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Abstract

Background The reconstruction of the pollution history using aquatic sedimentary archives is of major relevance
not only for the present and past, but also for future actions. The extent and influence of past anthropogenic emis-
sions can be correlated with site-specific (e.g., industrial) developments as well as political actions, regulations,

and initiatives. Finally, the need for further restrictions, specific monitoring or other countermeasures can be defined.
Accordingly, within the scope of this study, a drilling core of subaquatic sediment was comprehensively analyzed

to reconstruct the pollution history of the Urft reservoir and to understand the linkage between introduction, fate,
and behavior of different organic pollutants.

Results The Urft reservoir is well suitable for pollution reconstruction as the investigated interval covered a period
of nearly 60 years of undisturbed sedimentation of fine-grained material. Additionally, specific input factors and their
development (e.g., in industrial production) could be easily correlated with the emission profile detected for the res-
ervoir. Overall, quantitative data of more than 60 lipophilic organic compounds were obtained and traced back

to urban and industrial emissions. Concentrations were mainly in the range of Ng/goc—H9/groc Showing a decreas-
ing tendency toward the surface and, thus, the effectiveness of political regulations. In addition, a clear maximum
was detected for almost all substances at the end of the 1970s/beginning of the 1980s, probably related to an excep-
tional event such as a flood or a malfunction affecting wastewater-related compounds of both urban and industrial
origin.

Conclusions Based on the organic-geochemical investigation and the associated dating, it was possible to recon-
struct the pollution history of the Urft catchment in the northern Eifel mountains. Overall, organic indicators have
proven to be very useful to obtain information on distribution patterns and the influence of industrial as well as gov-
ernmental actions. For instance, catchment-specific developments such as the closure of ironworks were recog-
nizable in the identified emission patterns. Generally, in the last 50 years, the pollution of the reservoir sediment

has decreased clearly showing the efficiency of increasing environmental awareness and corresponding regulations.
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Background
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the surface waters causing a complex pollution. However,
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environmental studies of the sedimentary compartment
in river systems focus mainly on near-surface, contempo-
rary pollution [33]. In addition to this recent pollution, it
is particularly important to understand the history of the
pollution as well. Indeed, the corresponding reconstruc-
tion using aquatic sedimentary archives is relevant not
only for the present and past, but also for future actions.
Firstly, the extent and influence of past anthropogenic
emissions can be determined and correlated with site-
specific developments, e.g., in industry or urban set-
tlement [7]. Such studies have already been carried out
worldwide, mainly in coastal environments and lacus-
trine systems (e.g., [53, 75, 85, 86]). The results obtained
can be used to assess the effectiveness of previous or
current regulations and initiatives (e.g., [10, 31]). Subse-
quently, these information can be used to evaluate the
need for further action as restrictions, specific monitor-
ing or other countermeasures (e.g., [7, 33]). Indeed, pol-
lution reconstruction can even be useful for predicting
the future development of aquatic contamination.
Particularly, the sedimentary compartment is suitable
for a long-term reconstruction of pollution [33]. Both
lipophilic organic and inorganic pollutants (e.g., heavy
metals) have a high affinity to associate with particu-
late matter [37]. However, organic compounds generally
show a broader diversity, but nevertheless also clearer
specificity. They can usually be assigned to distinct emis-
sion sources and are often man-made, so that their intro-
duction into the environment can also be related to their
market introduction date [11]. Besides their lipophilicity
and known emission sources, a certain persistence of the
organic compounds is necessary to identify them or their
metabolites even after a time interval of several decades
[47]. Therefore, the compounds need a specific resistance
to different processes including chemical or biological
degradation. Such persistent organic pollutants (POPs)
are predominantly of anthropogenic origin and have
been used especially since the Second World War [55, 59,
87]. In fact, different xenobiotics (e.g., polychlorinated
biphenyls (PCBs) or dichlorodiphenyltrichloroethane
(DDT)) are especially suitable for assessing the histori-
cal pollution. They originate from various anthropogenic
activities associated with urban, agricultural, or mostly
industrial processes [19]. For instance, the main emission
sources in Western Europe in the 1960s were the chemi-
cal, coal, and steel industries leading to a contamination
of the aquatic compartments of surface and groundwater
[65]. Due to their extensive usage, some of the organic
contaminants are already ubiquitously distributed in our
environment (e.g., [32, 44, 87]). At this point, it is also
important to note that persistence and further proper-
ties such as bioaccumulation and toxicity lead to adverse
effects on human health and the environment, thus
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highlighting the relevance of these marker substances not
only for pollution reconstruction, but also for risk assess-
ment and mitigation [64]. For instance, PCBs have been
produced on a large scale for industrial use since about
1930 [13]. However, due to toxic responses in humans
and animals, they were banned in Germany in 1989 [69,
89].

The deposition of particulate matter and associated
contaminants is the first precondition for potential accu-
mulation areas to act as a sink for pollutants. Areas with
low turbulence and low flow velocities are particularly
suitable. In a fluvial environment, these areas can be
natural such as floodplains, oxbows, or (palaeo)channels,
but also constructed, such as dammed reservoirs [18, 39,
88]. However, to be suitable for reconstruction, a sedi-
mentary archive must fulfill further requirements. For
ideal archives, sedimentation should be undisturbed and
continuous for a sufficiently long time, resulting in long-
term storage of sediments and contaminants [33]. Emis-
sion sources and the history of the river basin should be
known in order to evaluate and understand the pathways
and fate of different organic compounds [2]. Accordingly,
knowledge of site-specific developments and land use is
highly relevant, which is available for the Urft reservoir in
western Germany (cf. Figure la—c).

The Urft reservoir is located in the northern part of the
low-mountain range of the Eifel. It has been constructed
between 1900 and 1905 with a total length of 12 km and
covers a catchment area of 372.6 km? [96]. The reservoir
is used for flood protection, energy generation, and low-
flow raising to maintain water levels and supply down-
stream industries on the superior Rur river [77]. The
main inflow is the Urft river with a length of 46.4 km
[79]. Mean sediment accumulation in the reservoir basin
was around 1.54 m. However, in the upstream area of the
reservoir, values of more than 6 m were reached [77].

As can be seen in Fig. 1a, b, the catchment area is char-
acterized by different land uses, including urban set-
tlements and villages, which are mainly located in the
valleys of the Urft river and its tributary Olef. 3 of the 4
wastewater treatment plants (WWTPs) in the catchment
area are also located near these cities as shown in Fig. 1la
[94]. The municipality of Schleiden includes the cities
of Schleiden (2252 inhabitants in 2023) and Gemiind
(3710 inhabitants in 2023), where an improvement and
expansion of wastewater treatment plants took place in
the early 1990s [76, 93]. The city of Kall is also located
directly on the Urft river (11,112 inhabitants in 2022),
while the city of Hellenthal is located at its tributary Olef
(7925 inhabitants in 2022) [40, 41].

Although the Urft reservoir is now located in the Eifel
National Park (established in 2004, see Fig. 1a—b), there
were and still are several further emission sources in
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Fig. 1 a Overview of the Urft reservoir including the sampling location and the elevation (meters above sea level, m a.s.l) [26]; b shows
the landcover according to Corine Landcover [16] data,c shows the sampling area in a European context; Coordinate system: ETRS89 / UTM zone
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its catchment area. As in the superior catchment of the
Rur river, the paper industry is an important branch of
industry. At the end of the 19th and the beginning of the
twentieth century, there were several factories mainly
specialized on pulp and paper board production [50, 62].
Several paper production facilities are still in operation
today. In addition, the chemical industry in the field of
charcoal and glass production played an important eco-
nomic role in the Urft catchment area until 2008 [36].
Moreover, the village of Gemiind was important for iron
production for centuries, until the last company ceased
production in 1966 [48]. In general, the region is an old
mining area (mainly lead, zinc and iron) and the pollution
with heavy metals and other inorganic trace elements has
been dealt with in a complementary study by Stauch et al.
[78]. Agriculture is of minor importance in the catch-
ment area and agricultural land has been increasingly
afforested or converted to pasture and grassland since the
end of the nineteenth century [16, 61, 77].

