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Abstract Microplastic particles (MPP) occur in vari-
ous environmental compartments all over the world.
They have been frequently investigated in oceans,
freshwaters, and sediments, but studying their distribu-
tion in space and time is somewhat limited by the time-
consuming nature of the available accurate detection
strategies. Here, we present an enhanced application
of lab-based near-infrared imaging (NIR) spectroscopy
to identify the total number of MPP, classify polymer
types, and determine particle sizes while maintaining
short measuring times. By adding a microscopic lens
to the hyperspectral camera and a cross slide table
to the setup, the overall detectable particle size has
been decreased to 100 um in diameter. To verify and
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highlight the capabilities of this enhanced, semi-auto-
mated detection strategy, it was applied to key areas
of microplastic research, such as a lowland river, the
adjacent groundwater wells, and marine beach sedi-
ments. Results showed mean microplastic concentra-
tions of 0.65 MPP/L in the Havel River close to Ber-
lin and 0.004 MPP/L in the adjacent groundwater. The
majority of MPP detected in the river were PP and
PE. In 8 out of 15 groundwater samples, no MPP was
found. Considering only the samples with quantifiable
MPP, then on average 0.01 MPP/L was present in the
groundwater (98.5% removal during bank filtration).
The most abundant polymers in groundwater were PE,
followed by PVC, PET, and PS. Mean MPP concentra-
tions at two beaches on the German Baltic Sea coast
were 5.5~MPP/kg at the natural reserve Heiligensee
and Hiittelmoor and 47.5 MPP/kg at the highly fre-
quented Warnemiinde beach.

Keywords Microplastic particles - Surface water -
Groundwater - Bank filtration - Beach sediments -
Baltic Sea - NIR spectroscopy

1 Introduction

Microplastic particles (MPP) are found ubiquitously
in the environment. While research on marine MPP
abundances began decades ago, the focus of current
research activities has shifted towards freshwater
resources as well as aquatic sediments and terrestrial

@ Springer


http://orcid.org/0000-0001-9666-903X
http://orcid.org/0000-0002-2135-2369
http://orcid.org/0000-0002-2380-4429
http://orcid.org/0000-0003-1667-0060
http://crossmark.crossref.org/dialog/?doi=10.1007/s11270-023-06245-4&domain=pdf
https://doi.org/10.1007/s11270-023-06245-4
https://doi.org/10.1007/s11270-023-06245-4

286 Page?2of 18

Water Air Soil Pollut (2023) 234:286

soils. Several scoping reviews emphasise the occur-
rence of microplastics in rivers (Eerkes-Medrano
et al.,, 2015; Kumar et al., 2021; Li et al., 2018).
Detected riverine microplastic concentrations range
from a few MPP/m’> to around 10,000 MPP/m? close
to the water surface in an urban watercourse (Kumar
et al., 2021; Schmidt et al., 2018).

Depending on their physical properties, MPP
may be transported along a river over long distances
or infiltrate and accumulate in riverbed sediments
(Boos et al., 2021; Nizzetto et al., 2016), where a
wide range of plastic polymers with total concentra-
tions of around 1000 MPP/kg dry weight of sediment
and sizes up to 5000 pm have been found (Frei et al.,
2019). Fine particles can even be mobile in streambed
sediments (Drummond et al., 2020) and alluvial aqui-
fers (Goeppert & Goldscheider, 2021; Viaroli et al.,
2022). Concordantly, particles> 100 pm were found
to be mobile in laboratory experiments, where particle
mobility strongly depended on relative pore and parti-
cle sizes (Waldschldger & Schiittrumpf, 2020). At the
other end, MPP of up to 150 pm and even 374 pm in
size were detected in drinking water production wells
and tap water, with concentrations of up to 7 MPP/
m’ (Mintenig et al., 2019) and 74 MPP/m? (Kirstein
et al., 2021; Pittroff et al., 2021), respectively. Only
few studies exist that assess microplastic contamina-
tion of groundwater resources (Johnson et al., 2020;
Panno et al., 2019; Samandra et al., 2022) with lit-
tle focus on the potential risk of MPP leaching into
groundwater by bank filtration (Johnson et al., 2020).
Here, particle transport may be facilitated by high
flow velocities through medium- to coarse-grained
sand, comparable to pronounced hyporheic exchange
fluxes through distinct geomorphological riverbed
structures (Frei et al., 2019; Munz et al., 2017).

With respect to marine MPP, more knowledge
exists on microplastic pollution and accumulation in
beach sediments (Harris, 2020; Hidalgo-Ruz et al.,
2012). In the Baltic Sea, for example, microplas-
tic concentrations span several orders of magnitude,
from less than ten MPP/kg beach sediments at Ger-
man coasts (Dekiff et al., 2014; Stolte et al., 2015),
via tens of MPP/kg at German (Esiukova et al., 2021;
Schroder et al., 2021), Polish (Graca et al., 2017) and
Russian coasts (Esiukova, 2017) to hundreds of MPP/
kg at German (Stolte et al., 2015) and Polish (Urban-
Malinga et al., 2020) coasts. Besides this large-scale
variability, only a few studies have focused on the
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small-scale variability in MPP abundances along
beach transects or within sample plots.

Analyzing spatial patterns in MPP abundances
requires large numbers of environmental samples.
While water sampling is usually done with filters
and sieves, sediment samples are treated by density
separation to extract MPP for spectroscopic analyses
(Braun et al., 2021; Hidalgo-Ruz et al., 2012; Wang
& Wang, 2018). Preferably, polymer identification
should be done via an automatic analysis of their
chemical composition to assure a reliable and user-
independent assessment of MPP (Loder & Gerdts,
2015). The most frequently used methods are Fou-
rier transform infrared (FT-IR) spectroscopy, Raman
spectroscopy, and pyrolysis—gas chromatography-
mass spectrometry (GC/MS) (Braun et al.,, 2021;
Koelmans et al., 2019; Li et al., 2018). Tomography
methods represent an alternative for investigating the
presence and fate of microplastics in the environment,
but so far they have been applied only rarely (Barroso
et al., 2019; Sagawa et al., 2018; Totzke et al., 2021).
In summary, the available analysis tools comple-
ment each other, but none can be considered the gold
standard for analysing all particle types and matrices
(Primpke et al., 2020a).

