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Abstract The distribution and fate of organic pol-
lutants within different compartments of a river sys-
tem are determined by several key effects and driv-
ers. Within the scope of this study, the aqueous and
sedimentary compartments have been analyzed com-
plementary to understand transport and accumulation
pathways and to determine temporospatial effects.
The bi-annual campaigns allow general statements
to be made about relevant processes and effects on
pollutant distribution. GC/MS non-target screenings
revealed that there is only a minor group of contami-
nants that occur both in the water and in the riverbed.
Nevertheless, for both phases, the main contamina-
tion with organic compounds occurred in the anthro-
pogenic, middle to lower course of the river with
loads up to 18.3 kg/d (2,4,7,9-tetramethyl-5-decyne-
4,7-diol, TMDD) in the water and amounts up to
3.3 mg/groc (XEPA16 polycyclic aromatic hydrocar-
bons, PAHs) in the riverbed. Main emission sources
were comparable, resulting in a high, almost con-
stant contamination level which also contributes to
the pollution of the superior, receiving river. Indeed,
the pollution transport of the aqueous and sedimen-
tary phases was closely connected, but with slight
temporal and spatial heterogeneities. For the aqueous
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compartment, seasonal effects were identified while
a remarkable change in riverbed contamination
occurred due to an extreme flood event. However,
dams within the catchment system cause a disconnec-
tion of the transport of lipophilic and hydrophilic sub-
stances. Overall, the combined investigation of differ-
ent phases is an important aspect for a comprehensive
view of river and environmental contamination.
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1 Introduction

Despite the increase in environmental awareness,
rivers remain important for various anthropogenic
activities and are intensively used, e.g., for shipping,
water withdrawal, and discharge of treated wastewa-
ter. Accordingly, river systems worldwide have been
and continue to be strongly affected by the introduc-
tion of a heterogeneous mixture of anthropogenic
contaminants (Lin et al., 2017). Overall, rivers can
therefore be defined as transitional systems for pollut-
ants between their source and deposition areas (Esser
et al., 2020).

In particular, low-molecular-weight organic con-
taminants such as pesticides or pharmaceuticals are
of high environmental relevance as they are often
toxic and bioaccumulative and can persist for long
periods in environmental compartments (Bernhardt

@ Springer


http://orcid.org/0000-0001-7307-9491
http://crossmark.crossref.org/dialog/?doi=10.1007/s11270-023-06786-8&domain=pdf

9 Page2of23

Water Air Soil Pollut (2024) 235:9

et al., 2017; Morin-Crini et al., 2021; Wilkinson
et al., 2017). These substances are very diverse and
show a large structural variety as they are also used
in a wide range of applications (Petrovic et al., 2016;
Schwarzenbach et al., 2010). In combination with
specific environmental conditions, this diversity
results in numerous dispersal mechanisms, pathways,
different distribution ranges, and accumulation sites.

For instance, hydrophilic components accumulate
primarily in the aqueous phase and can therefore be
rapidly transported within river systems (Heim et al.,
2004). Due to their different chemical and physical
behavior, these compounds show a high environmen-
tal mobility. In combination with the high dynamics
of the watery river compartment, transport and dis-
tribution processes are usually very short-term, but
still complex and challenging to analyze. In contrast,
hydrophobic respectively lipophilic contaminants
tend to be enriched in sedimentary material. In a river
system, this includes suspended particulate matter
as well as river sediment, but also material on flood-
plains or in reservoirs. Due to the more anaerobic
conditions, sediments often act as a sink for lipophilic
organic pollutants (Dsikowitzky et al., 2020; Heim
et al., 2004). However, this is not limited to flood-
plains, as pollutants also accumulate in the hyporheic
zone at the riverbed (Gandy et al., 2007; Lawrence
et al., 2013; Weatherill et al., 2018). Although the
particulate compartment is clearly less dynamic than
the aqueous phase, different transport and (re)mobili-
zation pathways of pollutants need to be considered
for holistic risk and hazard assessments. Especially
riverbed sediments can be easily mobilized due to
changes in flow dynamics and annual discharge pat-
terns (Cofalla et al.,, 2012; Westrich & Forstner,
2007).

Therefore, for a comprehensive assessment of the
dynamic and long-term impact potential of organic
substances in a complex river system, it is crucial to
consider both the particulate and the aqueous phases
in a complementary manner (e.g., Ferreira da Silva
et al., 2011). However, most studies focus on a sin-
gle compartment or on a single sampling campaign.
Nevertheless, only regular sampling and monitoring
of several compartments can provide reliable, gen-
eral statements on relevant processes and effects on
the pollutant distribution and accumulation. In addi-
tion, the consideration of different substances is also
crucial and should cover the high diversity in terms
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of molecular structures as well as physicochemical
properties (e.g., lipophilic vs. hydrophilic; polar vs.
non-polar).

This is the first study to consider regular sam-
pling of different compartments with a high spatial
coverage on the Rur river. The Rur itself is a typical
meso-scaled river in Central Europe, which origi-
nates in the High Fens in Belgium, covers most of
its flow distance in Germany, and finally discharges
into the Meuse at Roermond (Netherlands). It has a
total length of 163 km and a catchment area of about
2340 km? (Staatliches Umweltamt Aachen, 2005).
Generally, it is divided into two physiographic parts:
a typical low mountain range landscape of the Eifel in
the South and the northern lowland part belonging to
the Lower Rhine Embayment. Along its river course,
it shows a complex picture of anthropogenic impacts
such as river regulation, water withdrawal, and dis-
charge of treated wastewater. However, most of the
world’s river systems are anthropogenically influ-
enced (Best, 2019; Ekka et al., 2020; Notebaert et al.,
2018; Tockner et al., 2009). Therefore, the Rur river
system is well suited for the analysis of input, trans-
port, and deposition of various pollutants due to the
diverse but clearly definable influences and emission
sources. Processes and effects can be correlated with
specific conditions and thus enable transferability to
other river systems.

The main objectives were to determine the con-
taminant inventories in the different compartments
and to understand distinct transport and accumulation
pathways and processes. Differences in the contami-
nation situation of the specific compartments and the
general distribution of pollutants were identified. In
particular, spatial, seasonal, and temporal variations
in the state of pollution were investigated. There-
fore, pollutant loads, amounts, and mass fluxes were
determined, and emission profiles were established
for a distinct emission characteristic and for a holistic
assessment of environmental fate and behavior.

2 Methods
2.1 Study Area and Sampling
As mentioned above and shown in Fig. 1, the Rur

catchment consists of two different physiographic
zones, which are relevant for different pollutant
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Fig. 1 a Overview of the Rur catchment (North Rhine-West-
phalia, Germany) including sampling locations and tributaries.
b Shows wastewater treatment plants and elevation. ¢ Shows

emissions and distributions. In the southern upper
course, the flow dynamics are mostly close to a natu-
ral state. However, various dams and reservoirs deter-
mine the flow pattern, which are among others of
great importance for drinking water supply and flood
protection (Wasserverband Eifel-Rur, 2017a). They
also play an important role in sediment and suspended
matter retention (Wolf et al., 2022). The middle and
lower courses of the Rur are more anthropogenically
influenced by various industries (e.g., paper, metal,
and textile processing), lignite mining, and agricul-
ture (Staatliches Umweltamt Aachen, 2005). In addi-
tion, several wastewater treatment plants (WWTPs)
discharge their effluents into the Rur and its tributar-
ies (especially Inde and Wurm). Overall, more than

the catchment in a European context; coordinate system:
ETRS89/UTM zone 32N

40 WWTPs are located in the catchment area, with
the WWTP Aachen-Soers (on the tributary Wurm)
and the WWTP Diiren-Merken being the largest and
most relevant dischargers (Wasserverband Eifel-Rur,
2017¢).

The samples were taken at two different seasons
according to the annual flow pattern of the Rur river.
Sampling was carried out along the entire course of
the river to account for differences in the landscape,
hydrological conditions and anthropogenic influ-
ences. A total of four sampling campaigns was per-
formed between November 2020 and May 2022 (cf.
Table 1). Grab water samples (1 L) were scooped
from midstream of the river close to the water sur-
face. Sediment samples (200 to 300 g) were collected
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Table 1 Overview of the sampling campaigns and the number
of samples taken from different compartments (river water and
riverbed)

Sampling Date Number of samples

campaign Water Sediment
1 November 23-24, 2020 21 17
2 June 15-16, 2021 20 17
3 November 23-24, 2021 21 18
4 May 11-12, 2022 21 18

from the same river sections in stillwater zones near
to the riverbanks. At some sites (e.g., in Monschau
(R3) and Roermond (R22)), collection of sediment
samples was not possible in the immediate vicinity of
the water sample location and needed to be moved.
Thus, water and sediment sampling locations differ
slightly from each other in some cases (cf. Tables 2
and 3).