The main objectives of this study were to recon-
struct the pollution history of the Urft reservoir and

to understand the linkage between introduction, fate,
and behavior of different organic pollutants. In gen-
eral, research on reservoir sediments and thus sedi-
mentary archives within the river body is still limited
[33]. However, due to the permanent damming and
high accumulation rates, reservoirs can reflect the
entire sedimentation and thus pollution interval with
a high temporal resolution [88]. In addition, reser-
voirs typically show an undisturbed, continuous and
homogeneous sedimentation, with conditions that are
less variable than in floodplains [15]. Therefore, time-
resolved contamination profiles of several organic con-
taminants or contaminant groups were evaluated in
detail and related to the historical, anthropogenically
induced development of the catchment system and
general environmental policy issues. The sediments of
the Urft reservoir were previously studied regarding
their sedimentological and inorganic composition (e.g.,
heavy metals) as well as their microplastic content,
which can be used for comparison with the results of
this study [78].
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Methods

Sampling

The investigated core (U3) was taken as part of the study
from Stauch et al. [77], which is focusing on the sediment
deposition in the Urft reservoir (Fig. 1). In November
2020, the reservoir was partially drained allowing direct
sampling from the surface of the reservoir sediments.
The core was collected using a peat auger with a coring
chamber of 50 cm. A continuous sediment sequence was
obtained by repeated extension. The total length of the
core was 369 c¢cm, which was divided into 38 subsamples
(intervals of 6 to 13 cm) [78]. Of these, 13 homogenized
and dried samples were analyzed for organic contamina-
tion down to a depth of 250 cm to cover the more recent
period of anthropogenic contamination with different
organic compounds. Prior to their extraction and analy-
sis, the dried samples were stored in solvent-cleaned alu-
minum cups at a temperature of 4 C in the dark.

Standard sedimentological parameters

Besides the analysis of organic contaminants, samples
were also analyzed for grain size and total organic carbon
(TOC) content. Grain sizes (<2 mm) were determined
using a Beckman Coulter LS 13 320 laser diffraction par-
ticle size analyzer (Beckman Coulter GmbH, Krefeld,
Germany). For further information on the method see
Stauch et al. [78]. Total organic carbon (TOC), total car-
bon (TC), and total inorganic carbon (TIC) were deter-
mined using a liquiTOC II (Elementar Analysensysteme,
Langenselbold, Germany). Therefore, aliquots of 100 mg
of the dried samples were heated and finally ashed at
550 °C for TOC and 1000 °C for TIC. As the organic con-
tent plays a crucial role in the accumulation, behavior
and fate of pollutants in river systems, a TOC normaliza-
tion was performed for the quantitative data [37, 98].

Dating

Stauch et al. [78] applied Cs-137 dating for a detailed
chronology of a core, which was taken 4.5 m away from
the core analyzed in this study, so that the data obtained
could be transferred to this study. The artificial radionu-
clide Cs-137 is mainly caused and produced by anthro-
pogenic activities such as thermonuclear weapon tests
and nuclear accidents [33]. Samples covering intervals of
2.5-5 cm were analyzed up to a depth of 240 cm using
high-purity germanium detectors (HPGe, from ORTEC
and Canberra) in a low-level shielding with relative effi-
ciencies of 30-70% at the Forschungszentrum Jilich
(FZJ) and a counting time of 15 h. A certified geometry
reference source containing the nuclides Ba-133. Co-57,
Ce-139, Sr-85, Cs-137, Mn-54, Zn-65, and Y-88 was used
for the calibration of the detector efficiencies [78].
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Organic geochemical analysis

Sample extraction and fractionation

Aliquots of 10-15 g of homogenized, dried sediment
were extracted using accelerated solvent extraction
(Dionex ASE 150, Thermo Fisher Scientific, Waltham,
MA, USA). According to Schwanen et al. [73], approxi-
mately 30 mL each of acetone, acetone/n-hexane 1:1 (v:v),
and n-hexane were used to extract the samples sequen-
tially. During each extraction sequence, the extraction
cell was kept at a temperature of 100 °C and a pressure of
10 MPa for 5 min. Following this, the individual extracts
were combined, and the aqueous phase was separated
and disposed. Afterward, the concentrated extract of
about 5 mL was then dried with anhydrous granulated
sodium sulfate (Na,SO,). Finally, the extract was desul-
furized using activated copper powder combined with an
ultrasonic treatment for 15 min.

Fractionation was performed by column chromatogra-
phy according to Schwarzbauer et al. [74] using mixtures
of n-pentane, dichloromethane (DCM), and methanol as
eluents of increasing polarity. Columns with 2 g of acti-
vated silica gel were conditioned overnight at 200 “C and
finally used for the separation of the extract into the fol-
lowing 6 fractions:

— Fraction 1: 5 mL n-pentane

— Fraction 2: 8.5 mL n-pentane/DCM 95/5
— Fraction 3: 5 mL n-pentane/DCM 90/10
— Fraction 4: 5 mL n-pentane/DCM 40/60
— Fraction 5: 5 mL DCM

— Fraction 6: 5 mL methanol.

Individual fractions were spiked with 50 pL of a sur-
rogate standard solution (6.3 ng/pL benzophenone-d,,
5.8 ng/pL fluoroacetophenone, 6.0 ng/pL hexadecane-
d;,). Prior to injection, the fractions were concentrated to
volumes of 20—-400 pL.

Gas chromatography/mass spectrometry (GC/MS) analyses
GC/MS analyses were carried out on a quadrupole Ther-
moQuest Trace MS mass spectrometer coupled to a
ThermoQuest Trace GC equipped with a ZB-5 fused
silica capillary column (30 mx0.25 mm IDX0.25 pm
film thickness; Phenomenex, Aschaffenburg, Germany).
The carrier gas flow was adjusted to 1.5 mL/min. A 1 pL
injection (injector temperature of 270 °C) at 60 C with
a splitless time of 60 s was followed by 3 min at the ini-
tial temperature, then programmed at a rate of 3 ‘C/min
to 310 ‘C with an isothermal time of 20 min. MS analy-
sis was performed in full-scan mode (EIT, 70 eV) hav-
ing a source temperature of 200 ‘C, scanning from 35 to
700 amu at a rate of 1.5 scans/s.
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Identification and quantification

To identify the organic contaminants, mass spectra of the
individual compounds were compared with mass spec-
tral databases (e.g., NIST, Wiley) and other published
information. In addition, verification was achieved by the
comparison of specific gas chromatographic retention
times and elution orders. Quantification was obtained
by peak integration of characteristic ion chromatograms
and determined using external four-point calibrations.
The respective concentrations of the compounds ranged
within the expected values in the samples and within the
linear detection range. Inaccuracies of injection and sam-
ple volume were corrected with a surrogate standard. The
limit of detection (LOD) was in the range of 1 ng/gro¢
(calculation based on signal-to-noise ratios in real sample
matrix) and the limit of quantification (LOQ) was in the
range of 5 ng/groc. Recovery rates of the analytes were
between 70 and 100% (except for naphthalene and DIPNs
with rates of around 50%). Further information on recov-
ery rates can be found in previous studies [72, 73]. Blank
analysis revealed neglectable background and laboratory
contamination with LABs and phthalates.

Results

Standard sedimentological parameters

The grain size distribution and organic content of the
samples have been analyzed as basic sedimentological
parameters (see Table 1). Predominantly fine-grained
material was deposited in the Urft reservoir. The grain
size distributions of the samples from different depths
varied only slightly. The clay content of all samples was
less than 20% and the sand content was between 5 and
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16%. The silt content was consistently more than two
thirds, particularly medium and coarse silt (69-76%).
In general, the TOC content varied between 1.8 and
6.0%. The highest values were detected for depths of
160-230 cm (average of 5.3%). In depths of 70—150 cm,
the average was lower (2.5%); while in lower depths of
30-60 cm, it was again higher (3.9%).

Indicators of organic contamination
Based on gas chromatographic/mass spectrometric anal-
yses and an associated non-target screening, several pol-
lutant groups have been identified. However, as the main
focus was laid on the reconstruction of the anthropo-
genic pollution history, selected xenobiotic compounds
and compound groups were quantified according to their
emission source specificity (see Table 2). For instance,
polychlorinated biphenyls (PCBs) have been largely pro-
duced since about 1930 and were finally banned in Ger-
many in 1989 [13, 89]. Six indicator congeners (PCBs 28,
52, 101, 138, 153 and 180) were identified throughout
the depth profile showing a cumulative contamination
with an average of 2.5 ug/groc. However, a clear con-
tamination peak occurred at a depth of 121-130 cm with
a PCB6 sum of 11.6 pg/groc. This value is more than 4
times higher than the above average of the other samples.
Further, marker compounds of industrial emissions
(e.g., chlorinated benzenes, alkylsulfonic acid phenyl
esters (ASEs), di-iso-propylnaphthalenes (DIPNs)) and
also indicators of wastewater pollution (e.g., linear alky-
lbenzenes (LABs)) were found in the drilling core. DIPNs
and LABs were clearly identified in the pg/g range. Simi-
lar to the group of PCBs, both the DIPN and LAB (C,,

Table 1 Overview of the samples and corresponding depths and the basic sedimentological parameters including grain size
distribution, mean and median values as well as the TOC content of a sediment core taken in the Urft reservoir in November 2020