Recently, near-infrared (NIR) imaging spec-
troscopy has been used for microplastic analyses
in a growing number of studies (Faltynkova et al.,
2021; Ivleva, 2021; Weisser et al., 2022). Within
the last decade, we have developed -in cooperation
with other researchers from different projects- and
applied NIR imaging spectroscopy with semi-auto-
mated MPP identification to detect the presence of
MPP in aquatic environments (Atwood et al., 2019;
Piehl et al., 2020; Schmidt et al., 2018) (please note
that these publications use the term ‘short-wave
infrared’ (SWIR) instead of NIR to refer to the
wavelength range 1400-3000 nm, which is com-
mon in the remote sensing community). In these
previous freshwater studies, NIR imaging spec-
troscopy provided a reliable method to determine
polymer types of particles as small as 450 um. In
particular, it allowed MPP detection for a large
number of environmental samples in a short time
compared to other methods. Further improvements
of NIR imaging spectroscopy generally encoun-
tered are the increase in spatial resolution to detect
smaller MPPs and the development of more robust
models for data analysis (Faltynkova et al., 2021).
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By adding a microscopic lens to the hyperspec-
tral camera and a cross slide table to the setup, the
overall detectable particle size has been decreased
to 100 um in diameter. This expands the applica-
tion of the near- infrared imaging spectroscopy
also to groundwater samples in which the transport
of MPP is restricted by the porosity of the aquifer
material and it is assumed that only smaller frac-
tions of MPP particles occur.

In this study, we present methodological
refinements of our NIR imaging spectroscopy
approach and expand the application to samples
of groundwater and beach sediments in addi-
tion to a river, so that the method is exemplarily
applied to key areas of microplastic research. We
analysed a total of 82 environmental samples in
order to (i) quantify the MPP load of a lowland
river, (ii) assess the potential risk of MPP leach-
ing into the groundwater during bank filtration,
and (iii) capture the spatial heterogeneity of MPP
in beach sediments.

2 Methods

In the following, we describe the study area and
sampling strategy of each sample type, namely
surface water (Section 2.1.1), groundwater (Sec-
tion 2.1.2), and beach sediments (Sections 2.2.1
and 2.2.2), including the type-specific laboratory
treatments. In Section 2.3, we present the details of
the polymer identification with NIR imaging spec-
troscopy, which was applied to all sample types.

To avoid contamination, plastic-free clothing
and instruments were used whenever possible, and
all working surfaces and materials were cleaned
with a 30% ethanol solution made from distilled
and filtered water and filtered ethanol (CA fil-
ter with a pore size of 0.45 pum). Furthermore, we
took samples of the presumably less contaminated
groundwater before sampling the river, to mini-
mize the risk of cross-contamination. Between any
two samples, we carefully rinsed all materials (e.g.
plankton net, sieves) to avoid cross contamination.
In order to identify and evaluate possible sources
of contamination in this study, all processing and
evaluation steps were also carried out on blind
samples (Section 2.4).

2.1 Freshwater Samples
2.1.1 Surface Water Samples

We chose a canal of the Lower Havel federal water-
way downstream of the City of Berlin for sampling,
due to its proximity to the groundwater wells (Sec-
tion 2.1.2). Three sets of samples were collected
at monthly intervals from May to July 2016, at five
locations in a 200 m transect along the canal in
approximately equidistant intervals of 40 m (Fig. 1a).
Roughly, the topmost 5 cm of the water body were
sampled with a glass bailer at three (1* sampling
campaign) to five (2™ and 3" campaigns) points by
drawing 20 L (1* and 2™ campaigns) and 60 L (3"
campaign), following the procedure of Schmidt et al.
(2018). The collected water was then poured through
a plankton net (20 um mesh size) and its volume was
measured with a bucket placed underneath the plank-
ton net. The particles that remained in the net were
flushed into 1 L glass bottles with filtered ambient
water.

2.1.2 Groundwater Samples

Five groundwater (GW) wells at a bank filtration
site adjacent to the canal were sampled on the same
day as the river. The wells are located approximately
15 m inland from the surface water (SFW) observa-
tion points (Fig. 1a). At GW1 and GWS5, two obser-
vation wells each were placed together with different
filter screen elevations, with the upper and lower ones
located approximately 24 m a.sl. and 18 m as.l.,
respectively. The portion of SFW in the aquifer at the
GW wells is above 94%. Subsurface residence times
in the sandy to gravely aquifer range from 18 days at
GWI e, t0 59 days at GWS5,,... (Munz et al., 2019).

To take groundwater samples, we positioned an
Eijkelkamp MP1 pump with a connected Teflon
hose in the well several meters below the water level
but clearly above the ground of the well. Pump-
ing rates varied between 12 and 20 L/min depend-
ing on the exact sampling depth and groundwa-
ter temperature. A minimum of 1.5 times the well
volume was discarded before sampling. After the
temperature, oxygen content, redox potential, and
pH-value of each well stabilized, the pumped water
was assumed to be representative of the groundwa-
ter and the sampling began. For each sample, 200 L
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Fig. 1 Plan view of the freshwater (a) and sediment sampling sites (b)

(1% and 2" campaigns) and 600 L (3" campaign) of
groundwater were strained through a plankton net
with a mesh size of 20 um. Once the desired volume
was reached, the remains in the plankton net were
flushed into 1 L glass bottles with filtered ambient
water.

All freshwater and groundwater samples were
poured through a 20 pm stainless steel analytical
sieve in the laboratory. The remaining particles
were transferred into glass beakers, covered with
lids made of tin foil and dried in a drying cabinet at
70 °C for at least 24 h. Subsequently, 80 ml of 30%
H,0, was added to each sample to reduce organic
material. The samples were stirred with a magnetic
stirrer with glass-coated stir bars for at least 24 h
and then left in the H,O, for a week inside a fume
cupboard. Afterwards, each sample was rinsed with
filtered water in a 20 pm sieve to remove the hydro-
gen peroxide.

