
PMMA (IR) 1 3.6

122 | Environ. Sci.: Processes Impacts, 2021, 23, 117–131
3.2 Microplastics along the river course

As a rst step, the MP load was compared between the different
sampling areas and types regarding depth proles and surface
samples in the oodplain area and composite samples from the
river bed. Therefore, average concentrations of MPcorr for all
samples and average values for each sampling type were calcu-
lated by multiplying the microscopically detected MP particles
per sample (MPtotal) with the theoretical error ratio perror.

The highest average detection of MPs was determined within
all samples from depth proles (MPcorr ¼ 47.9 n kg�1), followed
by all composite samples from the river bed (MPcorr ¼ 38.2 n
kg�1) and the lowest contamination from all surface samples
(MPcorr ¼ 25.4 n kg�1) (cf. Fig. 4). Since there is less MP in
sediments from the river bed than in the oodplain area, uvial
transported MPs accumulate especially in oodplain areas
outside which the surface samples were taken. In oodplains,
remobilisation due to ow velocities and sediment cover is less
likely compared to the river bed where a constant ow is present
and the bed substrate is affected by every rise of the water level
and especially by erosion during ood events. A comparison
with other MP contaminations in oodplain areas is currently
hardly possible since no mean concentrations have been iden-
tied,34 different size classes of plastics were analysed,13 and
still mainly river bed sediments have been investigated.33 Since
oodplains are seen as accumulation areas with higher
concentrations of MPs, there is an even more important and
further need for research in this eld.

There is a continuous increase of MPcorr from the source up
to the relocated part (P1–P5) regarding all sampling types (10.6–
57.2 n kg�1) with the following increase for P6 (118.3 n kg�1),
caused by high accumulation, and decrease within P7 to P9 within
the relocated segment (cf. Fig. 4). Furthermore, the MPcorr values
of the rst three sampling points (P1–P3) show within all samples
only contaminations <100 n kg�1 per sample. This indicates
a signicantly lower absolute MP load in the upper than in the
lower part which correlates with the anthropogenic impact.

On closer look at depth proles, MPcorr increases from P1 up
to P6 and decreases aerwards similar to the average concen-
trations at each sampling site as described before (cf. Fig. 4: Ø
load MPcorr). However, when considering the load within each
depth prole, no depth correlation could be identied although
more particles had been expected in the upper layers due to the
increase in plastic utilisation. One possible explanation could
be the limited amount of sediment, that has been analysed.
With a separate consideration of the slopes, where the depth
prole samples were taken, there is a higher MPcorr concentra-
tion in the samples from slip-off slopes than in cut-off slopes.
This observation is similar to other studies with comparable
results,59,60 and indicates that all slope sediments there are very
young, since MPs were detected in all of them. Lower MP levels
in cut-off slopes can be explained by higher ow velocities
preventing accumulation there while possible lateral erosion
can be neglected due to straightening and bank stabilisation
along the Inde river.46

At the Inde River, the continuous increase of MPs along the
river course was shown with a following decrease within the last
This journal is © The Royal Society of Chemistry 2021
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Fig. 4 MPcorr at each river side (graphical illustration of slip-off and cut-off slopes) and the average load at each sampling site (including surface,
depth profile and composite samples) along the river course with additional information on MP shapes, colours and polymers (if identified) of
each sampling point and the average MPcorr concentration of the three different sampling types.
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three sampling sites (cf. Fig. 4). This can be explained by
a remobilisation of already deposited MPs and an overall very
high and young sedimentary activity, especially in the relocated
segment, which has already been demonstrated.31

Here, two dominant processes are responsible for MP accu-
mulation in uvial systems. On the one hand MPs can enter the
river anytime and anywhere and on the other hand previously
deposited MPs can be released anywhere and at any time, too,
based on ow-related transport, remobilisation and deposition.
Overall, the higher loads of MPs on the slip-off slopes and in
total within the lower course reect uvial induced accumula-
tion and show that oodplains act as (temporal) sinks. There-
fore, MPs there can be used in a temporal context to dene
sedimentation rates.
3.3 Sedimentations rates