Sample Sample depth [cm] Grain size distribution [%] Grain size parameters [um] TOC [%]
number 2000-63 pm 63-2 um <2pum Mean value Median value

1 30-40 17 72 Il 26 14 44
2 50-60 16 71 14 30 16 35
3 70-80 17 76 7 22 12 22
4 80-90 16 74 10 25 14 1.8
5 90-100 17 75 8 24 13 2.0
6 107-114 15 69 16 32 17 2.8
7 121-130 20 75 6 19 9 35
8 140-150 17 69 14 28 12 26
9 160-170 17 70 13 28 13 4.8
10 180-190 17 71 12 26 12 57
11 200-210 19 72 10 24 I 57
12 220-230 19 75 6 19 10 6.0
13 240-250 18 69 13 28 13 4.1
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to C,3) profiles showed their highest amounts at a depth
of 121-130 cm (DIPNs: 299 pg/groc LABs: 18.9 pg/
groc)- In general, the highest contamination was found
in the middle of the analyzed depth profile. Concentra-
tions closer to the surface (30—-40 cm) were the lowest
for both contaminant groups (DIPNs: 8.0 pg/groc; LABs:
0.8 pg/groc). However, the average DIPN concentration
(68.6 ug/groc) was much higher than the average LAB
concentration (7.6 ug/groc). Other industrial compounds
showed maxima in the range of 15 ng/grqc (N-benzylfor-
mamide)—2.6 pg/grqc (di-n-octylphthalate) (see Table 2).

Moreover, substances with an origin in municipal appli-
cations, such as in personal care and consumer products,
were detected. Methyltriclosan originates from the bac-
tericide triclosan, which was first introduced in the early
1970s and is used in shampoo, toilet soap, deodorants,
toothpaste, footwear, and plastic articles [4, 52]. Octo-
crylene is commercially used in sunscreens and further
personal care products such as shampoos, hair sprays
and conditioners [20, 71]. Both substances were detected
at depths greater than 107 cm with maxima of 1.6 pg/
groc (methyltriclosan) and 62 ng/grq¢ (octocrylene).

Insecticide residues of dichlorodiphenyltrichloroeth-
ane (DDT), which has been widely used since the early
1940s, have also been found regularly [42]. However, it
was banned in most western industrialized countries
in the 1970s due to its bioaccumulative and persistent
properties, leading to adverse effects on humans and
wildlife (e.g., endocrine disrupting potential) [30, 82].
The average sum of DDT residues (including dichlorodi-
phenyldichloroethylene (DDE) and dichlorodiphenyldi-
chloroethane (DDD)) was 2.1 pg/groc with a minimum
of 0.2 pg/groc (30—40 cm) and a maximum of 6.7 pg/
groc (140-150 cm).

In addition, substances without an exclusively anthro-
pogenic origin, such as polycyclic aromatic hydrocarbons
(PAHs) or (geo)hopanes, are useful for the reconstruction
of the (petrogenic) pollution history. PAHs can originate
from fossil fuels that enter the environment, e.g., due to
oil spills or in incomplete combustion processes (e.g., [1,
3, 63]). Partly, these processes result from natural mecha-
nisms, such as wild fires, but most are caused by anthro-
pogenic emissions [66]. The diffuse origin can be further
clarified by PAH diagnostic ratios [81, 99]. The cumula-
tive sum of EPA16 PAHs shows decreasing concentra-
tions with decreasing depth. The maximum of 1.3 mg/
groc (180—-190 cm) is more than 27 times higher than the
minimum of 48.3 pg/groc (30-40 cm). Several hetero-
PAHs (dibenzofuran, dibenzothiophene, carbazole) con-
taining oxygen, sulfur or nitrogen in their structure show
similar profiles with maxima ranging from 2.1 ug/grq to
10.9 pg/groc and minima ranging from 0.08 pg/groc to
0.8 pg/groc. Overall, PAHs are the most abundant and
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dominate the total contamination with the highest indi-
vidual concentrations (see Table 2). Correspondingly, the
concentrations of geohopanes (C,q to Cg5 stereoisomers)
were much lower, showing a peak at a depth of 107-
114 cm (3.6 pg/groc). In contrast to the PAHs, there was
an increasing tendency with decreasing depth.

Discussion

Reconstruction of the pollution history and contamination
trends

Looking at the depth profiles of different organic pol-
lutants, general statements about emission and accu-
mulation trends can be made. For this purpose, market
introduction dates and legal regulations such as bans and
restrictions were taken into account. However, radio-
isotopic dating enables a much more detailed chrono-
logical assignment than using only organic components
and their time markers. Stauch et al. [78] studied the
sediment deposition in the Urft reservoir combined with
Cs-137 dating of a core, adjacent to the core analyzed in
this study. The first appearance of Cs-137 occurred in a
depth of 232.5 cm and corresponds to the beginning of
nuclear weapon tests in 1955. The maximum fallout
in 1963 was identifiable as a Cs-137 peak at a depth of
183.75 cm and the Chernobyl nuclear accident in 1986
as a peak at a depth of 93.75 cm. Based on the assump-
tion of constant sedimentation between the dated points
and the top of the core, a simple age-depth model and
mean sedimentation rates were determined. Accordingly,
these information can be used for the core of this study to
reconstruct the pollution history of the reservoir. In this
study, the age-depth model is combined with the results
of the organic-geochemical analysis to understand emis-
sion trends within the Urft catchment and to estimate the
influence of human activities and inputs on reservoirs
and subsequently on the fate and accumulation of pollut-
ants of different origin. Temporal markers and intervals
as well as relevant contamination profiles are summa-
rized in Fig. 2.

Based on the Cs-137 dating, the samples examined in
this study roughly cover the period from 1950 to 2010
and thus, a time of more modern pollution. The basis of
the depth profile can be assigned to the post-war period
in Germany. Due to the increase in industrial emissions,
the environmental situation initially deteriorated mark-
edly during these decades [14, 83, 97]. Corresponding
problems were first addressed in the late 1960s and then
in the 1970s recognized by the general public [9, 68]. At
that time, the first pioneering studies on organic water
pollution were carried out (e.g., [43, 54]). These focused
on the discharge of industrial wastewater from chemi-
cal production sites and the transport of associated pol-
lutants into sediments. Since then, there has been an
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Fig. 2 Overview of different contamination profiles correlated with depth and general as well as catchment-specific time markers. The layer
marked in red shows particularly high concentrations and, thus, indicates a possible extraordinary event

increase in research activities, political interest, and the
establishment of several nature conservation organiza-
tions [9, 83]. However, in the 1990s, environmental policy
stagnated during the German reunification, until a new
government enacted comprehensive environmental pol-
icy reforms and new laws starting in 1998 [68].

In the sediments of the Urft reservoir, PAHs show a
general decreasing trend with decreasing depth, with
the contamination being the lowest closest to the sur-
face (Fig. 2). According to this trend, even lower concen-
trations can be estimated at the surface of the reservoir
sediment. Samples from a depth of 180-250 cm show
the strongest pollution, which corresponds to the
period from 1950 to~1970. During this period, par-
ticularly in the 1950s, Germany experienced a phase of
economic growth as a result of the government support
and encouragement of the industry [27]. For example,
the ironworks in Gemiind, which had been destroyed
in 1944, was rebuilt and restarted as part of this process
[48]. The corresponding production may have caused
higher PAH emissions, as several PAH diagnostic ratios
indicate a primarily pyrogenic origin (cf. Figure 3). Most
of the samples correlate with petroleum combustion
as well as grass, wood, or coal combustion (cf. [81, 99]).
However, the economic recession of 1966/67 and the
so-called mining crisis also led to the closure of the last
ironworks in the catchment area correlating with a clear
decrease in PAH contamination [38, 48]. Subsequently,
German environmental policy developed rapidly from
the 1970s onwards, so that considerable improvements

in pollutant emissions were achieved through legislation
and subsequent technical installations (such as filter and
desulphurization systems) [83]. In line with this, PAH
concentrations were considerably decreasing with lower
depths.