@ Springer

2.2 Sediment Samples

A total of 54 beach sediment samples were taken
along transects from two stretches of beach along the
Baltic Sea coast near Rostock, Germany. Specifically,
we selected a natural reserve area and a touristic
beach in order to test the density separation method
on a presumably broad range of plastic polymers in
beach sediments and to emphasize spatial patterns in
the microplastic pollution.

2.2.1 Beach Transect Heiligensee and Hiittelmoor

The beachfront of the 540 ha natural reserve Heili-
gensee and Hiittelmoor (Fig. 1b), located between
Rostock and Graal-Miiritz, has been a research site
for fluid dynamics studies over the last years (Jurasin-
ski et al., 2018; Miegel et al., 2017; Schreiber et al.,
2021). This part of the beach is only occasionally
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frequented by hikers and walkers. The samples were
taken in December 2019 from a 35 m long transect
that was placed perpendicular to the coastline. Nine
samples each were taken on the beach, on top of the
dune, and at the rear site of the dune (Fig. 1b).

2.2.2 Beach Transect Warnemiinde

Warnemiinde beach, located in the northern district
of Rostock, is strongly influenced by human activi-
ties. At the start of every new summer season, almost
15,000 cubic meters of sand that the wind has blown
onto the dunes and into the sand traps during win-
ter are brought back to the beach and distributed by
heavy machinery. Sediment samples at the beach
were taken in March 2020 perpendicular to the coast
in a transect of approx. 70 m in length (Fig. 1b). As
for the natural reserve, samples were taken at three
locations: At the water’s edge located in the North, in
the middle of the beach, and at the southern part of
the beach, with nine samples each.

2.2.3 Sampling Strategy

The beach surface at each location along the transects
Heiligensee and Hiittelmoor and Warnemiinde was
cleaned of major contamination or disruptive objects
(such as plastic bag parts, cigarette butts, bottle caps)
and any vegetation was carefully removed. A sample
pit was then dug at each location, measuring approx.
70x80x60 cm (LXWxD) and reinforced on the
sides with wooden planks. Samples were taken from
a straight profile wall with a 100 cm® stainless steel
cylinder, which had a length of 40.5 mm and an inner
diameter of 57 mm. Three samples each were taken at
5 cm, 20 cm, and 40 cm below the beach surface. A
distance of 15 cm was maintained between the sam-
ples of a layer. The sediments were stored and trans-
ported in aluminum dishes or laboratory glass bottles.

The sediment samples were dried at 60 °C for
48 h and subsequently sieved through a stainless
steel sieve with a 20 cm diameter and a mesh size of
2 mm (Retsch GmbH, Germany). Larger soil agglom-
erates were crushed and clearly recognizable plastic
particles that got stuck in the sieve were transferred
using tweezers. The sediment fraction>2 mm was
optically analyzed. In order to separate microplastic
particles from the denser matrix components <2 mm,
we used a sodium iodide solution with a density of

approx. 1.8-%; to separate even highly dense pristine
polymer materials such as PVC or POM (Dekiff et al.,
2014; Quinn et al., 2017). The samples were placed
into 250 ml wide-neck Erlenmeyer flasks, which were
then filled up to about half with the density solu-
tion. The mixture was then stirred for 2 min with a
stainless steel spatula (I) and treated for 2 min in an
ultrasonic bath (II) to destroy soil agglomerates (steps
I and II were repeated once more). Afterwards, the
Erlenmeyer flasks were filled to the neck with the
density solution and left for 24 h. Subsequently, all
floating compounds were captured by direct vacuum
filtration (Vacuubrand Vario Select), poured through
a filtration funnel with a 6 pm stainless steel mesh
(Sartorius, Germany), and transferred with an etha-
nol solution into pre-cleaned transportation glass jars
(Bednarz et al., 2020).

2.3 Semi-automated Identification of MPP
2.3.1 Preparation of Glass Fibre Filters

Prior to imaging, the samples were filtrated from the
glass transportation jars onto binder-free glass fibre
filters (Macherey—Nagel MN 85/90 BF, 47 mm) using
a hand-operated glass filtration device (Sartorius) to
guarantee a homogenous distribution of the particles
on the filter surface. The filters were then placed in
lockable plastic Petri dishes (Millipore SAS, steri-
lized 47 mm) for the first two SFW sampling cam-
paigns and on glass petri dishes using metal tweezers
for all other samples (third SFW sampling campaign
and beach samples) and dried at 50 °C for 24 h. To
prevent the filters from sticking to the bottom of the
glass after drying, a small, folded piece of aluminium
foil was placed under each filter.

2.3.2 Near-Infrared Imaging Spectroscopy
with HySpex

We used a hyperspectral HySpex SWIR-320 m-e
camera (Norsk Elektro Optik AS (NEO)) to record
the light reflected by the filters in the near-infrared
range (968 to 2498 nm wavelength, recorded by 256
channels with a band width of 6 nm). A row of five
filters was placed on a translation stage and moved
through the sensor’s field of view. The HySpex sen-
sor is a line scanner that records a scene line by
line, with each line consisting of 320 pixels. For this
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Fig. 2 Flow chart showing the basic steps of PlaMAPP to identify polymer types and determine particle sizes

purpose, the speed of the translation stage is synchro-
nized with the recording speed of the HySpex sensor.
To achieve a finer resolution of the recorded pixels,
a microscopic lens was attached to the sensor, which
decreased the pixel size from the previous 280 um (as
used in Schmidt et al., 2018) to 50 pm. As the lin-
ear field of view was reduced to 16 mm due to the
microscopic lens, the filters with a width of 47 mm
had to be scanned in three strips with 2-3 mm overlap
in order to support accurate mosaicking of the three
image strips. This was realized by moving the row
of 5 filters with a cross slide table between the three
scans. As a known spectral reference, a 95% white
reference (Zenith Lite ® 90% or 95% by SphereOp-
tics) was placed at the beginning of each scan to con-
vert the measured image spectra into reflectance units
afterwards. The spectral measurement of each image
pixel was averaged from eight single measurements in
order to acquire a high signal-to-noise ratio.