All samples (sediment and water) were stored
in solvent-cleaned glass flasks in the dark at 4 °C
prior to extraction. The sampling, extraction, and

measurement procedures were the same for all sam-
pling campaigns.

2.2 Total Organic Carbon Analysis

For sediment samples, the content of total organic
carbon (TOC), total carbon (TC), and total inorganic
carbon (TIC) was determined. 100 mg dried sample
aliquots were heated and ashed in a furnace (liqui-
TOC 1II; Elementar Analysensysteme GmbH, Lan-
genselbold, Germany) at 550 °C (TOC) and 1000 °C
(TIC). Subsequently, TOC concentrations were
used for normalization of the sediment samples to
ensure comparability between samples and different
campaigns.

2.3 Organic Geochemical Analysis
2.3.1 Water Sample Extraction and Fractionation
Sample treatment and analysis followed well-estab-

lished and previously described methods (Dsikowit-
zKky et al., 2002; Schwanen & Schwarzbauer, 2022).

Table 2 Overview of the

Site no. Riverkm Gage River runoff MQ [m%/s]

water samples and the

corresponding river runoff Nov.2020 Jun. 2021 Nov. 2021 May 2022

data from several gages

along the Rur river in R1 159.5 Monschau 1.7 0.5 0.8 1.1

November 2020, June 2021, R2 152.8 Monschau 1.7 0.5 0.8 1.1

lz\g’zv gmber 2021, and May R3W 1481  Monschau 17 0.5 0.8 1.1
R4-W 137.9 Dedenborn 22 1.1 1.9 1.1
RS 124.5 Dedenborn/Heimbach 3.0 5.0 4.0 2.7
R6 109.3 Heimbach 5.0 9.1 74 44
R7-W 96.6 Zerkall 6.2 9.1 7.6 4.7
RS 94.2 Zerkall 6.2 9.1 7.6 4.7
R9-W 84.2 Obermaubach 5.0 9.9 7.9 5.0
R10-W 77.3 Obermaubach 5.0 9.9 7.9 5.0
RI11 71.0 Obermaubach/Jiilich 7.0 11.5 7.7 53
R13 61.4 Jiilich 9.4 12.8 7.5 5.6
R14 59.6 Jiilich 94 12.8 7.5 5.6
R15 512 Jiilich/Linnich 9.0 12.0 9.0 7.0
R16 46.2 Jiilich/Linnich 9.0 12.0 9.0 7.0
R17 34.7 Jiilich/Linnich 9.0 12.0 9.0 7.0
R18 30.8 Jiilich/Linnich 9.0 12.0 9.0 7.0
R19 26.2 Stah 8.8 11.2 11.4 8.5
R20 242 Stah 8.8 11.2 114 8.5
R21 10.4 Stah 8.8 11.2 11.4 8.5
R22 0.3 Stah 8.8 11.2 11.4 8.5
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Table 3 Overview of the sediment samples and the corre-
sponding TOC content in November 2020, June 2021, Novem-
ber 2021, and May 2022

Site no. River TOC [%]
km
Nov. Jun. Nov. May 2022
2020 2021 2021
R2 152.8 n.s 1.27 0.64 0.91

R3-S 148.9 0.49 0.74 0.70 1.00
R4-S 136.1 0.67 0.68 0.45 0.83

R6 109.3 0.92 0.63 1.08 0.73
R7-S 98.6 1.22 1.15 0.46 0.44
R8 94.2 0.17 5.69 0.50 431

R9-S 86.3 0.67 0.55 0.52 0.60
R10-S 80.7 0.34 0.28 0.66 0.35
RI11 71.0 0.17 0.28 0.53 0.31
RI12 66.9 1.18 3.73 0.89 2.67
R13 61.4 0.24 1.85 0.22 0.31
R14 59.6 0.58 0.52 0.68 0.49
RI15 51.2 1.57 5.31 1.72 1.27
R16 46.2 1.00 1.29 0.34 0.78
R17 34.7 0.35 0.73 0.71 2.36
RI18 30.8 0.23 0.90 0.55 1.34
R19 26.2 0.27 n.s 0.52 2.11
R20 24.2 1.13 4.50 1.84 3.89

n.s., not sampled

First, water samples were filtered through pre-cleaned
GF/F filters (Macherey—Nagel, Diiren, Germany) to
remove suspended particulate matter. Then, a sequen-
tial liquid-liquid extraction was performed by add-
ing 50 mL each of n-pentane (fraction 1) and dichlo-
romethane (fraction 2) to the 1-L-aliquots.

Both fractions were spiked with 50 uL of an inter-
nal standard solution consisting of the reference com-
pounds benzophenone-d,, (6.3 ng/uL), hexadecane-
d;4 (6.0 ng/uL), and fluoroacetophenone (5.8 ng/uL).
In the following, the extracts were concentrated to
volumes of approximately 2 mL and dried with anhy-
drous granulated sodium sulfate (Na,SO,). Prior to
injection, fractions 1 and 2 were concentrated to final
volumes of 10 to 100 pL.

2.3.2 Sediment Sample Extraction and Fractionation
According to Schwanen et al. (2023), aliquots of

15 to 20 g of untreated sediment were extracted
using accelerated solvent extraction (ASE).

Approximately 30 mL of acetone, acetone/n-hexane
(1: 1; v: v), and n-hexane were used for sequential
extraction. The extraction cell was kept at a pres-
sure of 10 MPa and a temperature of 100 °C for
5 min each. In the following, the extracts were com-
bined and dried with anhydrous granulated sodium
sulfate (Na,SO,). Finally, they were desulphurized
by the addition of activated copper in combination
with ultrasonic treatment and concentrated to a vol-
ume of 0.5 mL.

For fractionation, mixtures of n-pentane, dichlo-
romethane, and methanol were used according to
the polarity of the organic contaminants. In the end,
6 fractions were obtained (B1 5 mL n-pentane; B2
8.5 mL n-pentane/DCM 95/5; B3 5 mL n-pentane/
DCM 90/10; B4 5 mL n-pentane/DCM 40/60; B5
5 mL DCM; B6 5 mL methanol). The acidic com-
pounds in fraction B6 required further methylation
by addition of BF;-methanol (B6K1 3 mL n-pen-
tane/DCM 40/60 plus 6 mL DCM; B6K2 5 mL
methanol). 50 pL of the above-mentioned inter-
nal standard was added to fractions B1 to B5 and
200 pL to fraction B6K1. Prior to GC/MS analyses,
all fractions were reduced to final volumes of 20 to
400 pL (B1 to BS) respectively 100 to 800 puL (B6).

2.3.3 Gas Chromatography—Mass Spectrometry
Analyses

Gas chromatographic/mass spectrometric (GC/MS)
analyses were performed on a quadrupole Thermo-
Quest Trace MS mass spectrometer coupled with a
ThermoQuest Trace GC which was equipped with
a ZB-5 fused silica capillary column (Phenom-
enex, Aschaffenburg, Germany; 30 mx0.25 mm
ID % 0.25 pm film thickness). The flow of the carrier
gas helium was set to 1.5 mL/min. For all fractions
(water and sediment), the temperature program and
gas chromatographic conditions were a 1 pL injec-
tion (injector temperature of 270 °C) at 60 °C with
a splitless time of 60 s, 3 min at the initial tempera-
ture, and then programmed to 310 °C at a rate of
3 °C/min followed by 20 min isothermal time. The
mass spectrometric operation took place in full-scan
mode (EI*, 70 eV) with a source temperature of
200 °C, scanning from 35 to 700 amu at a rate of
1.5 scans/s.
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2.3.4 Compound Identification and Quantification

Identification of organic compounds was based on a
comparison with mass spectral databases (e.g., NIST)
and previously published information. Further on,
they were verified by comparing specific gas chroma-
tographic and mass spectral parameters (e.g., reten-
tion times and elution orders) with those of purchased
reference materials. Quantitative data were obtained
by peak integration of characteristic ion chromato-
grams and determined using external four-point cali-
brations. Compound concentrations were within the
range of expected values in the samples and within
the linear detection range. To correct injection and
sample volume inaccuracies, a surrogate standard was
used. The quantification limits were in the range of
5 ng/groc in sediment samples and 5 ng/L in water
samples (calculation based on signal-to-noise ratios
in real sample matrices). Furthermore, blank analy-
ses were performed to determine possible background
contamination (n=4 for both water and sediment
samples). They revealed negligible concentrations
of several plasticizers such as phthalates and triace-
tin and tocopheryl acetate, some PAHs, DIPNs, and
BHT. Detailed information on recovery rates can be
found in previous studies (Schwanen & Schwarz-
bauer, 2022; Schwanen et al., 2023).