A slightly different depth profile was detected for the
industrially used group of PCBs. The greatest amounts
were found at medium depths in the drill core, with by
far the highest summarized concentrations being found
at a depth of 121-130 cm. This corresponds to the late
1970s. However, no flooding was recorded at the river
gauge in Gemiind during this period. Increased dis-
charges were measured at the end of 1974 and from
1980 onwards [21]. Thus, an extraordinary emission and
introduction of pollutants from a specific contaminated
site or a (malfunctioning) WWTP is more conceivable
here. However, the PCB composition of sample 7 (121—
130 cm), i.e., the distribution of the individual indicator
congeners, was very similar to that of the sediment layers
deposited above (samples 1-6; < 114 cm). Contrary, in the
preceding period and thus depths of 140 to 210 cm, the
proportions of low-chlorinated compounds were higher.
Especially these low-chlorinated PCBs were used in min-
ing equipment [24, 70], and the higher proportions may
be attributed to the neglect and abandonment of the last
mining sites. Most of the mines were already closed in
the nineteenth century or early twentieth century [45,
49]. However, lead ore mining in the Eifel region came to
a final end with the closure of the last mine in 1957 [6].
Remobilization of corresponding sediments is therefore
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a likely emission pathway for PCBs into the Urft and
its tributaries. Except to the clear peak at 121-130 cm,
PCB6 concentrations were at an almost similar level at
depths of 80-210 cm and, thus, in the time period from
the late 1950s to early 1990s. A clear increase in concen-
tration at a depth of 210 cm (~1958) can probably be
attributed to the German economic growth and indus-
trial expansion in the post-war period. At smaller depths
(<80 cm, early 1990s), a distinct decrease in concentra-
tions towards the surface can be seen. Accordingly, this
development coincides quite well with the German ban
of PCBs by the PCB-, PCT-, VC-Prohibition Ordinance
in 1989 [89]. Until then, especially the higher chlorin-
ated PCBs were widely used in industrial applications,
e.g., in electrical insulation or hydraulic equipment [91,
92]. However, because they are generally more stable and
resistant to degradation, they have been detected more
regularly in several river systems and reservoirs world-
wide (e.g., [29, 57]).

The depth profile of LABs shows a similar trend, with
the greatest concentrations at medium depths. Unlike
PCBs, LABs are not an indicator of industrial produc-
tion, but of domestic wastewater pollution. Specifically,
they are raw materials and byproducts in the industrial
production of linear alkylbenzene sulfonates (LASs), the
most widely used anionic surfactants [22, 34]. At depths

between 160 and 250 cm and, thus, from the late 1940s
to the late 1960s, the concentrations in the Urft reservoir
were almost constant. Since the early 1960s, LAS-type
detergents have been increasingly used as substitute for
the poorly degradable tetrapropylene-based alkylbenzene
sulfonates [67, 100]. Nevertheless, LABs have already
been identified in older sediments (~ 1950), indicating the
beginning substitution process of these surfactants. This
was also the case in riparian wetland sediments of the
Lippe river, also in western Germany [34]. The highest
LAB contamination at a depth of 80—-150 cm corresponds
to the time period of the early 1970s to early 1990s and
likely reflects the increased use and large-scale produc-
tion of LASs and thus LABs. Subsequently decreasing
concentrations are probably related to improvements in
wastewater treatment techniques and technologies. In
1991, the WWTPs in Gemiind and Schleiden have been
expanded and renovated, with special requirements
being placed on the treatment performance of the plant
in Gemiind, as it is located directly at the Urft river [94].
In general, particularly in the last forty years, great efforts
have been made in Germany to improve the efficiency
of wastewater treatment [84]. Further on, the decline in
agricultural land use in the catchment area and the coun-
cil directive of 1986 on the protection of the environ-
ment, and in particular of the soil, when sewage sludge
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is used in agriculture (86/278/EEC), have probably also
contributed to the decrease in near-surface LAB contam-
ination [20]. Concentrations in the modern, near-surface
layers are, therefore, even lower than around 1950, when
the use of LASs began.

The contamination profiles of the industrial representa-
tives DIPNs and alkylsulfonic acid phenyl esters (ASEs)
show similar emission trends as the domestic wastewa-
ter markers LABs. In the Urft catchment, they are mainly
introduced by the discharge of treated wastewater from
WWTPs that process both urban and industrial influ-
ents. Concentrations are lowest at the top and the end of
the profile, while the main contamination covers a depth
of 80-210 cm (late 1950s—early 1990s). Again, respec-
tive maximum concentrations were detected for sample 7
(121-130 cm; late 1970s). As this peak was detected for
several wastewater-related substances, it can be assumed
that there was an exceptional event during this period
which led to the introduction of several pollutants. How-
ever, as mentioned above, no increased runoffs were
detected in the river system and the event was probably
the result of a malfunction in wastewater treatment [21].
In addition, a new patent for the production of ASEs
was registered by a German company in 1975, which
may have led to increased production in the following
years [51]. The general decrease of ASEs and DIPNs with
decreasing depth is likely based on the improvements of
the wastewater treatment plants in Gemiind and Schlei-
den (starting in 1991). The latter contamination trend
also applies to the profile detected for chlorinated ben-
zenes, which, depending on the isomer, enter the aquatic
environment via domestic as well as industrial wastewa-
ter [29, 46].

Overall, most of the organic compounds show their
main contamination at depths between 80 and 150 cm
and thus in the period from the early 1970s to the early
1990s. At greater depths (>150 cm), there is an increas-
ing trend with decreasing depth, while there is a decreas-
ing trend toward the surface. The increase can be roughly
attributed to Germany’s industrial development from the
post-war period onwards and the near-surface decline to
increasing environmental awareness and environmental
policies (including bans and restrictions, e.g., on PCBs).
Similarly, the content of heavy metals in the Urft Reser-
voir declined until the mid-1980s and has been relatively
constant since this time [78].

However, some organic pollutants show different con-
tamination profiles. 1,2-Diphenoxyethane (DPE) shows
a rather diffuse occurrence over the entire depth profile,
which is possibly related to the still very strong influence
of the paper industry. DPE has already been regularly
detected in the superior Rur river, which is also charac-
terized by the paper industry [73]. Certain substances
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were mostly found at great depths (>107 cm) and, thus,
in sediment layers older than approximately 1980 (e.g.,
methyltriclosan, octocrylene, N-benzylformamide). Yet,
particularly for octocrylene and methyltriclosan, this
does not match their market introduction dates. Accord-
ingly, both substances should not be detected in older
sediment deposits. Triclosan as parental compound of
methyltriclosan was first produced in the early 1970s.
However, the original bactericide is comparatively polar
and more mobile than methyltriclosan [12, 52]. Prob-
ably, a leaching of triclosan into saturated deeper sedi-
ment layers of the reservoir has taken place before it
has been (bio)degraded into methyltriclosan. Similarly,
N-benzylformamide was already suspected to be a deg-
radation product of other contaminants, so that the
leaching and subsequent transformation are also a pos-
sible environmental pathway [5]. However, it is a mem-
ber of formamides, which are typically used as solvents
and could therefore also migrate related to the higher
polarity as and, thus within the aqueous compartment.
In general, the presence of N-benzylformamide in sedi-
ments has rarely been studied so far. Contrary, leaching
does not provide a clear explanation for the occurrence
of octocrylene. Its commercial usage in sunscreens and
anti-aging creams started about 15 years ago [56]. How-
ever, octocrylene is strongly lipophilic and shows only a
low water solubility [8].

Other organic substances were detected with high
amounts closer to the surface (e.g., bis(2-ethylhexyl)
adipate (DEHA), butylated hydroxytoluene (BHT) and
(geo-)hopanes). Geohopanes, in particular, showed the
highest contamination between 30 and 150 cm (1971-
2009). Therefore, the underlying emission sources and
trends of hopanes must be different from those of most
of the other identified pollutants. This may be related to
pollutant emissions from a former military base. The base
was located right next to the reservoir and was first used
by the British military from 1946 to 1950 and then by the
Belgian military until 2005 [100]. Throughout Germany,
contaminations with mineral oil products have been reg-
ularly detected at former military sites [58, 60, 80]. It is,
therefore, possible that a respective contamination of the
Urft reservoir has also occurred, leading to a more recent
introduction of pollutants into the catchment.