2.3.3 Data Processing and Identification
of Microplastic Particles

The identification of MPP is mainly based on the calcu-
lation of spectral distances between absorption bands of
the recorded pixel and reference spectra (penalty_score;).
Therefore, the recorded spectra of the three image stripes
were corrected for bad and dead pixels, converted into
reflectance units using the absolute reflectance spec-
trum of the calibrated white reference and merged into
one image (mosaicking) (Scheffler, 2021; Scheffler

n_Matchesj = Z

k=1 =1 0; else

n_pix oy n_ref; { L if a_ref;; — Tol < a_pix; < a_ref;; + Tol

et al., 2017). To identify the polymer types, we applied
the PlaMAPP (Plastic Mapper) algorithm developed by
Mathias Bochow and initially described in Schmidt et al.
(2018). Firstly, image sub-setting is conducted to gen-
erate a subset per filter and the filter areas are masked
(Fig. 2). Afterwards, only pixels with organic or synthetic
polymer materials are selected. This can be achieved by
applying a threshold to the absorption intensity between
1550 and 1850 nm wavelengths, as all types of plastic
polymers show strong absorption within this spectral
region (first overtone absorption band of CH-, CH2-,
and CH3-bonds). The threshold was chosen empirically
according to the noise level of the data. The spectra of
the masked pixels are then converted into the continuum
removed form by implementing an adapted algorithm
developed by Mielke et al. (2015) into PlaMAPP.

The assignment of an image pixel (measured spec-
trum) to a polymer type is based on penalty_score;
[nm] calculated for each reference spectrum j within
the PlaMAPP reference library (j=1...m). Key here
is the comparison of the wavelength of a particular
absorption band a_pix, [nm] in the pixel spectrum
(k being the index of all absorption bands observed;
k=1...n_pix) with all possible matching absorp-
tion bands in all reference spectra (I being the index
of all absorption bands in the reference spectrum j;
=1 ...n_re]?). For that, firstly, the number of matches
n_Maiches;) of absorption bands in the pixel spec-
trum compared to all absorption bands in the refer-
ence spectrum j is identified, allowing for a given
small tolerance (7ol [nm]) to be counted as a match.

(0 < n_Matches; < n_pix) )

@ Springer
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Absorption bands that occur between 1370 and
1470 nm or 1910 and 1950 nm are excluded, because
in these two regions the absorption is dominated by
the presence of water, which is a typical indication of
organic matter.

Then, we define the fraction of how many of the
absorption bands are matching, accounting for the fact
that the number of absorption bands may be different
in the pixel spectrum compared to the reference spec-
trum j.

n_Matchexj

matchjracti = < matchjractj <1 (2)

Furthermore, we evaluate how much the match-
ing absorption bands are shifted in wavelength, by
calculating an average square mean root shift of
absorption bands based on the ones found in the
pixel spectrum (after resorting a_pix; and a_ref;;
to have indexed all matching ones first and in the
same order, running up to n_Maiches;). The square
mean root measure was chosen instead of the far
more common root mean square measure because
we want the small differences to be weighted
stronger than the large differences, since all poly-
mers have absorption bands in the same spectral
regions and therefore small shifts in band position
indicate a different polymer.

2
n_Matches i R
ijl a_ref;; — a_pix;

shift_average; = o Matches [nm]
— J

3

The penalty_score; for a certain reference spectrum j
is subsequently calculated as a combination of the aver-
age square mean root shift and the fraction of matched
absorption bands, but only if there is a minimal number
of three matching pairs of absorption bands:

penalty_score; =

shift_avemgej is zero. In our study, scaleConst was
set to 9.6 nm and Tol was set empirically to 2 nm
in order to define a stringent threshold criterion to
reduce the number of false positive classifications
in the final results. As the actual HySpex spectral
resolution was AA=6 nm, this implied that only the
absorption bands recorded in the same spectral chan-
nel are counted as a match according to Eq. (1) and
thus Eq. (4b) is not used but instead Eq. (4c), if n_
Matches; is larger than or equal to 3. Thus, some of
the parameters in Eqgs. (1) to (4) were set empirically
but there are no remaining free parameters in the for-
mulas that need to be optimized. In the current study,
the reference spectrum j with the largest match frac-
tion will be assigned the lowest penalty_score;.

Finally, each image pixel is assigned to the poly-
mer type with the lowest penalty score if this penalty
score lies below or equal to a threshold of 2 nm; oth-
erwise, it is classed as “unknown organic” to avoid
false positive classifications based on too few matches
among the ones possible. In the current study, a refer-
ence spectrum j has to have at least a match_fract; of
0.9 to be assigned as a polymer type to the pixel.

Afterwards, all adjacent pixels (8-connectivity) of the
same polymer type are grouped into one microplastic par-
ticle (image segmentation), and the latter are then subse-
quently numbered and counted per polymer type. If a poly-
mer type is assigned to a single isolated pixel, it is excluded
from the microplastic detection results, since the accuracy of
the classification increases significantly with the number of
neighbouring pixels that are assigned to the same polymer.
Consequently, the minimum detectable MPP size is about
100 um in diameter (two neighbouring pixels assigned to
the same polymer type). As fibers are typically much thinner
than one pixel, they are generally not detected by PlaMAPP,
which is a limitation of the approach presented.