3 Results and Discussion

Emission profiles were established for substances
in both the aqueous and the sedimentary phase over
the entire course of the river. As different river run-
offs (cf. Table 2) can strongly affect the compound
concentrations in river water, loads, L (g/d), were
calculated using the specific concentration in water,
C (ng/L), and the median river runoff, MQ (m?/s):
L=CxMQx (3600x24/10% (Dsikowitzky et al.,
2004).

The amounts of the sediment samples were also
normalized to allow better comparability between dif-
ferent locations as well as campaigns. In particular,
the TOC content has a major influence on the pol-
lutant distribution and accumulation; hence, a TOC
normalization was performed. As shown in Table 3,
the TOC content was between 0.2 and 5.7%. The
TOC concentrations and the variability along the
river course were very low in the winter sampling
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campaigns (Nov. 2020: 0.2 to 1.6%; Nov. 2021: 0.2
to 1.8%). Both were higher and more pronounced in
June 2021 and May 2022 (Jun. 2021: 0.3 to 5.7%;
May 2022: 0.3 to 4.3%). Similar seasonal distribu-
tions were observed in the Odra river (Poland). They
are probably related to increased biological activities
and subsequently higher primary production in sum-
mer (Kubo & Kanda, 2017; Niemirycz et al., 2006).

The loads, amounts, and emission profiles were
used to identify triggers and drivers of environmen-
tal behavior. Additional information on the toxicity
of various substances identified in the Rur catchment
area can be found in the Supplementary Material.
Based on the data measured for the Rur river, some
basic implications can be deduced about pollutant
behavior and associated processes in the environment.
However, there is only a small group of contaminants
in this river system that occur in both the aqueous and
particulate phases. Therefore, it is reasonable to con-
sider these phases separately to derive environmental
fate and transport.

3.1 River Water

The aqueous phase is a highly dynamic compart-
ment with a generally fast and continuous pollutant
transport, so that any sampling campaign is only a
snapshot of the respective contamination. Neverthe-
less, emission profiles can be used to identify general
trends and to determine specific fates and behaviors,
as the framework conditions have not changed over
the period considered (e.g., WWTP features, popula-
tion development, and water demand).

Previous non-target screening from sampling cam-
paign 1 (Nov. 2020) revealed a high structural diver-
sity of various lipophilic to semi-polar substances
within the aqueous phase of the Rur river (Schwanen
& Schwarzbauer, 2022). Indeed, a high level of struc-
tural diversity (~60 compounds) was found in all
sampling campaigns during the observation period. In
general, these substances can be assigned to different
categories based on their (technical) application or
chemical structures. Among others, pharmaceuticals,
biocides, and constituents of personal care products
and several industrial compounds have been identi-
fied. Contamination levels were generally similar
across all sampling campaigns. An overview of the
determined loads is given in Table 4. The main con-
tamination occurred in the middle to lower reaches of
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the Rur river. This roughly reflects the anthropogenic
influence on the catchment system, as this region is
heavily populated and used for industrial and agricul-
tural purposes. For comparison with other studies, it
is usually necessary to use concentrations, as many
authors do not specify any loads. However, it should
be noted that for river systems, loads are clearly more
informative, as they are independent of the specific
runoff and thus allow comparability of different dis-
charge situations and hence different river systems.

Overall, the highest loads were detected for the
industrial substance 2.4,7,9-tetramethyl-5-decyne-
4,7-diol (TMDD), which is probably related to its
use in the paper industry in the Rur catchment (up
to 18.3 kg/d). In general, considerable pollution
occurred downstream of the WWTP Diiren (R11),
which also treats wastewater from paper produc-
tion. Only slightly higher concentrations were found
in the effluents of German and Swedish WWTPs
(maxima: ~ 18.3 pg/L (Rur river, this study), 37 ug/L
(Swedish WWTP effluent), and 28 pg/L (German
WWTP effluent)) indicating the high contamina-
tion of the Rur river itself (Dsikowitzky et al., 2015;
Sternbeck et al., 2012).

Further on, methyl dehydroabietate and triace-
tin were found with loads in the range of kilograms
per day. Methyl dehydroabietate (up to 11.9 kg/d) is
widely used in cosmetic formulations as an emollient
and skin care agent. It is therefore likely to be intro-
duced via wastewater effluents (Béhrle-Rapp, 2007).
However, it is also known to be a toxic anti-estrogenic
organic agent used in the paper industry, and the max-
imum value found was similar to the effluent concen-
tration from a Canadian paper mill (Terasaki et al.,
2009; Wartman et al., 2009). The plasticizer triace-
tin (up to 6.6 kg/d) also has several industrial appli-
cations (e.g., in the paper industry). In general, the
occurrence of both substances was rather diffuse and
could not be clearly assigned to any emission source.

Another substance probably originating from paper
production is the industrial substance 1,2-diphe-
noxyethane (DPE). Between November 2020 and
November 2021, the respective maximum loads
(between 6 and 20 g/d) occurred behind the inflow of
the tributary Kall (R8). This is possibly caused by a
paper factory located in Zerkall near the confluence
of Kall and Rur. Yet, the paper factory was severely
damaged by an extreme summer flood in July 2021,
which led to a temporary closure (Aachener Zeitung,

2021). In addition, load increases in the industrial
centers of Diiren and Jiilich (R10 and R14) were
observed in the emission profile of November 2021.
Paper factories are again a possible source of emis-
sions at these locations. In May 2022, the highest
loads (94 g/d) also occurred in the industrially char-
acterized lower course of the Rur river. The distribu-
tion was similar in Indonesian surface waters, where
DPE was mainly found in industrial and urban areas
(Dsikowitzky et al., 2017). However, concentrations
of up to 3.3 pg/L were clearly higher than the maxi-
mum concentration at the Rur (128 ng/L).

Overall, the paper industry has a major influence
on the contamination of the Rur river. In particular,
online trade and the associated delivery services have
increased the demand for packaging. As a result,
paper producers along the Rur have also greatly
expanded their production capacities (KaleB} et al.,
2020). This may have led to higher levels of contami-
nation with specific compounds.

Besides the high impact of the paper industry,
compounds emitted from other applications have
also been detected. Due to its antioxidant properties
and use in anti-aging cosmetics, tocopheryl acetate is
likely to be introduced by municipal wastewater efflu-
ents (Silva et al., 2019). Its occurrence in the Rur river
was in the load range of kg/d (maximum of 1.4 kg/d
in May 2022), but rather diffuse in all sampling cam-
paigns. Eganhouse and Kaplan (1985) investigated
tocopheryl acetate as a possible marker for municipal
waste in the environment and detected concentrations
of 6 to 25 pg/L in the effluents of various WWTPs in
California (USA). The maximum concentration found
in the Rur river was 3.1 pg/L, while the average con-
centrations of the four sampling campaigns were in
the range of 31 to 475 ng/L.