Sedimentation rates describe the average thickness of ood-
plain accumulation induced by ooding over time, e.g. per year,
and describe sediment activity along a river course. Thus,
oodplains act as ood retention areas and the sediment
accumulation there is more event-related than continuous. It
needs to be mentioned that the layer thickness of 10 cm was
This journal is © The Royal Society of Chemistry 2021
chosen without considering potential ood layers. Since ood-
plains act as (temporal) sinks for anthropogenic contaminants
and sediments from uvial systems, trace elements were
already used to dene sedimentation rates and analyse ood-
plain geochronology.20,32 Here, sedimentation rates were deter-
mined by two different methods depending on the location at
the Inde river. On the one hand MPs were used for detection
and on the other hand the grain size was the critical calculation
factor. Fig. 5 shows the typical grain size distributions of depth
samples from two sampling points, showing differences within
the prole from the relocated Inde (d50 ¼ 25.36–324.57 mm, cf.
Fig. 5 bottom) and similar distributions from the other river
segment (d50 ¼ 30.91–70.96 mm, cf. Fig. 5 top).

Within the sampling sites 1–5 MPs were used as a maker and
applied to dene sedimentation rates by connecting the sedi-
ment depth to where MPs were found with the period since MPs
could have entered the environment. This period started with
the beginning of plastic mass production and is about 70 years
(1950–2020). Thus, sedimentation rates srMP [cm a�1] were
calculated by relating the sediment depth with MPs to the
reference period of 70 years using the following formula:

srMP ¼ dMP/tMP with
Environ. Sci.: Processes Impacts, 2021, 23, 117–131 | 123
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Fig. 5 Grain size distribution of a depth sample from P2 (top) and P6, relocated Inde (bottom).
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dMP [cm] sediment depth containing MPs.
tMP [a] reference period of MPs (70 years).
Although the migration and vertical transport of MPs by

biological organisms, e.g. earthworms, or by seepage water are
possible, it can be assumed that the chosen layer thickness is
bigger than potential transport capacity or possible inltra-
tion.61,67 Furthermore, it can be considered, that the transport
ability of larger plastic particles is smaller which thus needs to
be addressed as limited evidence of the detected MP particles in
this study. Despite these considerations, it cannot totally be
excluded that particles migrated based on these processes.

The reference period for sedimentation was 15 years, 2005 to
2020, for the relocated Inde since the relocation was carried out
in 2005. Accordingly, the sedimentation rates were determined
without using MPs as a marker. The articial sediment layers
there have a signicantly larger grain size compared to the ood
sediment and could be easily identied by GSA (see Fig. 5
bottom, 40–50 cm depth, d50 ¼ 287.45 mm, 50–60 cm depth, d50
124 | Environ. Sci.: Processes Impacts, 2021, 23, 117–131
¼ 324.57 mm). Therefore, the thickness of the total accumulated
sediment layer since 2005 was used as the sediment depth for
calculating the sedimentation rates srGSA [cm a�1] using the
following formula:

srGSA ¼ dFS/tr with

dFS [cm] Sediment depth of the ood sediment (determined
with GSA).

tr [a] Reference period of relocation (15 years).
The sedimentation rates calculated with the two described

methods are listed in Table 2. The rates range between 0.29 and
4.00 cm a�1 along the whole river course. In the relocated part
the sedimentation rates were signicantly higher and at
sampling site 6 the highest rate with 4.00 cm a�1 was deter-
mined. Also the highest average MPcorr load (cf. Fig. 4) was
detected there The Inde River without the relocated part had
a mean sedimentation rate of 0.8 cm a�1, whereas the relocated
This journal is © The Royal Society of Chemistry 2021
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Table 2 Sedimentation rates of depth profiles from cut-off and slip-
off slopes at the sampling points along the Inde River

Sampling site
Sedimentation
rate [cm a�1] Cut-off slope Slip-off slope

1 srMP 0.29 0.29
2 srMP 1.00 —
3 srMP 1.57 —
4 srMP 0.43 0.43
5 srMP — 2.00
6 srGSA 2.67 4.00
7 srGSA 2.00 2.00
8 srGSA 1.33 0.67
9 srGSA 2.00 0.67
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Inde had a signicantly higher mean sedimentation rate of
1.92 cm a�1. This indicates the high sediment activity which can
be explained by the used building material there. Hence, the
upper course is rather characterised by erosion, whereas in the
lower course accumulation is predominant, which is reected
in the MP load along the river. On average, there is slightly more
sedimentation at slip-off slopes (1.44 cm a�1) compared to cut-
off slopes (1.41 cm a�1).
3.4 Heavy metal concentration