Another common feature of most of the contamination
profiles is the presence of a peak or maximum concen-
tration at a depth of 107-114 cm (early 1980s) or 121—
130 cm (late 1970s). This peak is particularly pronounced
for LABs, PCBs, methyltriclosan, ASEs, DIPNs and other
industrial substances such as BHT and different phtha-
lates. Most of these substances originate from urban and
industrial sources and are introduced via the discharge
of (treated) wastewater from the respective facilities or
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WWTPs. An event may have occurred that affected one
or more WWTDPs in the catchment area. This could have
been, for example, a flood. However, no extreme dis-
charge values were measured at the Gemiind gauge (Urft)
or at Schleiden (tributary Olef) between 1976 and 1979,
whereas from 1980 onwards there was a period of regu-
larly increased discharges. In some cases these values
were even higher than the average flood discharge [21].
However, no historical records and documents prove
such an exceptional event. Thus, it is more likely that
there was a local malfunction or problem with the puri-
fication process at one of the WWTDPs, resulting in the
discharge of untreated or only poorly treated wastewater.
Emissions from another point source than a WWTP are
rather unlikely due to the variety of wastewater-related
substances showing high concentrations. The contami-
nation profile of the predominantly pyrogenic PAHs also
shows a very slight increase at 107-114 ¢cm (1981-1982),
but this could rather be attributed to two large fires in
paper and plastic warehouses in Olef in 1980 and a movie
theater in Schleiden in 1982 [28, 35]. Similar effects of a
fire on the pollution situation were also recorded for the
microplastic content in the Urft Reservoir. A large fire
in a glass and plastic factory in 1991 resulted in a major
input of particles which could be traced across several
drilling cores in the upper part of the reservoir [78].
Trends correlating with the environmental legislation
and the beginning of environmental awareness since the
1970s were also identified in other studies. For instance,
Hagemann et al. [29] showed generally decreasing trends
of several organic compounds in Djerdap lake sedi-
ments in Serbia since 1972. A very similar PCB emission
profile to the one detected for the Urft reservoir was
found in a Swiss lake [101]. PCB contaminations were
increased after 1940 reflecting the beginning of their
industrial production showing the maxima in the early
1960s. This matches the development in the Urft reser-
voir having a period with an increased post-war produc-
tion. Maximum levels of various organic pollutants were
also detected in the Venice lagoon for this timespan [25].
In the following decades contamination was strongly
decreasing in the Swiss lake and the Italian lagoon, which
corresponds to the ban of PCBs, but also modernized
wastewater treatment and environmental awareness.
Franca et al. [23] also detected decreasing contamina-
tions of PCBs and PAHs towards the surface. In addition,
they were able to determine flood events in the Brno res-
ervoir in the Czech Republic. Mici¢ et al. [57] examined
various organic pollutants in a reservoir of the Danube
river and determined a similar emission profile for PAHs
as obtained in this study. For LABs, they did not detect a
specific emission trend, probably related to the low popu-
lation density and developments in regional wastewater
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treatment. However, as they did not provide a dating of
the sediments, no specific developments in the study area
or on a political scale could be correlated.

Contrary to the PCB decline in the surface Urft sedi-
ments and other subaquatic sedimentary archives in
Europe, no clear trend could be identified for drilling
cores of the floodplains of the Wurm, which is a tribu-
tary of the Rur river. Buchty-Lemke et al. [11] investi-
gated three cores in a transect with a spacing of 20 m, but
only the one adjacent to the river itself showed a pattern
of decreasing contaminations with sampling depth. How-
ever, no clear correlation to specific emission periods
could be obtained. Similarly, Heim et al. [34] detected
high concentrations of PCBs in the top layers of wet-
lands of the Lippe river in western Germany. In contrast
to Buchty-Lembke et al. [11], they also applied radiologi-
cal dating approaches and were therefore able to date
the uppermost layers to around 1990. Consequently,
the high concentrations in these layers are not in com-
plete contrast to the period of increased environmental
awareness and protection, as ecological improvements
and decreasing contamination trends in the Urft catch-
ment were also particularly noticeable from the begin-
ning of the 1990s. This highlights the need for detailed
dating approaches combined with the reconstruction of
the organic as well as inorganic contamination within
aquatic archives. Organic indicators in particular have
proven to be successful, because they correlate with both
catchment-specific as well as general developments (such
as technological improvements in specific WWTPs, but
also national bans and regulations). Generally, as the his-
torical development of every catchment is quite specific,
there is also always a need for individual studies such as
from the Urft reservoir.

Conclusion

Based on the organic-geochemical investigation and
the associated dating, it was possible to reconstruct the
pollution history of the Urft catchment in the north-
ern Eifel mountains. Emission sources could be iden-
tified and assigned, and the effectiveness of political
regulations or catchment-specific closures and techno-
logical improvements (e.g., of different WWTPs) were
recognizable in the contamination profiles. Gener-
ally, the substances showed decreasing concentrations
toward the surface, which correlates with the period of
increased environmental awareness and corresponding
political regulations and measures in Germany since
the 1970s. This decrease started even earlier for PAHs
representing pyrogenically introduced substances, than
for those that are mainly introduced by wastewater
treatment plants. Another common feature for almost
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all substances was a maximum in contamination at
the end of the 1970s/beginning of the 1980s, probably
related to a malfunction or flood, which affected waste-
water-related compounds of urban as well as industrial
origin. Nevertheless, some organic compounds could
not be correlated with specific emission sources and
pathways and were accordingly not suitable for a dis-
tinct emission and pollution reconstruction.

Abbreviations

An Anthracene
ASEs Alkylsulfonic acid phenyl esters
BaA Benzolalanthracene

Bghi Benzo(g,h,ilperylene
BHT Butylated hydroxytoluene

Ch Chrysene
Cs-137  Caesium-137
DCM Dichloromethane

DDD Dichlorodiphenyl-dichloroethane
DDE Dichlorodiphenyl-dichloroethylene
DDT Dichlorodiphenyl-trichloroethane
DEHA Bis(2-ethylhexyl) adipate

DEHP Bis(2-ethylhexyl) phthalate

DBP Di-n-butyl phthalate

DIBP Di-iso-butyl phthalate

DIPNs Di-iso-propylnaphthalenes

DPE 1,2-Diphenoxyethane

EPA U.S. Environmental Protection Agency

FI Fluoranthene

GC/MS  Gas chromatography/mass spectrometry
IP Indeno[1,2,3-cdlpyrene

LABs Linear alkylbenzenes

LASs Linear alkylbenzene sulfonates

LOD Limit of detection

LOQ Limit of quantification
ma.s.l Meters above sea level
NIST National Institute of Standards (USA)

PAHs Polycyclic aromatic hydrocarbons
PCBs Polychlorinated biphenyls

PCTs Polychlorinated terphenyls

Ph Phenanthrene

POPs Persistent organic pollutants

Py Pyrene

TC Total carbon

TIC Total inorganic carbon

Tm 17a-22,29,30-Trisnorhopane
TOC Total organic carbon

Ts 18a-22,29,30-Trisnornechopane
VC Vinyl chloride

WWTP  Wastewater treatment plant

Acknowledgements

Special thanks to the support of Mrs. Yvonne Esser and Mrs. Annette Schnei-
derwind during laboratory work and to Finn Franzke for the support in the
frame of his thesis. In addition, CS thanks the RWTH Scholarships for Doctoral
Students.

Author contributions
CS wrote the first draft of the manuscript. All authors contributed to specific
aspects of the manuscript. All authors read and approved the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. CS was finan-
cially supported by the RWTH Aachen University Scholarships for Doctoral
Students.

Page 14 of 17

Availability of data and materials
All data generated or analyzed during this study are included in this published
article and its supplementary information files.

Declarations

Ethical approval and consent to participate
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 9 January 2024 Accepted: 12 May 2024
Published online: 22 May 2024

References

1. Abdel-Shafy HI, Mansour MS (2016) A review on polycyclic aromatic
hydrocarbons: source, environmental impact, effect on human health
and remediation. Egypt J Pet 25:107-123. https://doi.org/10.1016/j.ejpe.
2015.03.011

2. Ayrault S, Meybeck M, Mouchel J-M, Gaspéri J, Lestel L, Lorgeoux C,
Boust D (2021) Sedimentary archives reveal the concealed history
of micropollutant contamination in the seine river basin. In: Flipo N,
Labadie P, Lestel L (eds) the Seine River Basin. Springer Nature, Cham

3. Baek SO, Field RA, Goldstone ME, Kirk PW, Lester JN, Perry R (1991) A
review of atmospheric polycyclic aromatic hydrocarbons: sources, fate
and behavior. Water Air Soil Pollut 60:279-300. https://doi.org/10.1007/
BF00282628

4. Balmer ME, Poiger T, Droz C, Romanin K, Bergqvist P-A, Mller MD, Buser
H-R (2004) Occurrence of methyl triclosan, a transformation product
of the bactericide triclosan, in fish from various lakes in Switzerland.
Environ Sci Technol 38:390-395. https://doi.org/10.1021/es030068p

5. Bellanova P, Feist L, Costa PJM, Orywol S, Reicherter K, Lehmkuhl F,
Schwarzbauer J (2022) Contemporary pollution of surface sediments
from the Algarve shelf. Portugal Mar Pollut Bull 176:113410. https://doi.
0rg/10.1016/j.marpolbul.2022.113410

6. Bergbaumuseum Mechernich (2023) Geschichtliche Entwicklung des
Bergbaus: Ab dem 19. Jahrhundert. http://www.bergbaumuseum-
mechernich.de/info_service/geschichte/ab-dem-19-jahrhundert.
Accessed 29 Nov 2023.