The antiepileptic drug carbamazepine was regu-
larly identified throughout the Rur, with loads of up to
124 g/d. It showed a downstream increasing contami-
nation correlating well with the adjacent land use, the
population density and, thus, the contributions from
WWTPs. In fact, besides the WWTP in Diiren (dis-
charging directly into the Rur river; R11), the ones
in Jiilich (discharging directly into the Rur river;
between R14 and R15) and in Aachen (discharging
into the Wurm tributary; R19) were the main emit-
ters within this river system (Schwanen & Schwarz-
bauer, 2022). The increasing trend is related to carba-
mazepine’s high stability in the environment, but also
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Table 4 Span of minimum and maximum loads [g/d] of organic compounds detected in Rur river water samples (taken in November
2020, June 2021, November 2021, and May 2022)

No.  Compounds Detected loads [g/d]
Nov. 2020 Jun. 2021 Nov. 2021 May 2022
Pharmaceuticals
1 Carbamazepine n.d.—124 n.d.-55 n.d.—107 nd.-115
2 Oxcarbazepine n.d.—17 nd—-<6 nd—-<5 n.d.
3 Caffeine n.d.-110 n.d.—133 n.d.-142 n.d.—-133
4 Lidocaine n.d.-125 n.d.-96 n.d.—233 n.d.-74
Personal care products
5 Tocopheryl acetate n.d.—48 n.d.-523 n.d.—-1019 n.d.—1355
6 N,N,N’,N’-Tetraacetylethylenediamine, TAED n.d.-59 n.d.-39 n.d.-37 n.d.-8
7 4-Methoxycinnamic acid 2-ethylhexylester nd—-<4 1-22 n.d.—7 n.d.
8 Drometrizole nd.-<4 nd-<02 nd-6 n.d.
9 Galaxolide n.d.-56 <0.2-78 <0.4-223 <0.5-63
10 Tonalide n.d.-5 <0.2-6 n.d.-9 n.d.-9
11 4-Oxoisophorone 1-12 1-15 <0.4-9 1-9
12 Lilial nd-<4 n.d.-19 nd-<5 n.d.
13 Dihydromethyljasmonate 3-29 1-72 1-64 4-153
14 Coumarin n.d.-19 nd-<6 n.d.—7 n.d.-6
15 4-tert-Butylcyclohexanone n.d.-9 nd—-<6 nd—-<5 n.d.
16 Benzophenone <1-18 0.2-7 <0.4-20 <0.5-30
17 Isopropyl laurate 22-271 7-498 3-346 2-1337
18 Isopropyl palmitate 348 18-978 n.d.—157 n.d—-16
19 Methyl dehydroabietate 122-3078  8-5543 19-11,907 47-3860
Pesticides and biocides
20 N,N-Diethyl-m-toluamide, DEET n.d.-27 1-45 n.d.—-17 n.d.-55
Technical additives, plasticizers, and other industrial compounds
21 Di-iso-propylnaphthalenes, DIPNs nd-<4 nd—-<6 nd—-<5 nd—-<2
22 N-Butylbenzenesulfonamide, NBBS n.d.—67 <0.3-32 <0.4-40 n.d.—79
23 2,4,4-Trimethylpentane-1,3-dioldi-iso-butyrate, TXIB 3-42 <0.2-102 <0.4-26 1-101
24 2,4,7,9-Tetramethyl-5-decyne-4,7-diol, TMDD 4-14,294 4-15.408 <1-18,287  1-12,194
25 (1-Hydroxycyclohexyl)phenylketone, Irgacure 184 n.d.-16 n.d.—41 2-292 4-126
26 Triethylcitrate 1-70 n.d.—44 0.5-31 16-730
27 Acetyl tributylcitrate n.d.—48 n.d.-28 n.d.-19 n.d.—235
28 Triacetin 234-6579  n.d.-6383  n.d.-934 n.d.—6133
29 Triethyl phosphate n.d.—158 1-174 n.d.—196 n.d.-135
30 Tributyl phosphate nd.-13 n.d.-9 n.d. n.d.-259
31 Tris(2-chloroethyl)phosphate, TCEP n.d.—8 n.d.-8 n.d.—81 n.d.-18
32 Tris(chloropropyl)phosphate, TCPP <1-68 0.3-61 n.d.—130 <0.5-72
33 Triphenyl phosphate n.d. nd—-<6 <04-<5 n.d.
34 Triphenylphosphine oxide n.d.—206 n.d.-79 n.d.—140 n.d.—130
35 Dimethyl phthalate 2-52 2-57 <0.4-35 1-17
36 Diethyl phthalate 12-117 8-168 2-189 6-112
37 Di-iso-butyl phthalate 19-370 9-451 10-106 20-599
38 Di-n-butyl phthalate 33-970 24-703 23-298 49-473
39 Benzyl butyl phthalate n.d.—12 n.d.—56 n.d.—14 <0.5-86
40 Bis(2-ethylhexyl) phthalate, DEHP 105-1060  n.d.-1580  n.d—-675 n.d.-1134
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Table 4 (continued)

No.  Compounds

Detected loads [g/d]

Nov. 2020 Jun. 2021 Nov. 2021 May 2022
41 2,2-Dimethoxy-1,2-diphenylethanone, DMPA n.d.—24 nd—-<6 n.d.-16 n.d.-23
42 Diphenoxyethane, DPE n.d.—6 <0.2-7 n.d.-20 2-48
Miscellaneous contaminants
Halogenated compounds
43 Dichloroaniline n.d.—6 nd.-15 n.d.—6 nd—-<2
44 1,1,2,2-Tetrachloroethane n.d.-253 n.d.-28 n.d.—-167 n.d.—108
S-containing compounds
45 Diphenyl sulfone n.d.—14 nd—-<6 n.d.-9 n.d.-2613
46 Methylphenylsulfone n.d.-25 n.d.—7 n.d.-20 n.d.—22
47 Benzothiazole n.d.—6 <0.2-7 n.d.—6 nd—-<2
48 2-Methylthiobenzothiazole n.d.—42 <0.2-32 n.d.—48 n.d.-76
49 N-Phenylbenzenesulfonamide n.d.-25 n.d.-251 n.d.—-15 n.d.-114
50 N-Ethyl-o-toluenesulfonamide nd-111 n.d.-32 n.d.—66 n.d.—49
51 N-Ethyl-p-toluenesulfonamide n.d.-149 n.d.-25 n.d.—57 n.d.—69
N-containing compounds
52 2-Methylbenzotriazole n.d.—-217 n.d.—70 n.d.—84 n.d.-27
53 Quinoline n.d.-15 n.d.—6 nd.—-<5 nd-<2
54 2,3-Diethyl-2,3-dimethylsuccinonitrile nd—-<4 n.d. n.d. n.d.
55 Phenylisocyanate n.d.—129 n.d.—14 n.d.—664 n.d.-275
56 Azobisisobutyronitrile, AIBN / Tetramethylsuccinonitrile, TMSN n.d.—756 n.d.-173 n.d.-526 n.d.-216
57 N,N-Dibutylformamide 26-432 6-375 1-72 2-540
O-containing compounds
58 2,6-Di-tert-butyl-1,4-benzoquinone, BHT quinone n.d.-10 <0.2-17 1-91 1-119
59 Butylated hydroxytoluene, BHT 1-13 1-43 1-30 1-124
60 1,3,3-Trimethyloxindole n.d.-16 nd-<6 n.d.—8 n.d.-7

n.d., not detected

during wastewater treatment (Andreozzi et al., 2003;
Loffler et al., 2005). Accordingly, its occurrence in
aquatic systems is well studied, and the highest loads
in the Rur river downstream of the WWTP Diiren
(population served ~94,000) were similar to those in
the river Taff in Wales (up to 157 g/d) downstream of
a WWTP of similar size (population served 111,000)
(Kasprzyk-Hordern et al., 2008).

3.2 Riverbed

Although the sedimentary compartment, character-
ized by a discontinuous pollutant transport, is not as
dynamic as the aqueous phase, riverbed sediments are
easily mobilized and resuspended compared to areas
of longer-term accumulation such as floodplains or
reservoirs (Cofalla et al., 2012; Westrich & Forstner,

2007). Generally, the distribution of (suspended) par-
ticulate matter in fluvial systems is quite complex,
determined by permanent ongoing processes such
as accumulation, but also resuspension of particles,
depending mainly on flow velocities and particle sizes
(Morehead et al., 2003; Rhoads, 2020; Vercruysse
et al., 2017). As the riverbed samples were collected
at a single spot close to the riverbanks, the pollution
in the middle of the riverbed may be different due to
higher flow velocities.

The analysis of subaquatic riverbed sediments
revealed the presence of several organic pollutant
groups that have already been identified in the Rur
floodplains after the 2021 flood events (Schwanen
et al.,, 2023). These include polycyclic aromatic
hydrocarbons (PAHs) as indicators of petrogenic
contamination, linear alkylbenzenes (LABs) as
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anthropogenic markers of wastewater pollution, and
polychlorinated biphenyls (PCBs) as man-made sub-
stances that were commonly used in industrial and
mining applications in the past. Further on, various
industrial compounds (e.g., chlorinated benzenes (Cl,
to Clg), diphenoxyethane (DPE), and di-iso-propyl-
naphthalenes (DIPNs)), but also methyltriclosan and
pesticide residues such as DDE and DDD were iden-
tified. The TOC normalized amounts are summarized
in Table 5. For comparison with other studies, dry
weight concentrations have also been used. However,
for the environmental behavior and distribution of
organic contaminants, the TOC normalized amounts
are more interesting as they reflect the actual environ-
mental behavior of the substances. In addition, they
show the direct risk of contaminant accumulation in
organic material.