Since heavy metals as anthropogenic contaminants are trans-
ported in river systems as well as MPs and accumulate due to
the adsorption at ne sediments in uvial sediments too, XRF
was carried out with all the taken sediment samples to deter-
mine the concentrations of different heavy metals, such as
copper, zinc or lead. Compared to the MPcorr values, similarities
Fig. 6 Accumulated concentration of MPcorr and the mean value of Pb (
the river course (except at kilometres of 9.7, 23.5 and 40.2).

This journal is © The Royal Society of Chemistry 2021
and differences within uvial processes and morphodynamics
should be identied. For further analysis, lead (Pb) concentra-
tions were used, since Gao et al. (2019)62 showed the highest
adsorbance of Pb compared to copper (Cu) and cadmium (Cd)
by MPs (PVC, PP and PE). The original and relocated part of the
Inde River was considered separately, since based on the
applied surface material, slope, lateral and depth erosion
occurs and acts as an additional sediment source downstream
of the river which results in dilution effects.31

To study MPcorr and Pb along the river course, the rst 30 cm
of each depth prole was considered, as this depth was present in
all proles. Comparable to MPcorr, the mean value of Pb signi-
cantly increases from P1 up to P5, whereby the load is equally
distributed in the different layers (0–30 cm) while MPs focus on the
upper 10 cm (cf. Fig. 6). The contamination levels are determined by
the location of its sources.46 In the relocated segment, MPcorr still
increases in the rst sampling site (P6) compared to the previous
sampling sites but decreases aerwards while there is a decline of
Pb in the whole relocated Inde. Similar to sediment-bound heavy
metal processes, MPs had accumulated in the relocated river
segment during the last 15 years and due to erosion and a low
natural geogenic background these loads have been diluted.31

To gure out if there is a correlation between MPs and Pb
regarding the different sampling depths, hypotheses were
tested for the depths 0–5 cm, 5–10 cm, 10–20 cm and 20–
30 cm. A statistically signicant correlation was shown only for
the layer from 10 to 20 cm (Pearson's t-test, p < 0.05, n ¼ 15).
The correlation coefficient (r ¼ 0.63) presented a medium
correlation which implies a similar contamination of Pb and
MPs in this sediment layer. Furthermore, it was tested if there
are correlations of MPs and Pb within the other sampling types
heavy metal) in the first 30 cm of the depth profiles of both sides along

Environ. Sci.: Processes Impacts, 2021, 23, 117–131 | 125
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(surface samples, and composite samples) but none could be
identied. It can be assumed that the distribution patterns of
MPs and Pb are comparable based on a similar transport
behaviour. The expected missing correlation of MPs and Pb
could be explained by different sources and their different
locations along the river. Furthermore, the main time period
when contaminants entered the environment differs: coal
mining, ore mining and industrialisation, began more than
500 years earlier than plastic processing industries were
developed.10,46 To support the statement of a different temporal
occurrence of heavy metals, MPcorr was also correlated with
copper (Cu) and zinc (Zn) as these two heavy metals are very
common in the Inde catchment area for industrial reasons.46

Since no correlations were available here either, an inuence of
the different time periods and source types of heavy metals and
MPs on the deposition processes can be assumed.

All in all, the contamination course of MPs and Pb along the
Inde River shows a very similar trend concerning increase and
decrease, although no signicant statistical correlations were
found and the consistent trend is therefore an increase up to the
relocation with a subsequent decrease rst for Pb and then for
MPs, too.

3.5 Grain size analysis

The grain size of the sediment inuences the accumulation of
MPs and is seen as a critical proxy for it.63 Enders et al. (2019)63

already showed that with increasing median grain size the MP
abundance decreases.
Fig. 7 Heavy metal and MP contamination as a function of the median

126 | Environ. Sci.: Processes Impacts, 2021, 23, 117–131
In this study, the grain size varied along the river course
especially within the depth proles with similar grain size
distributions in the beginning (P1–P5) and greater differences
in the relocated part (P6–P9), based on the articial sediment
layer that was used for the relocation there (cf. Fig. 5). The
median grain size d50 differed from 30.9 mmup to 477.0 mm (P1–
P5) and 28.1 mm up to 551.0 mm (P6–P9) whereby ner sedi-
ments were present mainly in the upper layers, for example at
cut-off slopes of P4: 77.9 mm (0–5 cm), 50.8 mm (5–10 cm), 171.0
mm (10–20 cm) and 253.3 mm (20–30 cm).