7. Bigus P, Tobiszewski M, Namiesnik J (2014) Historical records of organic
pollutants in sediment cores. Mar Pollut Bull 78:26—42. https://doi.org/
10.1016/j.marpolbul.2013.11.008

8. Blum KM, Andersson PL, Ahrens L, Wiberg K, Haglund P (2018) Persis-
tence, mobility and bioavailability of emerging organic contaminants
discharged from sewage treatment plants. Sci Total Environ 612:1532—
1542. https://doi.org/10.1016/j.scitotenv.2017.09.006

9. Bocher M, Toller AE (2012) Umweltpolitik in Deutschland. Springer
Fachmedien Wiesbaden, Wiesbaden

10. Brandenberger JM, Crecelius EA, Louchouarn P (2008) Historical inputs
and natural recovery rates for heavy metals and organic biomarkers in
Puget Sound during the 20th century. Environ Sci Technol 42:6786—
6790. https://doi.org/10.1021/es703099¢c

11. Buchty-Lemke M, Hagemann L, Maal3 A-L, Schiittrumpf H, Schwarz-
bauer J, Lehmkuhl F (2019) Floodplain chronology and sedimentation
rates for the past 200 years derived from trace element gradients,
organic compounds, and numerical modeling. Environ Earth Sci.
https://doi.org/10.1007/512665-019-8428-4

12. Butler E,Whelan MJ, Sakrabani R, van Egmond R (2012) Fate of triclosan
in field soils receiving sewage sludge. Environ Pollut 167:101-109.
https://doi.org/10.1016/j.envpol.2012.03.036

13. CairnsT, Siegmund EG (1981) PCBs. Regulatory history and analytical
problems. Anal Chem 53:1183A-1193A

14.  Chaney S (2008) Nature of the miracle years: conservation in West
Germany, 1945-1975. Berghahn Books, New York City


https://doi.org/10.1016/j.ejpe.2015.03.011
https://doi.org/10.1016/j.ejpe.2015.03.011
https://doi.org/10.1007/BF00282628
https://doi.org/10.1007/BF00282628
https://doi.org/10.1021/es030068p
https://doi.org/10.1016/j.marpolbul.2022.113410
https://doi.org/10.1016/j.marpolbul.2022.113410
http://www.bergbaumuseum-mechernich.de/info_service/geschichte/ab-dem-19-jahrhundert
http://www.bergbaumuseum-mechernich.de/info_service/geschichte/ab-dem-19-jahrhundert
https://doi.org/10.1016/j.marpolbul.2013.11.008
https://doi.org/10.1016/j.marpolbul.2013.11.008
https://doi.org/10.1016/j.scitotenv.2017.09.006
https://doi.org/10.1021/es703099c
https://doi.org/10.1007/s12665-019-8428-4
https://doi.org/10.1016/j.envpol.2012.03.036

Schwanen et al. Environmental Sciences Europe

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34,

35.

(2024) 36:103

Ciszewski D, Grygar TM (2016) A review of flood-related storage and
remobilization of heavy metal pollutants in river systems. Water Air Soil
Pollut 227:239. https://doi.org/10.1007/511270-016-2934-8

Corine Landcover (2018) CLC 2018—Copernicus Land Monitoring
Service. https://land.copernicus.eu/en/products/corine-land-cover/
clc2018. Accessed 29 Nov 2023.

The Council of the European Communities (1986) Council directive on
the protection of the environment, and in particular of the soil, when
sewage sludge is used in agriculture: 86/278/EEC.

Dhivert E, Grosbois C, Rodrigues S, Desmet M (2015) Influence of fluvial
environments on sediment archiving processes and temporal pollutant
dynamics (Upper Loire River, France). Sci Total Environ 505:121-136.
https://doi.org/10.1016/jscitotenv.2014.09.082

Donner E, Eriksson E, Holten-Litzheft H-C, Scholes L, Revitt M, Ledin A
(2010) Identifying and classifying the sources and uses of xenobiotics
in urban environments. In: Fatta-Kassinos D, Bester K, Kimmerer K (eds)
Xenobiotics in the urban water cycle. Springer, Netherlands, Dordrecht
Downs CA, DiNardo JC, Stien D, Rodrigues AMS, Lebaron P (2021)
Benzophenone Accumulates over time from the degradation of
Octocrylene in commercial sunscreen products. Chem Res Toxicol
34:1046-1054. https://doi.org/10.1021/acs.chemrestox.0c00461
ELWAS-WEB (2023) Information about the gauging station

Gemiind. http://www.elwas-web.nrw.de. Accessed 29 Nov 2023.
Ferndndez Cirelli A, Ojeda C, Castro MJL, Salgot M (2008) Surfactants

in sludge-amended agricultural soils: a review. Environ Chem Lett
6:135-148. https://doi.org/10.1007/510311-008-0146-1

Francl E, Schwarzbauer J, Ldna R, Nyvit D, Nehyba S (2010) Historical
Changes in levels of organic pollutants in sediment cores from Brno
Reservoir, Czech Republic. Water Air Soil Pollut 209:81-91. https://doi.
0rg/10.1007/s11270-009-0182-x

Friege H, Stock W, Alberti J, Poppe A, Juhnke I, Knie J, Schiller W (1989)
Environmental behaviour of polychlorinated monomethyl-substituted
diphenyl-methanes (Me-PCDMs) in comparison with polychlorinated
biphenyls (PCBs) IIl: environmental residues and aquatic toxicity. Chem-
osphere 18:1367-1378. https://doi.org/10.1016/0045-6535(89)90028-3
Frignani M, Bellucci LG, Favotto M, Albertazzi S (2005) Pollution histori-
cal trends as recorded by sediments at selected sites of the Venice
Lagoon. Environ Int 31:1011-1022. https://doi.org/10.1016/j.envint.
2005.05.011

Geobasis NRW (2023) Digitales Geldndemodell (DGM1). dI-de/by-2-0
(https://www.govdata.de/dlde/by-2-0). https.//www.wcs.nrw.de/geoba
sis/wcs_nw_dgm. Accessed 4 Dec 2023

Gortemaker M (1999) Geschichte der Bundesrepublik Deutschland: von
der Griindung bis zur Gegenwart. Beck, Minchen

Gutmann N, Lang M (2023) Kaiser Wilhelm rauscht durch Olef: 68
Stunden Dauerléscheinsatz. https://www.schleiden.de/buergersti
ftung/projekte/ortsteile-auf-platt/olef/#accordion-1-1. Accessed 29
Nov 2023.

Hagemann L, Kaganin-Grubin M, Gajica G, Strbac S, Sajnovic¢ A,
Jovancic¢evic¢ B, Vasi¢ N, Schwarzbauer J (2019) Four decades of organic
anthropogenic pollution: a compilation for djerdap lake sediments
Serbia. Water Air Soil Pollut. https://doi.org/10.1007/s11270-019-4277-8
Harada T, Takeda M, Kojima S, Tomiyama N (2016) Toxicity and car-
cinogenicity of dichlorodiphenyltrichloroethane (DDT). Toxicol Res
32:21-33. https://doi.org/10.5487/TR.2016.32.1.021

Hartmann PC, Quinn JG, Cairns RW, King JW (2005) Depositional history
of organic contaminants in Narragansett Bay, Rhode Island, USA. Mar
Pollut Bull 50:388-395. https://doi.org/10.1016/j.marpolbul.2004.11.020
Hashmi MZ, KumarV, Varma A (2017) Xenobiotics in the Soil environ-
ment: monitoring, toxicity and management. In: Hashmi MZ, Kumar V,
Varma A (eds) Soil Biology, vol 49. Springer Nature, Cham

Heim S, Schwarzbauer J (2013) Pollution history revealed by sedimen-
tary records: a review. Environ Chem Lett 11:255-270. https://doi.org/
10.1007/510311-013-0409-3

Heim S, Schwarzbauer J, Kronimus A, Littke R, Woda C, Mangini A
(2004) Geochronology of anthropogenic pollutants in riparian wetland
sediments of the Lippe River (Germany). Org Geochem 35:1409-1425.
https://doi.org/10.1016/j.orggeochem.2004.03.008

Heinen FA (2016) Aus der Bilderkiste: An der Feuerfront. https://gf-sle.
de/?p=2993. Accessed 29 Nov 2023.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Page 150f 17

Heinen FA (2019) Jahresheft 2020: 100 Jahre chemische Industrie.
https://gf-sle.de/wp-content/uploads/2019/11/JH2020-Auszug.pdf.
Accessed 4 Dec 2023.

Hilberg S (2022) Umweltgeologie. Springer Spektrum, Berlin,
Heidelberg

Hinz-Wessels A (2003) Bergbaukrise und Rezession. https://www.hdg.
de/lemo/kapitel/geteiltes-deutschland-modernisierung/bundesrepu
blik-im-wandel/bergbaukrise-und-rezession.html. Accessed 29 Nov
2023.