Maximum LAB amounts were similar for all sam-
pling campaigns and ranged from 5.1 pg/groc (Jun.
2021) to 7.6 ug/groc (Nov. 2021). In general, the
main contamination was found downstream of Diiren
(R11) correlating with the distribution of WWTPs
(cf. Figure 1). In particular, in November 2021, the
concentration peaks could be easily assigned to dif-
ferent WWTPs. The maxima were located at R12
(7.6 pg/groc), R16 (6.3 ug/groc), and R20 (7.4 pg/
groc) and, thus, slightly offset to the inputs of the
WWTPs in Diiren (R11), in Jiilich/Linnich (R14 and
R15) and in Aachen via the Wurm tributary (R19).
This offset is probably due to the high flow veloci-
ties and dynamics during the extreme flood event in
July 2021, which prevented immediate adsorption
to suspended particulate matter or rather immediate
sedimentation of these particles (cf. temporal effects).
A possible consequence is also a remobilization of
already deposited material. Overall, the concentra-
tions were mostly lower than those found in several
Asian rivers on a dry weight basis (Isobe et al., 2004;
Wang et al., 2014). In particular, the average LAB
contamination (between 9 and 24 ng/g,,) was very
low in the Rur river, as almost no LAB contamination
was found upstream of Diiren (R1 to R10). The maxi-
mum of 184 ng/g,, was also clearly lower than the
maxima found by Isobe et al. (2004). They detected
particularly high concentrations in Indonesia, Thai-
land, and the Philippines, with maximum values of
42.6 pg/g4,, 14.1 pg/g,,, and 13.0 pg/g,,,. These val-
ues are at least 70 times higher than the maximum
value at the Rur.
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The highest cumulative sum of six representative
PCB congeners (PCB 28, PCB 52, PCB 101, PCB
138, PCB 153, and PCB 180) was between 8.1 pg/
groc and 51.8 pg/groc. In general, the individual
amounts were highest for the Cl¢- and Cl;-congeners,
and the middle course of the Rur showed the high-
est PCB contamination with the maximum amounts.
Specifically, the river section near Winden (R9/R10)
showed a particularly high level of contamination. At
R9, high summarized PCB amounts occurred in June
2021 (29.2 pg/groc) and May 2022 (28.1 pg/groc)-
Sampling campaign 3 (Nov. 2021) showed an even
larger maximum at the next location R10 (51.8 pg/
groc)- Again, this spatial shift is probably due to the
high discharges and dynamics during the summer
flood event in 2021. As the respective maxima at R9
and R10 have a similar composition, they probably
originated from the same emission source. In Win-
den and Kreuzau, there are two paper factories as
well as some metal and plastic processing companies.
Partly, they discharge their wastewater effluents and
precipitation water directly into the Rur river, which
could be the cause of the PCB introduction. In addi-
tion, there is a reported PCB-contaminated site from
a former industrial facility, which also affects the Rur
river (MKULNV NRW, 2015). Considering the val-
ues based on dry weight, the XPCB6 maxima were
between 94 and 333 ng/g,,. Accordingly, they were
slightly lower than those of the heavily anthropogeni-
cally influenced and industrialized Huveaune river in
France (up to 435 ng/g,,), but higher than those of
several Chinese rivers (Kanzari et al., 2014; Lv et al.,
2015; Zhang et al., 2010).

XEPA16 PAHs were detected in the mg/gro-—
range with up to 3.3 mg/gpoc (Nov. 2021). Phenan-
threne, fluoranthene, pyrene, chrysene, and benzo[b]
fluoranthene accounted for the largest share of con-
tamination. PAH maxima were distributed similarly
to the maxima of PCBs, mainly in the middle course
and especially in November 2021. The amounts
decreased downstream of the most contaminated
river section at Winden (R9/R10), but the substances
were still ubiquitously present. They were also found
to be ubiquitous along the Huveaune river in France
(Kanzari et al., 2014). Nevertheless, the concentra-
tions in the Rur sediments are higher with an aver-
age of 3.6 pg/g,, (mean value across all campaigns)
compared to about 2 ug/gy, in the French river
(Kanzari et al., 2014). The Rur mean value was also
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Table 5 Span of minimum and maximum amounts [ng/grocl of organic compounds detected in Rur riverbed samples (taken in
November 2020, June 2021, November 2021, and May 2022)

No  Compounds Detected amounts [ng/grocl
Nov. 2020 Jun. 2021 Nov. 2021 May 2022
Linear alkylbenzenes, LABs
1 Phenyldecane (C,) n.d.—400 n.d.-220 n.d.—-120 n.d.-280
2 Phenylundecane (C,,) 43-2400 17-1200 5-2400 <5-1800
3 Phenyldodecane (C,,) 99-2900 27-2000 14-2600 6-2400
4 Phenyltridecane (C,5) 120-1800 27-1900 20-3400 n.d.—2800
X LABs 285-7500 72-5100 39-7620 6-6510
Polychlorinated biphenyls, PCBs
5 Cl;-PCB (PCB 28) n.d.—2300 n.d.—1300 n.d.—1300 n.d.—780
6 Cl,-PCB (PCB 52) n.d.—690 n.d.-310 n.d.—670 n.d.-540
7 Cls-PCB (PCB 101) n.d.—660 n.d.—2400 n.d.—4100 n.d.-2600
8 Cl,-PCB (PCB 138) 13-1900 n.d.—10,000 n.d.-15,800 n.d.—8600
9 Cl,-PCB (PCB 153) 9-2000 n.d.-9500 n.d.-17,200 n.d.—9900
10 Cl,-PCB (PCB 180) 9-1200 n.d.—7000 n.d.-13,100 n.d.—6500
2 PCBs (6 representative congeners) 31-8050 93-29,175 n.d.-51,770 n.d.-28,110
Polycyclic aromatic hydrocarbons, PAHs
11 Acenaphthylene 84-2100 36-9900 847,900 37-8700
12 Acenaphthene 44-3400 210-5900 17-34,800 65-10,100
13 Fluorene 86-5300 360-16,400 5-90,400 67-6600
14 Phenanthrene 2500-45,400 4800-168,000 7400-269,000 4700-172,000
15 Anthracene 370-5100 1200-43,200 1100-296,000 900-32,300
16 Fluoranthene 6300-73,300 2900-228,000 12,000-248,000 8400-143,000
17 Pyrene 4800-57,400 5200-196,000 13,500-230,000 8700-177,000
18 Benz[a]anthracene 2700-22,600 4900-165,000 9800-314,000 6400-141,000
19 Triphenylene/chrysene 4300-29,100 5900-196,000 15,300-328,000 8900-182,000
20 Benzo[b]fluoranthene 3700-27,200 10,300-303,000 22,000-623,000 13,600-282,000
21 Benzo[k]fluoranthene 220-1800 1100-24,700 1400-74,900 1100-35,000
22 Benzo[a]pyrene 1300-10,200 4400-128,000 9200-233,000 5900-147,000
23 Naphthalene 600-20,900 280-11,700 n.d.-8700 n.d.-550
24 Indeno[1,2,3-cd]pyrene 740-10,400 5000-113,000 8600-295,000 10,100-175,000
25 Benzo[g,h,i]perylene 580-6800 3800-79,800 6500-189,000 6400-130,000
26 Dibenz([a, h]anthracene 110-2200 1200-19,100 1400-62,600 1700-31,300
X EPA16 PAHs 37,359-255,980 56,750-1,538,580  140,680-3,288,000 89,610-1,577,950
Industrial compounds
27 Di-iso-propylnaphthalenes, DIPNs 16-6200 n.d.-8300 <5-33,000 n.d.-11,800
28 Diphenoxyethane, DPE n.d.-120 n.d.-260 n.d.-2200 n.d.-140
29 Mesamoll® n.d.-310 n.d.=7900 n.d.—1900 n.d.-3500
30 Butylated hydroxytoluene, BHT n.d.-78 n.d.-130 n.d.—120 n.d.-320
31 Dichlorobenzenes (Cl,) n.d.—498 n.d.—64 n.d.-329 n.d.-161
32 Trichlorobenzenes (Cl;) n.d.—247 n.d.-24 n.d.-117 n.d.—62
33 Tetrachlorobenzenes (Cl,) nd—11 n.d. n.d. nd—-<5
34 Pentachlorobenzene (Cls) nd-<5 nd-<35 n.d. nd-<5
35 Hexachlorobenzene (Cly) n.d.-10 nd-<5 n.d. nd.-<5
X Chlorinated benzenes (Cl, to Cly) n.d.-756 n.d.-81 n.d.—446 n.d.-210