The results show an enrichment of MPcorr within ne sedi-
ments. 44.2% of all samples from depth proles have a median
grain size <63 mm (ne sediment fraction) and these samples
contain 41.3% of all detected MP particles (cf. Fig. 7, red
marking). This means that MPs are mainly transported with
ne sediments before deposition, which is a similar observation
to that reported by Enders et al. (2019)63 although it needs to be
mentioned that estuarine sediments were analysed there.

The results of the Pb load in the uvial sediments were
included within the graphical illustration to see if similar or
different deposition patterns occur (cf. Fig. 7). It becomes
obvious that Pb mainly accumulates in the ne sediment frac-
tion (corresponds to 44.2% of the sediment), too, what is
additionally demonstrated by the mean value of Pb in ne
sediment (299.5 mg kg�1) whereas the average load in all sedi-
ment samples was only slightly higher (335.2 mg kg�1). This can
be explained by binding of heavy metals on ne sediment
fractions as a general and common process.27–30 Since heavy
grain size from all depth profile samples.

This journal is © The Royal Society of Chemistry 2021
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metals as anthropogenic contaminants have already been used
as deposition markers in sediments for oodplain geochro-
nology, the transferability to MP is given.20,32

In addition, correlation analyses were conducted under the
hypothesis whether there is a statistical correlation between
median grain size d50 and MPcorr in the different sediment
layers and sample types, but none could be identied. A
possible explanation is that MPs are more portable than sedi-
ment due to their lower densities.18 Furthermore, the settling
and rise velocities as well as erosion behaviour of MPs differ
signicantly from those of sediments.17,18 Although the same
processes (transport, deposition, and erosion) are predominant
for MPs and sediment in uvial systems, they are inuenced by
different variables concerning the density, shape and size of
which the conditions need to be determined more precisely for
further research.

Overall, a large amount of MP and Pb contamination is
located within ne sediments which can be explained by similar
transport mechanisms and resulting accumulation sites. Since
MPs and sediments are not identical and only similar with regard
to their transport behaviour in uvial systems, MPs seem to be
more mobile than transported sediment while Pb is sediment
bound. Conversely, the detection of MPs can also indicate ne
sediment accumulation. Based on the analogies of heavy metals
and MPs, MPs can also be used in a further temporal context
which is similar to the application of heavy metals.20,32

3.6 Sediment dating with microplastic detection and
polymer identication

Besides the use of MPs as a marker to dene uvial morpho-
logical processes, the detection of plastic in sediments enable
an adoption of it as a time reference for the deposition of
Fig. 8 Depth profile at a cut-off slope with detected polymers (colour
cigarette filters and PVC for water pipes).

This journal is © The Royal Society of Chemistry 2021
corresponding sediment layers, too. The correlation between
MP detection and sediment deposition was already mentioned
by Martin et al. (2017),38 where all sediment samples with MPs
were characterised as ‘modern’ deposition aer 1950. In this
study, the detection of MPs is rstly seen as evidence of sedi-
mentation aer 1950 which was shown by determining sedi-
mentation rates.

In addition, here, for the rst time, the occurrence of MPs in
sediment layers was exemplarily chronologically linked to the
corresponding year of polymer development. Although, there
are more detailed questions to answer concerning inltration
by seepage water aer deposition of MPs induced by ooding
and relocation by soil organisms, which can have an inuence
on the position and depth of MPs in the sediment layer,61,64–67

this was performed with one of the depth proles within the
relocated Inde (see Fig. 8). Thus, the aim was not to show the
method of using MPs to date sediment layers as applicable, but
only to point out possible connections in order to work on
validation and veriability in the future.