Hudson-Edwards K (2003) The geochemistry of sediment-borne con-
taminants in fluvial, urban and estuarine environments. Appl Geochem
18:155-157. https://doi.org/10.1016/50883-2927(02)00120-8
Information und Technik Nordrhein-Westfalen (2023a) Strukturdaten
fur Hellenthal. https://www.it.nrw/sites/default/files/kommunalprofile/
k05366020.pdf. Accessed 29 Nov 2023.

Information und Technik Nordrhein-Westfalen (2023b) Strukturdaten
fur Kall. https://www.it.nrw/sites/default/files/kommunalprofile/k0536
6024.pdf. Accessed 29 Nov 2023.

Jarman WM, Ballschmiter K (2012) From coal to DDT: the history of the
development of the pesticide DDT from synthetic dyes till Silent Spring.
Endeavour 36:131-142. https://doi.org/10.1016/j.endeavour.2012.10.
003

Jungclaus G, Avila V, Hites R (1978) Organic compounds in an industrial
wastewater: a case study of their environmental impact. Environ Sci
Technol 12:88-96

Kallenborn R, Halsall C, Dellong M, Carlsson P (2012) The influence of
climate change on the global distribution and fate processes of anthro-
pogenic persistent organic pollutants. J Environ Monitor 14:2854-2869.
https://doi.org/10.1039/c2em30519d

Kley N, Brunemann H-G (1995) Auf der Suche nach Eisenstein - Spuren
Kaller Bergleute. 100 Jahre Eifelverein Ortsgruppe Kall 1895 bis 1995,
Festschrift der Ortsgruppe Kall des Eifelvereins aus Anla3 des 100-jah-
rigen Jubildums in Verbindung mit dem Eifeltag des Eifelvereins und
dem Bezirkswandertag der Bezirksgruppe Euskirchen, Kall. http://www.
wisoveg.de/wisoveg/artikel/110evkall/spurensuche.html. Accessed 8
Jan 2024.

Koch R (2008) Umweltchemikalien: Physikalisch-chemische Daten, Tox-
izitdten, Grenz- und Richtwerte, Umweltverhalten, 3rd edn. Wiley-VCH,
Weinheim

Korosi JB, Cheng W, Blais JM (2015) Organic pollutants in sediment core
archives. In: Blais JM, Rosen MR, Smol JP (eds) Environmental Contami-
nants: using natural archives to track sources and long-term trends of
pollution. Springer, Netherlands, Dordrecht

Landschaftsverband Rheinland (2015) Archdologietour Nordeifel 2015:
Gemuind-Mauel: Ausgewdhlte Stationen des Eisen-Wanderweges.
https://historischer-verein-wegberg.de/files/1-gemuend_mauel.pdf.
Accessed 29 Nov 2023.

Landschaftsverband Rheinland (2018) Archdologietour Nordeifel 2018:
Kall-Keldenich: Bleierzbergbau am Tanzberg. https://bodendenkmalpfl
ege.lvrde/media/bodendenkmalpflege/aktuelles/pdf/nordeifel _alte_
stationsblaetter/2018_3/Archaeologietour-Infoblatt_Kall-Keldenich_
Bleibergbau_2018.pdf. Accessed 29 Nov 2023.

Lang M (2023),Niederfeld" in der Olef-Aue: Wiege der Industrie. https://
www.schleiden.de/buergerstiftung/projekte/ortsteile-auf-platt/nierf
eld/#accordion-1-2. Accessed 29 Nov 2023.

Lange R, Welz H (1975) Process for production of alkylsulphonic acid
esters: United States Patent. (US3898261A)

Lindstrom A, Buerge 1J, Poiger T, Bergqvist P-A, Miller MD, Buser H-R
(2002) Occurrence and environmental behavior of the bactericide
triclosan and its methyl derivative in surface waters and in wastewater.
Environ Sci Technol 36:2322-2329. https://doi.org/10.1021/es0114254
Liu GQ, Zhang G, Li XD, Li J, Peng XZ, Qi SH (2005) Sedimentary record
of polycyclic aromatic hydrocarbons in a sediment core from the Pearl
River Estuary, South China. Mar Pollut Bull 51:912-921. https://doi.org/
10.1016/j.marpolbul.2005.02.038

Lopez-Avila V, Hites RA (1980) Organic compounds in an industrial
wastewater. Their transport into sediments. Environ Sci Technol
14:1382-1390. https://doi.org/10.1021/es60171a007

Lorgeoux C, Moilleron R, Gasperi J, Ayrault S, Bonté P, Lefevre |, Tassin B
(2016) Temporal trends of persistent organic pollutants in dated sedi-
ment cores: chemical fingerprinting of the anthropogenic impacts in


https://doi.org/10.1007/s11270-016-2934-8
https://land.copernicus.eu/en/products/corine-land-cover/clc2018
https://land.copernicus.eu/en/products/corine-land-cover/clc2018
https://doi.org/10.1016/j.scitotenv.2014.09.082
https://doi.org/10.1021/acs.chemrestox.0c00461
http://www.elwas-web.nrw.de
https://doi.org/10.1007/s10311-008-0146-1
https://doi.org/10.1007/s11270-009-0182-x
https://doi.org/10.1007/s11270-009-0182-x
https://doi.org/10.1016/0045-6535(89)90028-3
https://doi.org/10.1016/j.envint.2005.05.011
https://doi.org/10.1016/j.envint.2005.05.011
https://www.govdata.de/dlde/by-2-0
https://www.wcs.nrw.de/geobasis/wcs_nw_dgm
https://www.wcs.nrw.de/geobasis/wcs_nw_dgm
https://www.schleiden.de/buergerstiftung/projekte/ortsteile-auf-platt/olef/#accordion-1-1
https://www.schleiden.de/buergerstiftung/projekte/ortsteile-auf-platt/olef/#accordion-1-1
https://doi.org/10.1007/s11270-019-4277-8
https://doi.org/10.5487/TR.2016.32.1.021
https://doi.org/10.1016/j.marpolbul.2004.11.020
https://doi.org/10.1007/s10311-013-0409-3
https://doi.org/10.1007/s10311-013-0409-3
https://doi.org/10.1016/j.orggeochem.2004.03.008
https://gf-sle.de/?p=2993
https://gf-sle.de/?p=2993
https://gf-sle.de/wp-content/uploads/2019/11/JH2020-Auszug.pdf
https://www.hdg.de/lemo/kapitel/geteiltes-deutschland-modernisierung/bundesrepublik-im-wandel/bergbaukrise-und-rezession.html
https://www.hdg.de/lemo/kapitel/geteiltes-deutschland-modernisierung/bundesrepublik-im-wandel/bergbaukrise-und-rezession.html
https://www.hdg.de/lemo/kapitel/geteiltes-deutschland-modernisierung/bundesrepublik-im-wandel/bergbaukrise-und-rezession.html
https://doi.org/10.1016/S0883-2927(02)00120-8
https://www.it.nrw/sites/default/files/kommunalprofile/k05366020.pdf
https://www.it.nrw/sites/default/files/kommunalprofile/k05366020.pdf
https://www.it.nrw/sites/default/files/kommunalprofile/k05366024.pdf
https://www.it.nrw/sites/default/files/kommunalprofile/k05366024.pdf
https://doi.org/10.1016/j.endeavour.2012.10.003
https://doi.org/10.1016/j.endeavour.2012.10.003
https://doi.org/10.1039/c2em30519d
http://www.wisoveg.de/wisoveg/artikel/110evkall/spurensuche.html
http://www.wisoveg.de/wisoveg/artikel/110evkall/spurensuche.html
https://historischer-verein-wegberg.de/files/1-gemuend_mauel.pdf
https://bodendenkmalpflege.lvr.de/media/bodendenkmalpflege/aktuelles/pdf/nordeifel_alte_stationsblaetter/2018_3/Archaeologietour-Infoblatt_Kall-Keldenich_Bleibergbau_2018.pdf
https://bodendenkmalpflege.lvr.de/media/bodendenkmalpflege/aktuelles/pdf/nordeifel_alte_stationsblaetter/2018_3/Archaeologietour-Infoblatt_Kall-Keldenich_Bleibergbau_2018.pdf
https://bodendenkmalpflege.lvr.de/media/bodendenkmalpflege/aktuelles/pdf/nordeifel_alte_stationsblaetter/2018_3/Archaeologietour-Infoblatt_Kall-Keldenich_Bleibergbau_2018.pdf
https://bodendenkmalpflege.lvr.de/media/bodendenkmalpflege/aktuelles/pdf/nordeifel_alte_stationsblaetter/2018_3/Archaeologietour-Infoblatt_Kall-Keldenich_Bleibergbau_2018.pdf
https://www.schleiden.de/buergerstiftung/projekte/ortsteile-auf-platt/nierfeld/#accordion-1-2
https://www.schleiden.de/buergerstiftung/projekte/ortsteile-auf-platt/nierfeld/#accordion-1-2
https://www.schleiden.de/buergerstiftung/projekte/ortsteile-auf-platt/nierfeld/#accordion-1-2
https://doi.org/10.1021/es0114254
https://doi.org/10.1016/j.marpolbul.2005.02.038
https://doi.org/10.1016/j.marpolbul.2005.02.038
https://doi.org/10.1021/es60171a007