NaN; if n_Matchesj <3 (4a)

shift_average; . _ . .

naich fract’ else if any |a_ref;; — a_pix;| > AM for i = 1 ... n_Maiches; (4b)
leC. 1—match jract? el 4

scaleConst X W ; else (4¢c)

where A) is the spectral resolution of the recorded
spectrum and scaleConst is an arbitrary penalty
level that is used only if all matches are within AA,
i.e. fall in the same spectral channel, implying that

At the time of processing, the algorithm was capa-
ble of classifying polyethylene (PE), polypropylene
(PP), styrene polymers (PS) (as a group consisting
of polystyrene, acrylonitrile-butadiene—styrene and
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styrene-acrylonitrile), polyvinyl chloride (PVC), Pol-
yethylene terephthalate (PET), ethylene—vinyl acetate
(EVAC) and ethylene vinyl alcohol (EVAL) (as a
group), polyamide (PA), polycarbonate (PC), polyu-
rethane (PU), polyoxymethylene (POM), and polym-
ethyl methacrylate (PMMA).

2.3.4 Visual Validation

For the final declaration, we visually compared
the polymers determined by the algorithm with
reference spectra of a spectral library using the
software ENVI. The identified MPP were counted
and marked, and their particle sizes (the maximum
diameter, the minimum diameter, and the number
of pixels) were manually determined. To prevent
false-positive classifications, we visually checked
and corrected PlaMAPP’s classification results
based on previous experiences with common
misclassifications. PlaMAPP-detected particles
were rejected if they did not show typical plastic-
like characteristics (such as sharp breaking edges,
unnatural colors, foamy textures, or plain surfaces)
or if they showed characteristic features of organic
material (such as cell textures, leaf veins, or insect
body parts).

To validate the performance of the applied MPP
classification scheme, the entire filter area was addi-
tionally searched under the microscope for potential
particles incorrectly rejected by the algorithm (false
negatives).

2.4 Blind Samples

In total, 22 blind samples were processed alongside
the water samples. Of these, one blind sample was
initiated in the field: the plankton net was exposed
to atmospheric conditions, rinsed with filtered and
ambient water and poured into pre-cleaned glass bot-
tles. The other 21 blind samples were started in the
laboratory and sieved, put in the drying oven, stirred
for 24 h with hydrogen peroxide, and filtered onto
glass fibre filters. Possible contamination sources like
abrasion particles from the well casing (blue PVC),
the plastic Petri dish used during the first two fresh-
water sampling campaigns (transparent PS), and the
rubber seal used with the glass bottles and transporta-
tion jars were excluded from the results of the actual
sample filters.

@ Springer

Five blind samples were processed alongside the
beach sediment samples. The transportation jars
were opened and placed beside a sampling pit to be
exposed to potential atmospheric contamination for
a total of three minutes. These blind samples were
treated the same way as the sediment samples; they
were in the drying oven, treated with sodium iodide,
put through the filtration system, and filtered onto
glass fibre filters. Only one unspecified microplastic
particle was identified in all blind samples, giving
evidence of minimal sample contamination.

Statistical data analyses were performed based on
the corrected counts using the software R (R Core
Team, 2021). Normality tests were done by a Shapiro
test. In order to identify spatial and temporal differ-
ences in MPP occurrence, we calculated the ANOVA
test statistic. A significance level of a=0.05 was
taken as a basis for all statistical tests.

3 Results and Discussions

3.1 Critical Reflection on MPP Detection and
Analysis Using NIR Imaging and PlaMAPP

We identified and analyzed MPP by applying NIR
imaging spectroscopy with a semi-automated analy-
sis approach (PlaMAPP classification algorithm fol-
lowed by visual inspection). Our results highlight
that NIR is an accurate and non-destructive approach
to identify MPP consisting of various polymer types
and sizes. Compared to previous studies (e.g. Schmidt
et al., 2018), we significantly reduced the MPP size
detection limit from 450 to 100 um. This is a sig-
nificant improvement, especially as it facilitates the
detection of MPP in size classes relevant to trans-
port within pores of soils and sediments (see, e.g.,
Frei et al., 2019, Mintenig, et al. 2019; Kirstein et al.,
2021, and also Section 3.2.2). As a consequence of
using the microscopic lens, we had to record the
filters in three slightly overlapping strips (see Sec-
tion 2.3.2). Initial concerns that particles might be
overlooked or counted twice due to imprecise mosai-
cking were addressed by an extensive visual valida-
tion (Section 2.3.4) that did not reveal any particles
that had been missed or counted twice due to mosai-
cking artefacts. Similarly, the number of particles not
recognized by PIaMAPP, i.e. the false negatives iden-
tified through the visual validation of the entire filter,
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was small. In the freshwater samples, only 24 parti-
cles showing typical plastic-like characteristics were
additionally found, whereas only two false-negative
particles were found in the beach sediment samples.
These particles clearly showed properties of plastic
polymers but were not assigned to a particular type
of plastic by the PIaMAPP algorithm. Suggested rea-
sons for this are (i) missing references of the specific
polymer type in the reference library, (ii) physical or
chemical alterations of known polymers during trans-
port or (iii) the quite stringent tolerance of 2 nm to
calculate the penalty_score. However, the low num-
ber of false negatives with respect to the total num-
ber of classified particles by PlaMAPP highlights the
high sensitivity of the PlaMAPP classification results.

Nevertheless, several types of misclassifica-
tions occurred in the PlaMAPP results themselves
(false positives) and needed to be corrected manu-
ally. Mainly, misclassifications occurred if non-plastic
objects showed absorption patterns that are very simi-
lar to those of plastic materials. In particular, organic
objects in the sediments were sometimes wrongly clas-
sified as PE particles, and various chitinous exoskel-
etons in the groundwater samples were misclassified as
PA for this reason. Fortunately, these misclassifications
are known from previous studies and can be identified
and corrected by examining their spectra in ENVIL
However, this misclassification can substantially be
reduced by continuously including individually meas-
ured NIR spectra of site-specific organic objects in the
PlaMAPP reference library, which would finally cause
higher penalty scores between the unknown particle
and the organic object versus PE/PA.