Pesticide residues
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Table 5 (continued)

No Compounds

Detected amounts [ng/grocl

Nov. 2020 Jun. 2021 Nov. 2021 May 2022
36 Dichlorodiphenyldichloroethylene, n.d.—180 n.d.—180 n.d.—29 n.d.—120
DDE
37 Dichlorodiphenyldichloroethane, DDD  n.d.-10,930 n.d.—630 n.d.-990 n.d.-940
X DDX n.d.—10,944 n.d.—681 n.d.-990 n.d.—1060
Personal care products
38 Methyltriclosan n.d.—160 n.d.—64 n.d.—46 n.d.-36
39 Octocrylene n.d. n.d.-27 n.d. n.d.-32

n.d., not detected

higher than that of several Chinese rivers (e.g., Licun
river, Yang river, and Dagu river), but similar to that
of the Moshui (@ 4 pg/g,,) and the Daliao river (9
3.7 nug/g,,,) in China, and the Prai river (@ 4.4 pg/g,,,)
in Malaysia (Han et al., 2021; Keshavarzifard et al.,
2014; Zheng et al., 2016). According to Net et al.
(2015), there are also several French rivers that show
an even higher contamination, with average values of
6.4 ug/gy, (Senseé river), 9.9 ug/g,, (Deile river),
and 20.7 pg/g,,, (Scarpe river).

Furthermore, DIPNs were the most frequently
detected industrial compounds with the highest
amounts ranging from 6.2 pg/groc (Nov. 2020) to
33.0 ug/groc (Nov. 2021). As many other organic pol-
lutants, they occurred in high amounts downstream of
Diiren. However, these amounts on a dry weight basis
(max. 310 ng/g,,) were much lower than in various
Indonesian river sediments (max. 16,000 ng/g,,,), but
still higher than in the meso-scaled Lippe river (max.
83 ng/g,,) and the macro-scaled Rhine river (max.
61 ng/g,,) in Germany (Dsikowitzky et al., 2020;
Franke et al., 2007).

3.3 Temporal Effects

Time is a crucial factor in the fate and behavior of
organic pollutants in our environment. Some sub-
stances are rapidly degraded, while others remain sta-
ble in different compartments for long periods of time.
Partly, they are very persistent or form transformation
products. However, time is also critical for transport
and accumulation, as some phases are more dynamic
than others, river systems undergo annual changes, and
extreme events such as heavy rainfall, storms, or floods
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can lead to increased remobilization (e.g., Crawford
et al., 2022; Forstner, 2004; La Farré et al., 2008).

Temporal variations of the highly dynamic aque-
ous phase over a longer period of time (2004 to 2020)
have already been investigated in a previous study
(Schwanen & Schwarzbauer, 2022). Nevertheless,
even in the shorter period of this study when more
regular, monitoring-like sampling was conducted,
general trends in the emission profiles were recogniz-
able for some substances (cf. Figure 2).

For instance, a steady increase in tocopheryl
acetate loads was observed (up to 48 g/d in Novem-
ber 2020 and up to 1355 g/d in May 2022), which
is likely to be associated with higher consumption.
Additionally, the contamination with DPE and other
industrial substances such as triethylcitrate and acetyl
tributylcitrate increased from 2020 to 2022, espe-
cially in the urbanized lowland part (cf. Figure 2). In
contrast, slight decreases were recognizable for some
substances such as the pharmaceutical oxcarbazepine
or tetraacetylethylenediamine (TAED), a bleaching
activator in laundry detergents. This could be due to
a reduced use or an improved wastewater treatment,
as for the latter this trend was already clearly vis-
ible in an earlier, longer period from 2004 to 2020
(Schwanen & Schwarzbauer, 2022).

Such longer-term developments or trends are
essentially determined by external factors (e.g.,
changes in consumer behavior or improved treat-
ment processes in WWTPs). These factors may also
lead to seasonal differences in the contamination
situation. However, there may also be other reasons
for seasonality, such as (natural) degradation and
transformation processes in the river. The emission
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Fig. 2 Box and Whisker plot of the loads and amounts of selected xenobiotic organic pollutants in the aqueous and particulate (riv-
erbed) phase of the Rur river in November 2020 (blue), June 2021 (orange), November 2021 (gray), and May 2022 (yellow)

profiles and the comparison of the annual patterns
can give some indication in this context. Important
questions are whether the amounts or loads intro-
duced into the river system were comparable in
summer and winter, whether consumption quanti-
ties varied and whether the substance degraded rap-
idly immediately after its introduction or not. Due
to the higher dynamics of the aqueous phase com-
pared to the sedimentary phase, seasonal phenom-
ena are particularly expected in this compartment.
In the Rur river, many substances in the watery
phase showed a seasonal behavior. These were mainly
physiologically active substances (e.g., the pharma-
ceuticals carbamazepine and lidocaine), but industrial
compounds (e.g., triphenylphosphine oxide) and natu-
rally occurring substances (e.g., coumarin) were also
identified with specific distribution patterns.

The seasonal behavior of carbamazepine has
already been addressed in several studies (Fernandez
et al., 2014; Golovko et al., 2014; Lindholm-Lehto
et al., 2016). Although its removal efficiency and bio-
and photodegradation potential are very low through-
out the entire year (Andreozzi et al., 2003; Fernandez
et al., 2014; Loffler et al., 2005; Matamoros et al.,
2009), seasonal differences have been observed,
showing a higher level of pollution during the winter
months (see Fig. 2). As carbamazepine is also used in
the treatment of depression and mania or in alcohol
withdrawal, Lindholm-Lehto et al. (2016) and Mata-
moros and Salvad6 (2012) suspect a higher consump-
tion during the winter months due to an increased use
of psychotropic drugs.

Consumption patterns are also likely to explain
the observed seasonal variations of caffeine and
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N,N-diethyl-m-toluamide (DEET). In contrast to car-
bamazepine, these two substances had higher loads in
summer. As DEET is mainly used as an insect repel-
lent, extended application during the summer insect
season is likely (Quednow & Piittmann, 2009). Rec-
reational use may be a reason for the seasonal differ-
ences of the psychoactive substance and stimulant
caffeine, as higher summer loads were also reported
in Greek and Polish rivers, due to higher human con-
sumption as a result of longer periods of daylight
and increased human activity (Jagoda et al., 2015;
Kosma et al., 2010). Removal efficiencies in WWTPs
are generally high (>99%) and not seasonal depend-
ent (Buerge et al., 2003; Fernandez et al., 2014). Yet,
there were larger fluctuations in the summer emis-
sion profiles. In winter, the loads remained quite
high after caffeine introduction, i.e., there was only
a minor degradation. In summer, there was typically
a rapid decline and much lower loads at the subse-
quent sites. This could be due to increased bioactivity
or other degradation processes (Buerge et al., 2003;
Lam et al., 2004). For instance, Buerge et al. (2003)
demonstrated that biodegradation and especially pho-
todegradation of caffeine was more effective in mid-
summer under clear skies.

N-Ethyltoluenesulfonamides (NETSA) are used as
plasticizers in resins, coatings, adhesives, and print-
ing inks (e.g., §tépek & Daoust, 1983). In the Rur
catchment, food packaging factories are a likely emis-
sion source, probably requiring the same quantities
for production throughout the year (Alexander et al.,
2008; Skjevrak et al., 2005). However, the maximum
loads of N-ethyl-o-toluenesulfonamide were notice-
ably higher in winter (Nov. 2020: 111 g/d and Nov.
2021: 66 g/d) than in summer (Jun. 2021: 32 g/d and
May 2022: 49 g/d). This is likely due to a lower treat-
ment performance of the WWTPs in winter, although
precise data on removal efficiencies are lacking. Sui
et al. (2011) have shown that the removal of pharma-
ceuticals and personal care products by conventional
activated sludge as biological treatment process (as it
is the case for most of the WWTPs in the catchment)
varies throughout the year. Possibly, this difference in
efficiency is similar for industrial compounds.

When looking at the minimum and maximum
amounts in Table 5 and the corresponding emission
profiles, it is immediately apparent that seasonal-
ity does not play a major role for the contaminants
detected in the sedimentary phase. This result was
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to be expected due to the lower dynamics of this
compartment and the typically higher persistence of
lipophilic substances. Occasionally, octocrylene was
found in summer sampling campaigns. The associ-
ated emission profiles thus showed a certain degree
of seasonality, probably due to consumption behav-
ior, as octocrylene is still used commercially in sun-
screen products (Schneider & Lim, 2019). However,
the amounts were very low (up to 27 ng/grqc in June
2021 and 32 ng/gpoc in May 2022).