The results show that there is a connection between the time,
not exactly the year when the polymers have been developed,
and the primary deposition in the layers: younger materials,
such as PET, patented in 1973, was predominantly found in the
upper layers, while in the deepest layer at 60 cm depth only PE
was found that was already developed in 1933. PS, rst invented
in 1937, could only be detected at a section of 40–50 cm. The
presence of PE in 6 of 7 layers can be explained by the associated
possibility of the environmental entry over a longer period
compared to PS or PET. The missing polymer determination
within the layer from 20–30 cm can be explained by the size
limitations of the methodology since the microscopic analysis
showed different MP particles in this layer, too. To conclude,
ed) and the associated time scale37 of polymer development (CA for

Environ. Sci.: Processes Impacts, 2021, 23, 117–131 | 127
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this prole from the relocated Inde shows that within 15 years
MPs already accumulated up to a depth of 60 cm which proves
the widespread distribution and subsequent enrichment of MPs
in the environment.

The connection between different MP polymers in sediment
layers and time reference in deposition can be determined as
that the older the polymer the deeper the sediment layers it can
be found in. In the future, based on the detection of MPs in
a sediment layer, deposition aer 1950 could thus be proven
and therefore provide a dating basis in addition or combination
to other methods.

4 Conclusion

The detection and application of MPs in oodplains have
shown continuous contamination there and thus proved
oodplain areas to be (temporal) sinks for MPs which empha-
sises the importance of this research area. Furthermore, similar
depositions of the heavy metal Pb were shown as well as a prior
accumulation of MPs and Pb in ne sediments. By identifying
sedimentation rates and creating connections between deposi-
tion and the polymer type, the added value of MP detection as
a marker in oodplains was demonstrated.

Slip-off slopes as hotspots of MP accumulation have been
identied by sampling and analysing uvial sediment from
source to mouth along the river. An absolute lower MP load in
the upper than in the lower river course was observed, resulting
from an increase in settlement areas and other possibilities for
MPs to enter the river. Furthermore, sedimentation rates were
determined by the detection of MPs, which is a new and inno-
vative method.

Particularly concerning time relating information, MPs and
polymers allow a more precise dating of oodplain sediments,
because of the temporal delimitation by polymers and
a possible additional temporal assignment in the case of
determining additives within the detected MP. Compared to
heavy metals as markers for sediment dating, MPs offer the
possibility of reconstructing sedimentation within the last 70
years, where heavy metals may not have occurred in such
quantities due to a change in industrial processes. Further-
more, with MPs onematerial is focused while heavy metals offer
the possibility of many different substances which may be
distributed variably. With the evidence of MPs in sediment, the
maximum sedimentation time from 1950 is given. This infor-
mation can be used for all areas where sediment deposits and
accumulates. In particular, lake sediments as temporary sinks,68

where no remobilisation takes place, could provide a good data
basis for the validation of a dating methodology with MPs. In
summary, MPs could be a complement to the application of
heavy metals in sedimentary contexts especially concerning
oodplains with a focus on recent deposits.

To make this dating method more precise, further sampling,
if possible also of larger amounts of sediment, andmore precise
analysis of MPs will be necessary to detect and identify all
polymers. Furthermore, also additives may offer more infor-
mation on time related deposition. Since some additives are
already prohibited and were therefore only in use for a certain
128 | Environ. Sci.: Processes Impacts, 2021, 23, 117–131
period of time, a related time period is given. Azodicarboxylic
acid diamide has been already prohibited since 2005 especially
for materials in the food sector as well as ame retardants octa-
and pentabromodiphenyl ether and short-chain chlorinated
paraffins have been prohibited since 2004.69 Thus, these addi-
tives could, if detected in found plastics, give an indication of
deposition prior to this ban.

In future research work, the newly presented basis for
determining sedimentation rates will be examined more closely
and compared with that of other methods. In addition, the
analysis of MPs will be extended to validate the dating
approach. Furthermore, in view of future application, two
aspects are important. On the one hand, if sources and entry
paths of MPs will cause a further continuous input into uvial
systems, this approach will also be applicable in the future. On
the other hand, if a decrease of such input is assumed, plastic
detection can be assigned to an even more temporarily limited
and precise period. In conclusion, MPs as an environmental
contaminant in sediments is very suitable and functional as
a marker to evaluate uvial activity as well as anthropogenic
inuences.
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