A new issue that frequently occurred with the
microscopic lens, but not with the 30 cm lens, were
misclassifications of single pixels due to interference
fringes in the spectra. These caused numerous random
absorption features that could coincide with those of

Table 1 Comparison of measurement speeds of p-Raman,
FT-IR, and NIR spectroscopy. *The actual duration can vary
according to the instrument settings used for spectral band-

the plastic polymers from the library. This phenom-
enon, albeit well known (Jeszenszky et al., 2004), is
unfortunately not easy to correct automatically. Yet,
these misclassified pixels were easy to identify by
hand by examining their spectra in ENVIL.

Another problem was that the algorithm occa-
sionally failed to classify the entire polymer par-
ticle, which led to a fragmentation of the particle
in the classified image. As a result, the number of
pixels had to be corrected manually using ENVI’s
Region of Interest Tool. It also occurred that pixels
belonging to one plastic particle were classified as
different polymer types. This had to be corrected by
examining the spectra of every adjacent pixel of the
classified particles.

In total, the necessary manual corrections were
time-consuming and illustrate the need for further
improvement of the automated PlaMAPP classifica-
tion. However, this also applies to the Raman and
FT-IR spectroscopy methods for which the spectra
of classified particles also need to be checked by an
expert to achieve reliable results for polymer identi-
fication and counting. Comparing only the measure-
ment times of the three methods, NIR spectroscopy
is about three orders of magnitude faster than FT-IR
spectroscopy, which is in turn about three times
faster than Raman spectroscopy (Table 1).

The main advantage of the near-infrared imaging
spectroscopy presented here over other methods is the
reduction in measurement time. If the reliability of the
automated classification, which currently needs a man-
datory detailed follow-up check, is further optimized,
the PlaMAPP algorithm could contribute to significant
time savings. Still, one limitation is the rather high
MPP detection limit, which is about 100 pm, whereas
FT-IR and Raman spectroscopy can detect even
smaller microplastics, with a lower limit of 10-20 pm
and 1-2 pm, respectively (Table 1).

width, averaging methods and others. Individual informa-
tion on measurement times can be found, e.g., in Loder et al.
(2015), Primpke et al. (2020b), and Tagg et al. (2015)

u-Raman FPA-based FT-IR u-NIR
Typical filter diameters 10 mm 11 mm 47 mm
Measurement times per filter 1 day* 10 h* 10 min
Measurement speed 0.055 mm?*min 0.016 mm?*min 173 mm*min
Lateral resolution, nominal 1 um 20 um 50 um
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3.2 MPP in Freshwater Samples
3.2.1 Surface Water Samples

In the detectable size fraction (> 100 pm), 222 MPPs
were detected in the SFW samples. The mean MPP
concentration was 0.65 MPP/L, with concentrations
in individual samples ranging from 0.05 to 1.85
MPP/L (Fig. 3a). This is about an order of magnitude
lower than water surface MPP concentrations of the
Teltow Canal (tributary of the Havel River) (Schmidt
et al., 2018), but is within the range of average con-
centrations of most European and North American
rivers (Sarijan et al., 2021).

Yet, the measured concentration along the canal
varies considerably along the canal and over time
(May, June and July 2016) (Fig. 3). The highest
range in MPP concentration along the canal within
one sampling campaign was observed in May 2016

Fig. 3 Microplastic a)
. . 2r
particle abundances in
(a) the Lower Havel river . 15l
(MPP > 100 um) and (b) o
adjacent groundwater = 1+
(100 < MPP <2000 pum) of [
the three sampling cam- 2 05k
paigns carried out
SFW 1
b)
0.02 |-
g
§
o
=

[%)
=z

SFW 2

with 1.63 MPP/L whereby the lowest concentrations
occurred at site SFW5 (0.2 MPP/L) and the highest at
site SFW1 (1.85 MPP/L) (Fig. 3a). The average MPP
concentration of all sampling points (SFW 1-SFW 5)
dropped from 1.2 MPP/L in May 2016 to 0.37 MPP/L
in June and July 2016. The reasons for the spatial and
temporal variations have not been identified. How-
ever, possible explanations might include factors
such as hydraulic disturbances caused by ship traf-
fic and wind, although all samples were taken at the
southern riverbank of the canal and each ship passage
takes only about a few minutes. Unless determined
otherwise, the spatial differences in observed MPP
concentration might just reflect the natural variability
of MPP occurrence in the uniformly constructed and
shaped canal.

Three types of plastic polymers were identified in
the canal (Fig. 4). The majority of MPP are PP (50.4%
on average for all sample dates) and PE (48.2%), and
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Fig. 4 Polymer types in the
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these polymer types were found in all samples (except
two samples that only comprised PP; SFW2, and
SFW4, 2" campaign). This matches the expectation
that predominantly lower-density MPP accumulate
in the topmost part of the water column (which can
lead to overestimations of total MPP loads) and is in
accordance with previous findings, showing that PE
and PP were dominant in other freshwater resources
(e.g. Fiore et al., 2022; Mani et al., 2016; Schmidt
et al., 2018). Even the regular ship traffic and the sub-
sequent turbulent mixing of the entire canal did not
affect such a distinct stratification of MPP. Addition-
ally, one PS was found in SFW3 (3" campaign). No
spatial or temporal trend was discernible with respect
to polymer type proportions, neither among sampling
locations nor among the campaigns.

3.2.2 Groundwater Samples

A substantial number of blue PVC particles were
found in the GW samples (>70% of all MPP), which
could be clearly assigned to the well casings. We
excluded these particles from the results to enable
the interpretation with regard to the groundwater
MPP load independent of these identified cross-con-
taminants. While the source of the blue PVC parti-
cles could be clearly determined, this was not the
case for the rest of the MPP found in the GW sam-
ples, since none of the sampling equipment matched
the remaining MPP with respect to their colour and
polymer type.