Nevertheless, a remarkable change in the sediment
contamination due to an extreme flood event in July
2021 was evident (Schwanen et al., 2023). Amounts
before this flood were, for the most part, consider-
ably lower than afterwards. In particular, the Novem-
ber 2021 sampling campaign showed several extreme
maxima and more severe contamination along the
entire river course. This was particularly evident for
LABs, PCBs, and PAHs, but also for industrial sub-
stances such as DIPNs (cf. Figure 2).

On average, the sum of LABs (C,;—C,3) was
1.9 pg/groc in November 2020, 1.3 pg/groc in June
2021, 2.6 pg/groc in November 2021, and 2.5 pg/
groc in May 2022. Thus, a clear difference in con-
tamination before and after the extreme flood in July
2021 was observed. The amounts in November 2021
and May 2022 were comparable and mostly even
higher than those detected at the Rur floodplains in
July 2021. Thus, the majority of the flood-induced
LAB contamination remained in the immediate river-
bed, which is important for further risk assessment as
there is only a minor washing out but a clear enrich-
ment in the river itself.

For the pollutant groups of PCBs, PAHs, and
DIPNs, the difference between riverbed and flood-
plain amounts is even more pronounced (see Table 6).
In November 2021 (sampling campaign 3), the high-
est sum of six representative PCB congeners was
51.8 pg/groc. This value is almost 4 times higher
than the flood-maximum of 13.7 pg/groc at the cor-
responding floodplain in July 2021. Generally, the
PCB contamination was highest in November 2021
with an average of 5.7 pug/gpoc compared to the val-
ues of November 2020 (2.2 pg/groc), June 2021
(4.1 pg/groc), and May 2022 (4.9 pg/groc)- The mod-
est increase from November 2020 to June 2021 could
be due to a smaller winter flood in late January/early
February 2021, while the large increase from June
to November 2021 is most likely due to the extreme
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Table 6 Comparison of maximum amounts [ug/groc] of
organic compounds detected in Rur riverbed samples (taken in
November 2021) and floodplain samples (taken immediately
after the flood event in July 2021, cf. Schwanen et al. (2023))

Pollutant (group) Maximum amounts [ug/grocl
Riverbed Floodplain

X LABs 7.6 44

X EPA16 PAHs 3300 500

X PCB6 51.8 13.7

DIPNs 33 142

DPE 22 0.8

flood in July 2021 (Schwanen et al., 2023). The trend
is also very similar for the pollutant groups of PAHs
and DIPNs showing a clear difference in contamina-
tion before and after the summer flood. Again, for
both groups, the amounts in November 2021 were
much higher than in the adjacent floodplains in July
2021.

3.4 Spatial Effects

Besides the temporal aspect, the spatial distribution
and, particularly, the range of contaminants within
different compartments of a river system are of cru-
cial importance for risk assessment and pollutant mit-
igation. Distribution ranges can be identified based
on the emission profiles of various marker substances
and the location of the corresponding emission
sources. Along the Rur, the latter are mainly located
in the northern, lowland part and can be traced back
to urban and industrial applications. Depending on
the different dynamics of the river compartments as
well as the persistence and stability of the substances,
longer transport distances and thus a greater range
can be assumed.

For both, the aqueous and sedimentary phases,
the main contamination with organic compounds
occurred in the middle to lower reaches of the Rur.
The input of substances due to WWTPs, particularly
those in Diiren, Jiilich, Linnich, and Aachen (the lat-
ter discharging into the Wurm tributary), plays a deci-
sive role. Most of the WWTPs in the Rur catchment
treat both municipal and industrial influents, show-
ing a diverse xenobiotic contamination. However, the
WWTP Diiren (R11) is the main emitter of most of
the identified compounds. It is the largest WWTP in

the catchment area discharging directly into the Rur
river, with an annual treated wastewater volume of
21 million m® (Wasserverband Eifel-Rur, 2017c).
Accordingly, the contamination is generally higher
downstream of Diiren, in the urban part of the catch-
ment system, than in the more natural Eifel region.

For example, this influence is very clear in the
case of the already mentioned hydrophilic, industrial
substances N-ethyl-o-toluenesulfonamide and azo-
bisisobutyronitrile (AIBN) respectively its degrada-
tion product tetramethylsuccinonitrile (TMSN). They
were detected almost exclusively in the urban and
industrial part of the Rur catchment, starting down-
stream of the discharge location of the WWTP Diiren.
This is also where the maximum loads were found.
Although the loads decrease immediately after the
sampling location R11, they remain at a quite con-
stant level from this point onwards, indicating a spe-
cific stability of these compounds (cf. Schwanen &
Schwarzbauer, 2022).

In general, the emission patterns are similar for
most of the identified contaminants in the aqueous
phase. Looking at the total water contamination as
shown in Fig. 3, sampling location R11 immediately
downstream of the WWTP Diiren is of outstand-
ing relevance. Afterward, the overall load remains
at a high, almost constant level. In fact, most of the
substances identified in the river water show relative
persistence and stability and are even transported to
the superior river system throughout the year. Simi-
lar emission patterns for several organic pollutants
have also been identified in the Lippe river, which is
a meso-scaled tributary of the Rhine river (Dsikow-
itzky et al., 2004). In contrast, the Rhine river itself
shows a more variable and dynamic contamina-
tion due to multiple emission sources and inflow-
ing meso-scaled tributaries (Schwarzbauer & Heim,
2005). Range and transport of different contaminants
therefore varies depending on the size and dimension
of the river system and the corresponding flow pat-
terns and discharges. Further information on specific
environmental behaviors and emission characteristics
in this compartment can be found in Schwanen and
Schwarzbauer (2022).

As for the river water, the main contamina-
tion of the riverbed compartment occurred in the
middle to lower reaches of the Rur, with the point
source WWTP Diiren (R11) having a major impact.
Especially in November 2021, high amounts were
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Fig. 3 Spatial and temporal distribution of xenobiotic organic
contaminants in different phases of the Rur river in November
2020 (blue), June 2021 (orange), November 2021 (gray), and
May 2022 (yellow). a Shows the total aqueous contamination
as a sum of the compounds in Table 4. b Shows the total sedi-
mentary contamination as a sum of the compounds in Table 5

detected at this river section. However, the maxima
were shifted slightly downstream, probably due to
high flood discharges in the summer of 2021 (cf.
temporal effects). Instead of having amount maxima

@ Springer

with (lines, primary axis) and without (bars, secondary axis)
the amounts of ZEPA16 PAHs. No sediment samples could be
taken at locations R1, R5, R21, and R22. ¢ Combines the total
contamination of both phases (lines: aqueous contamination;
bars: particulate contamination (without PAHs))

at sampling location R11, i.e., immediately down-
stream of the WWTP, high amounts were detected
4 km further downstream at R12 (Schophoven). A
weir located at this sampling location dams up the
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river reduces the flow velocity and presumably
leads to an increased sedimentation of suspended
particles. In particular, LABs as wastewater indica-
tor were detected at this site.

In general, the sampling campaign of Novem-
ber 2021 shows a higher contamination with peak
values not only downstream of the WWTP Diiren
at Schophoven (R12) but also at Udingen/Winden
(R9/10). The emission profiles for the other sam-
pling campaigns are similar. The total contamina-
tion (lines in Fig. 3b) is generally dominated by
high PAH amounts, so that it looks almost identi-
cal to the corresponding PAH emission profile.
PAHs are ubiquitously present and often originate
from diffuse sources. Therefore, the total contami-
nation without PAHs is also visible as bars, show-
ing a slight shift of the first maximum from R9 to
R10 as well as a greater contamination difference
between the upper and lower course of the river.
Thus, the results indicate a specific dynamic trans-
port of the riverbed sediment and the associated
pollution, probably even reaching the superordinate
river system.