In total, 21 MPP were found in all groundwater
samples. The mean MPP concentration was 0.004
MPP/L. The concentrations in individual samples
ranged from 0 to 0.015 MPP/L (Fig. 3b). Thus, MPP
concentrations in groundwater were about two orders
of magnitude lower than in the adjacent surface
water, but comparable to concentrations detected in
drinking water from groundwater sources (Mintenig
et al., 2019). In eight out of our 15 samples analysed,
no MPP were detected (Fig. 3b). However, John-
son et al. (2020) found average MPP concentrations
of 2.3 MPP/L in raw water of three water treatment
works that directly abstract bank filtrate from chalk
and sandstone aquifers. In their study, microplastics
were not consistently present in the raw water at five
separate sampling occasions over the period between
August 2018 and May 2019. And in 10 out of 15

analysed raw water samples, no MPP were detected
(Johnson et al., 2020).

These results indicate that MPP might be partly
filtered out during bank filtration within the aquifer,
though not always completely, but this tendency may
also be caused by temporal variations in the input
concentrations from the canal that were not captured
by the temporal resolution (duration and frequency)
of our sampling campaigns. In contrast, seven sam-
ples show slight MPP loads (Fig. 3b). Considering
only the samples with quantifiable MPP, then on
average, 0.01 MPP/L was present in the groundwa-
ter. Overall about 98.5% of all microplastic particles
above 100 pm were filtered out during bank filtration
passage through the medium- to coarse-grained sandy
aquifer. Nonetheless, these findings suggest a poten-
tial risk of MPP leaching into groundwater through
bank filtration requiring further investigation on MPP
transport in sand and gravel aquifers towards pump-
ing wells of water works to see if this could cause a
pollution of drinking water supplies.

Four types of polymers were identified in the
pumped GW samples: PE, PVC, PET, and PS.
The most abundant type of polymer is PE at 67%
(npg=14) followed by PVC at 24% (npyc=5)
(Fig. 4). Only one trace of PET and PS each was
found in the groundwater samples. Observed types
of polymers in the pumped GW samples substantially
varied in space, yet without clear patterns or trends.
Conspicuously, PVC was only found in the well with
the shortest residence time between the canal and the
observation well (flow velocity ~0.4 m/d). In contrast
to the SFW, no PP particles were found in the GW
samples. However, not finding PP particles in the GW
samples might be just a result of the low particle den-
sity, which would prevent PP particles from descend-
ing into the SFW and infiltrating into the GW.

The particle sizes ranged from 0.005 to 0.62
mm?. The number of MPP exponentially decreased
with increasing particle size (Fig. 5). The minimum
diameter of detected MPP ranged from 100.0 to
700.0 pm, and 87% of the particles had a minimum
particle diameter <300 pum (Fig. 5). Two particles
had markedly larger minimum diameters of 700 pm
(PE in GW1,0e; 3" campaign) and 425 pm (PE in
GW3, e 1** campaign). All other particles were
much smaller, ranging from 100 to 300 pm in diam-
eter (mean=200 pm).

@ Springer
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Fig. S Cumulative distribution of MPP particle sizes (Mini-
mum Particle Diameter and Area) in the groundwater sam-
ples, with fitted logarithmic function to MPP Area (dotted line,
goodness of fit is shown as R?)

In view of the medium- to coarse-grained sand
that is predominant in our study area, particles of up
to 308 um in size could potentially enter the aqui-
fer (Herzig et al., 1970; Frey et al., 1999). This cor-
responds well to the mean diameters detected in our
observations, as well as to MPP dimensions recently
found in streambed sediments (Frei et al., 2019),
drinking water production wells (Mintenig et al.,
2019; Johnson et al., 2020), and tap water (Kirstein
et al., 2021). The occurrence of some larger particles
might be related to local heterogeneities in the coarse-
grained sediment, and the relatively high subsurface
flow velocities at the study site in comparison to other
lowland groundwater situations.

Just as in this study, most GW observation
wells that are in operation are very likely substan-
tially polluted with MPP due to regular measure-
ments with sampling equipment made of common
plastic (e.g. electric contact meters). For example,
Samandra et al. (2022) reported substantial micro-
plastic pollution in a GW borehole of an alluvial,
unconfined aquifer in Australia (38 MPP/L on aver-
age), which is several orders of magnitude higher
compared to our results. However, they took 1 L
groundwater samples with a stainless-steel bailer
attached to a braided polyamide rope from the bore-
hole without purging the bores prior to sampling.
Our own comparison showed that bailed (prior to

@ Springer

pumping with a stainless-steel bailer attached to a
braided hemp rope) MPP concentrations were about
three orders of magnitude higher (1.35 MPP/L)
than pumped MPP and also clearly above mean
SFW MPP concentrations. Therefore, we argue
that observation boreholes need to be purged prior
to sampling to remove artificial MPP accumulation
and sample recharging GW only. Beyond that, our
results indicate that extensive research is required
to gain a better understanding of the occurrence,
fate, and transport of microplastics in groundwater
systems. This also includes a detailed monitoring
of the potential input concentration from the SFW
to capture seasonal trends and variations. To mini-
mize the risk of sampling contaminated well water,
we recommend discarding several hundreds of lit-
ers of water prior to sampling. With respect to the
overall low MPP concentrations in groundwater, the
sampling volumes should be further increased to
several hundreds of liters (as in this study and John-
son et al., 2020) in order to achieve representative
values for the presence of MPP.

3.3 MPP in Beach Sediment Samples
3.3.1 Beach Transect Heiligensee and Hiittelmoor

In total, 21 MPP were found at the beach transect
Heiligensee and Hiittelmoor and the number of
detected particles per sample varied from one to
four. Average MPP concentrations of all three sam-
ples over all depths were 6.3 MPP/kg at the beach,
4.3 MPP/kg on the dune, and 4.4 MPP/kg at the rear
site of the dune (Fig. 6a). The average MPP abun-
dance per depth increased from 3.7 MPP/kg at 5 cm
depth to 7.8 MPP/kg at 40 cm. This corresponds to
a 2.2-fold increase over the entire profile (Fig. 6a),
albeit with a large variance at each depth.

Of the particles found, 71% were classified as
PE, 19% as PP, and 10% as PS (Fig. 7). The particle
sizes ranged from 0.005 to 0.806 mm?. The num-
ber of MPP exponentially decreased with increasing
particle size (Fig. 8). We identified major differ-
ences in particle dimensions per MPP type. While
the identified PE particles cover all size ranges, the
PP particles vary in size from 0.011 to 0.068 mm?
and the two PS particles measure 0.022 mm? and
0.032 mm?, only.
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3.3.2 Beach Transect Warnemiinde

In total, 201 MPP were identified at the beach tran-
sect Warnemiinde. The number of detected particles
per sample varied from eight to 16 MPP (Fig. 6b).
Depth-average MPP concentrations ranged between
26.9 MPP/kg at the water’s edge, 56.8 MPP/kg in the
middle of the beach, and 58.7 MPP/kg on the south-
ern part of the beach. MPP abundances significantly
increased between the water’s edge and the two beach
locations (p-value=0.03, Fig. 6b). Average MPP
abundances per depth decreased from 60.2 MPP/
kg at 5 cm to about 41 MPP/kg at 20 cm and 40 cm
(Fig. 6b) and thus decreased by a factor of 0.7, but
again, with a large variance at each depth.

The applied density separation method using
high-density Nal solution is suitable for separating
even highly dense pristine polymer materials such

20% 40% 60% 80%

Middle of the
Beach

Southern part of
the Beach

Aggregated by
Depth

Transect Position

W PE
m PP
mPS
W PET

HPC

100% MPVC

Fraction of polymer types

as PVC, PET, and PA (according to common litera-
ture values, their densities range from 1.2 to 1.7 g/
cm?) from the matrix components. Of the confirmed
MPPs, PE particles were dominant at 41.4%, while
21.2% were classified as PP, 14.8% as PS, 11.3% as
PVC, 7.4% as PET, 2% as PA, and about 1% as PC
(Fig. 7). The beach stretch of Warnemiinde showed a
very wide variety of particle sizes ranging from 0.005
up to 44.94 mm?>. The number of MPP exponentially
decreased with increasing particle size (Fig. 8).

3.3.3 Comparison Between the Two Beach Study
Sites

The range of detected MPP concentrations at both
sites is comparable to values found along beaches
of the Baltic Sea (Dekiff et al., 2014; Graca et al.,
2017). The study area in Warnemiinde contains a
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Fig. 8 Cumulative distribution of MPP particle size in
the beach samples of Heiligensee and Hiittelmoor and
Warnemiinde, with fitted logarithmic function (dotted lines,
quality of fit is shown as R?)

significantly higher MPP load (47.5+5.6 MPP/kg)
compared to the beach at Heiligensee and Hiittelmoor
(5.0+ 1.4 MPP/kg) (p-value=3.3 x 107°). This under-
pins the findings of Browne et al. (2011), who found a
correlation between MPP abundance and the anthro-
pogenic population density on shorelines worldwide.
However, recent studies demonstrate that this is not
always the case, as MPP abundances in national parks
and urban beaches do not necessarily differ substan-
tially (Esiukova, 2017; Urban-Malinga et al., 2020).
While several polymer types were identified in
the Warnemiinde samples that did not occur at Heili-
gensee and Hiittelmoor, PE was clearly dominant
at both sites, followed by PP and PS particles. The
dominance of these three polymer types is a common
finding in studies of beach sediments worldwide (e.g.
Imhof et al., 2012; Sathish et al., 2019; Wessel et al.,
2016). At both locations, MPP abundances increased
with decreasing particle size, which is consistent
with results from other surveys (e.g. Claessens et al.,
2011; Graca et al., 2017). Spectroscopic analyses of
microplastic particles (ranging from 10 um to 2 mm)
of sediment samples taken at comparable beach
locations in 2021 confirmed this trend and addition-
ally highlighted that the abundance of MPP ranging
from 10 to 100 pm was more than two (Heiligensee
and Hiittelmoor) to three (Warnemiinde) times higher
compared to MPP ranging from 100 ym to 2 mm
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(Heidrich, 2022). For small particles (<0.07 mm?),
the MPP size distributions of the two locations are
very similar, but they differ substantially for larger
particles (Fig. 8). This is partly because all MPP
at Heiligensee and Hiittelmoor were smaller than
1~mm?, while 16% of MPP at Warnemiinde exceeded
1~mm?. This might be related to the different origins
of the particles at the two beach transects. At the tour-
istic beach in Warnemiinde, the risk of direct MPP
input due to intense human activities is high. This
also matches the finding that the sampling location
in the middle of the beach is the most polluted part
within the transect, compared to e.g. the water’s edge.

4 Conclusions

Overall, the application of near-infrared imaging
spectroscopy with the subsequent data analysis using
the PlaMAPP routine is suitable to quantitatively ana-
lyse high numbers of environmental samples in order
to detect microplastic particles larger than 100~pm
in a reliable, and non-destructive way. Nevertheless,
there are still some issues known from previous stud-
ies with lower resolution regarding the correct clas-
sification of MPP. This is mainly due to the lack of
difference between PE particles and organic materials
that requires a detailed follow-up correction based on
the visual inspection of the recorded spectra.

The data achieved in terms of microplastic con-
centrations constitute a solid estimate of the MPP
abundance in freshwaters and sediments. In the
beach samples, we found lower MPP concentra-
tions at the natural reserve Heiligensee and Hiittel-
moor (5.5~MPP/kg) than at the highly frequented
Warnemiinde beach (47.5~MPP/kg). The mean river
MPP concentration of 0.65~MPP/L and the domi-
nance of PE and PP in the topmost part of the water
column were comparable to other rivers. The adjacent
groundwater concentrations were about two orders
of magnitude lower (0.004~MPP/L). The majority of
particles in the GW samples were <300~um, which
indicates the upper size limit of possibly mobile MPP
within the medium- to coarse-grained sandy aquifer.
These findings suggest a potential risk of MPP leach-
ing into groundwater via bank filtration and thus
highlight the need for more detailed research on the
occurrence, fate, and transport of microplastics in
groundwater systems.
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