Finally, although the contaminants are not the
same in the different compartments, the pollution
situation and emission patterns are comparable. Main
emission sources are located in the industrial and
urban centers, and the pollutant inputs are mainly
from the corresponding WWTP effluents. The overall
contamination profiles of the riverbed and the river
water are very similar, especially when the ubiquitous
group of PAHs is subtracted (see Fig. 3c). Both com-
partments contribute to a dynamic contaminant input
into the superior river system of the Meuse. There-
fore, the transport and range of hydrophilic and lipo-
philic pollutants within this catchment system appears
to be closely connected. Nevertheless, the input of the
respective contaminants is slightly different. In the
case of the sedimentary phase, the maximum contam-
ination results not only from the inputs from munici-
pal WWTPs but also from industrial direct discharg-
ers. Downstream of the main emissions in the middle
reaches, the pollution decreases clearly but remains
at a much higher level than in the near-natural Eifel
region. The difference between these two regions is
even more pronounced in the highly dynamic aque-
ous phase. Thus, the distribution ranges of contami-
nants for both phases clearly exceed the dimension of
a meso-scaled river system and need to be considered

in risk and hazard assessments of superior, macro-
scaled river systems.

3.5 Limiting Factors

In particular, the transport of lipophilic pollutants is
closely linked to the transport of suspended particu-
late matter. However, most river systems are strongly
influenced by anthropogenic measures and regula-
tions. Meso-scaled rivers such as the Rur are often
regulated by a single or even a chain of larger dams.
Furthermore, channelization and the construction of,
e.g., weirs are typical anthropogenic measures (Petts,
1999). These can therefore provide restrictions on the
transport and range of pollutants. As shown above,
the main pollutant transport of the two investigated
phases seems to be closely connected in the middle
and lower reaches of the Rur, despite the presence of
weirs and channelization within this part of the river.

Yet, the largest anthropogenic regulation in the
Rur catchment is the system of dams in the mountain-
ous landscape of the Eifel. The corresponding reser-
voirs are used for flood protection, energy generation,
drinking water supply, and also for recreational pur-
poses, among other things (Wasserverband FEifel-Rur,
2017d). Therefore, this river section was focused on
to determine the anthropogenic influence on the trans-
port of pollutants and on the close connection of the
aqueous and particulate phases (cf. spatial effects).
Reservoirs are located between R4 and R6 (“Rur-
talsperre”) and between R8 and R9 (“Obermaubach
basin). Sampling site RS is located within the dam
system of the Rurtalsperre and only water sampling
could be performed at this location.

In general, the Rurtalsperre is one of the larg-
est reservoirs in Germany with a storage volume of
202.6 million m> of water (Wasserverband Eifel-Rur,
2017a). In contrast, the Obermaubach basin is much
smaller with a storage capacity of only 1.65 mil-
lion m® (Wasserverband Eifel-Rur, 2017b). As shown
by Wolf et al. (2022), both of them function as sinks
for suspended particulate matter and accumulated
inorganic pollutants (Cu and Pb). Thus, they are also
expected to be a major sink for lipophilic organic pol-
lutants and to have a strong influence on the sedimen-
tary pollutant transport.

In November 2020, the total riverbed contami-
nation as the sum of all substances in Table 5 was
generally low in the Eifel region. Nevertheless,
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the influence of the reservoirs was recognizable in
the overall emission profile (see Fig. 4). The total
amounts were higher before than after the reser-
voir (R4 177.7 pg/groc vs. R6 49.9 pg/groc and R8
258.6 pg/groc vs. R9 125.4 pg/groeo)- This is attrib-
uted to the sediment retention in the reservoirs,
which greatly reduces the amount of suspended and
fine particulate matter, resulting in a sediment deficit
downstream of the dams (Dai & Liu, 2013; Schmidt
& Wilcock, 2008; Wolf et al., 2022). However, the
situation is different for the following sampling cam-
paigns. In June 2021, the amounts downstream of the
reservoirs were higher than at the previous sampling
locations. In fact, the maximum of the entire sam-
pling campaign was detected at R6 downstream of
the Rurtalsperre (1.6 mg/groc). At the end of Janu-
ary/beginning of February 2021, there was a smaller
flood event in this river system, which may have led
to a remobilization of fine sediments and associated
pollutants deposited in the reservoirs (cf. Schwanen
et al., 2023). Similarly, the extreme flood in July 2021
is likely to have caused remobilization of reservoir
sediments. In November 2021, the highest overall

Fig. 4 Spatial and temporal
distribution of xenobiotic
organic contaminants in

the aqueous and particulate
(riverbed) phase of the Rur
river in the near-natural

Eifel region in November \A

2020 (blue), June 2021
(orange), November 2021
(gray), and May 2022 (yel-
low). The respective total
contamination is the sum of
the compounds in Tables 4
and 5 (without the amounts
of XEPA16 PAHs). Reser-
voirs are located between
R4 and R6 (“Rurtalsperre”)
as well as between R8 and
R9 (“Obermaubach basin”)

0 25 5km
| |
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maximum was detected at R9 downstream of the
Obermaubach basin (3.3 mg/groc). This maximum
was still recognizable in May 2022, but due to further
transport and remobilization, the contamination level
had already decreased again (1.6 mg/groc)-

In contrast, no contaminant retention by the res-
ervoirs could be identified for the aqueous phase.
Instead, the Rurtalsperre was an additional emission
source in the catchment system due to its recreational
usage (such as camping, passenger shipping, sail-
ing, swimming, and other water sport activities). In
summer months (sampling campaigns 2 and 4), the
stimulant caffeine was detected with increased loads
downstream of the reservoir (cf. temporal effects).
Additionally, load peaks of the fragrance dihydro-
methyljasmonate were detected at the corresponding
sampling location.

Overall, the dam system results in a disconnec-
tion of the dynamic contaminant transport in the
aqueous and particulate phases, highlighting the
anthropogenic influence not only on the emission
but also on the transport and thus the range of dif-
ferent pollutants. Nevertheless, there are also several
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other anthropogenic measures that affect the sedi-
ment budget and possibly lead to a sediment excess
or deficit. These include changes in land use (e.g.,
due to deforestation or sealing), but also renaturation
measures (MaaB et al., 2018; Vercruysse et al., 2017;
Vorosmarty et al., 2003). The latter could also con-
tribute to the creation of sediment and pollutant sinks.
However, small renaturalized areas in the middle
and lower reaches of the Rur river (e.g., at Korren-
zig near R16) had no influence on sediment transport
and did not lead to a disconnection of particulate and
aqueous phases. The situation was similar for weirs
and straightened sections. Thus, a decoupling of the
dynamic pollution transport from different compart-
ments is likely to occur only in the case of large-
scale anthropogenic measures with at least regional
influence.

4 Conclusions

This study investigated the accumulation, transport,
and fate of organic pollutants in different dynamic
compartments of the Rur river over a period of four
bi-annual sampling campaigns. Using the example of
the Rur river, some generally valid statements regard-
ing the contamination of the river water as well as the
riverbed could be proven:

e Temporal effects: Temporal effects occur in dif-
ferent dimensions for both the aqueous and par-
ticulate phases within a river system. For the more
dynamic water phase, mainly regular, seasonal
effects can be identified, while the transport of
riverbed sediment and the accumulated pollutants
is mainly determined by exceptional events, such
as heavy rainfall and floods. Interestingly, after
an extreme flood event, the amounts found in the
riverbed were mostly higher than on the adjacent
floodplains

e Spatial effects: The main emission sources are
comparable for the aqueous and sedimentary
phases. WWTPs, and thus associated indus-
trial and urban effluents (especially from the
paper industry), are mainly responsible for the
peak loads and amounts. In addition to direct
discharges, indirect discharges resulting from
surface runoff and flooding are also of great rel-
evance for sedimentary pollution. Both compart-

ments show a high, almost constant contamina-
tion level after the main input in the more urban
part of the catchment system and consequently a
similar range of pollutant transport. Thus, both
lipophilic and hydrophilic substances contribute
to the contamination of the superior river

e Limiting factors: Anthropogenic regulations
such as weirs, dams, and channelization have
a major impact on the transport of pollutants
associated with the particulate but not the aque-
ous compartment. Reservoirs in particular act as
temporary sinks for lipophilic pollutants but sed-
iments can be remobilized during flood events
and increased discharges

Overall, this study provides a good overview of
the different triggers and factors that influence the
distribution, fate, and accumulation of hydrophilic
and lipophilic contaminants in a river system.
Although there is some slight temporal and spatial
heterogeneity, pollutant transport in the aqueous and
particulate phases is closely connected. The com-
plementary investigation of the different phases in
a river system has only been done in a few studies.
However, this combined approach is an important
aspect for a comprehensive view of environmen-
tal contamination. Therefore, the general approach
and implications investigated in this study can be
transferred and applied to other anthropogenically
influenced river systems. The consideration of mul-
tiple phases and different triggers or key drivers is
the first crucial step for risk assessment and, more
importantly, for subsequent pollutant mitigation and
reduction.
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