Schwanen et al. Environmental Sciences Europe

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

(2024) 36:103

the Seine River basin, Paris. Sci Total Environ 541:1355-1363. https://doi.
org/10.1016/j.scitotenv.2015.09.147

Medici A, Saviano L, Siciliano A, Libralato G, Guida M, Previtera L, Di
Fabio G, Zarrelli A (2022) Octocrylene: from sunscreens to the degrada-
tion pathway during chlorination processes: formation of byproducts
and their Ecotoxicity assessment. Molecules. https://doi.org/10.3390/
molecules27165286

Mici¢ V, Kruge MA, Hofmann T (2013) Variations of common riverine
contaminants in reservoir sediments. Sci Total Environ 458-460:90-100.
https://doi.org/10.1016/j.scitotenv.2013.03.102

Miller J, Foran C (2012) Development of cleanup technologies for

the management of US military installations. Geol Soc Spec Publ
362:321-342. https://doi.org/10.1144/5P362.18

Morin-Crini N, Lichtfouse E, Crini G (2021) Emerging Contaminants Vol.
1,65. Springer Nature, Cham

Mulisch H-M (2006) Environmental contamination on former military
sites and hazards to the drinking water in Germany. In: Dura G,
Kambourova V, Simeonova F (eds) Management of intentional and
accidental water pollution. Springer, Netherlands, Dordrecht

Nilson E (2006) Flusslandschaften im Wandel: Untersuchungen

zur Mdanderentwicklung an zwei Maas-Tributéren anhand von
historischem Bild-und Kartenmaterial. In: Reineke T, Lehmkuhl F

(eds). Grenziberschreitendes integratives Gewdssermanagement.
Academia-Verlag.

Pappenfabrik Nierfeld (2023) Historie. https://nierfeld-pappe.de/index.
php/was-wir-fuer-sie-tun-koennen/historie/. Accessed 29 Nov 2023.
Patel AB, Shaikh S, Jain KR, Desai C, Madamwar D (2020) Polycyclic
aromatic hydrocarbons: sources, toxicity, and remediation approaches.
Front Microbiol 11:562813. https://doi.org/10.3389/fmich.2020.562813
Petrovic M, Sabater S, Elosegi A, Barcelé D (2016) Emerging contami-
nants in river ecosystems: occurrence and effects under multiple stress
conditions, vol 46. Springer Nature, Cham

Piwowarska D, Kiedrzyriska E (2022) Xenobiotics as a contemporary
threat to surface waters. Ecohydrology Hydrobiol 22:337-354. https://
doi.org/10.1016/j.ecohyd.2021.09.003

Ravindra K, Sokhi R, Van Grieken R (2008) Atmospheric polycyclic
aromatic hydrocarbons: source attribution, emission factors and regula-
tion. Atmos Environ 42:2895-2921. https://doi.org/10.1016/j.atmosenv.
2007.12.010

Reiser R, Toljander H, Albrecht A, Giger W (1997) Alkylbenzenesulfonates
in recent lake sediments as molecular markers for the environmen-

tal behavior of detergent-derived chemicals. In: Eganhouse RP (ed)
Molecular markers in environmental geochemistry. American Chemical
Society, Washington, DC

Rink D (2020) Lange Wege der Deutschen Einheit: Umwelt. https://
www.bpb.de/themen/deutsche-einheit/lange-wege-der-deutschen-
einheit/47350/umwelt/. Accessed 29 Nov 2023.

Safe SH (1994) Polychlorinated biphenyls (PCBs): environmental impact,
biochemical and toxic responses, and implications for risk assessment.
Crit Rev Toxicol 24:87-149. https://doi.org/10.3109/104084494090493
08

Schettgen T, Alt A, Schikowsky C, Esser A, Kraus T (2018) Human
biomonitoring of polychlorinated biphenyls (PCBs) in plasma of former
underground miners in Germany—A case-control study. Int J Hyg
Environ Health 221:1007-1011. https://doi.org/10.1016/j.ijheh.2018.06.
006

Schneider SL, Lim HW (2019) Review of environmental effects of oxy-
benzone and other sunscreen active ingredients. J Am Acad Dermatol
80:266-271. https://doi.org/10.1016/jjaad.2018.06.033

Schwanen CA, Kronsbein PM, Balik B, Schwarzbauer J (2024) Dynamic
transport and distribution of organic pollutants in water and sedi-
ments of the Rur River. Water Air Soil Pollut. https://doi.org/10.1007/
$11270-023-06786-8

Schwanen CA, Muller J, Schulte P, Schwarzbauer J (2023) Distribution,
remobilization and accumulation of organic contaminants by flood
events in a meso-scaled catchment system. Environ Sci Eur. https://doi.
org/10.1186/512302-023-00717-4

Schwarzbauer J, Littke R, Weigelt V (2000) Identification of specific
organic contaminants for estimating the contribution of the Elbe river
to the pollution of the German Bight. Org Geochem 31:1713-1731.
https://doi.org/10.1016/50146-6380(00)00076-0

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.
94.
95.

96.

97.

Page 16 of 17

Smith JN, Levy EM (1990) Geochronology for polycyclic aromatic hydro-
carbon contamination in sediments of the Saguenay Fjord. Environ Sci
Technol 24:874-879

Stadt Schleiden (2023) Bevolkerungsstatistik. https://www.schleiden.
de/pool/dokumente-rathaus/rathaus/verschiedenes/bevoelkerungsst
atistik.pdf?cid=17w7. Accessed 29 Nov 2023.

Stauch G, Dérwald L, Esch A, Walk J (2023) 115 years of sediment depo-
sition in a reservoir in Central Europe: Topographic change detection.
Earth Surf Processes Landf. https://doi.org/10.1002/esp.5722

Stauch G, Schulte P Schwanen C, Kimmerle EA, Dorwald L, Esch A,
Lehmkuhl F, Walk J (2023b) A 115-year record of sediment composi-
tion in a European Reservoir. Submitted to Earth Surface Processes and
Landforms

StUA Aachen (2005) Ergebnisbericht Rur und stdliche sonstige
Maaszuflisse: Bearbeitungsgebiet Maas-Deutschland (Sud). Wasser-
rahmenrichtlinie in NRW, Bestandsaufnahme. Ministerium fir Umwelt
und Naturschutz, Landwirtschaft und Verbraucherschutz des Landes
Nordrhein-Westfalen, Disseldorf.

Szelinski BA (1999) The Clean-up of Contaminated Military Sites, Con-
sequences for a Pollution Prevention Approach, Requirements from a
Viewpoint of Environmental Protection. Approaches to the Implemen-
tation of Environment Pollution Prevention Technologies at Military
Bases. Federal Ministry for the Environment: Berlin.

Tobiszewski M, Namiesnik J (2012) PAH diagnostic ratios for the iden-
tification of pollution emission sources. Environ Pollut 162:110-119.
https://doi.org/10.1016/j.envpol.2011.10.025

Turusov V, Rakitsky V, Tomatis L (2002) Dichlorodiphenyltrichloroeth-
ane (DDT): ubiquity, persistence, and risks. Environ Health Perspect
110:125-128. https://doi.org/10.1289/ehp.02110125

Uekatter F (2007) Umweltgeschichte im 19. und 20. Jahrhundert
Enzyklopadie Deutscher Geschichte, vol 81. Oldenbourg Wissenschafts-
verlag, Minchen

Umweltbundesamt (2023.) Abwasser. https://www.umweltbundesamt.
de/themen/wasser/abwasser. Accessed 29 Nov 2023.

Valette-Silver NJ (1993) The use of sediment cores to reconstruct
historical trends in contamination of estuarine and coastal sediments.
Estuaries 16:577. https://doi.org/10.2307/1352796

Vane CH, Chenery SR, Harrison |, Kim AW, Moss-Hayes V, Jones DG
(2011) Chemical signatures of the Anthropocene in the Clyde estuary,
UK: sediment-hosted Pb, (207/206)Pb, total petroleum hydrocarbon,
polyaromatic hydrocarbon and polychlorinated biphenyl pollution
records. Philos Trans A Math Phys Eng Sci 369:1085-1111. https://doi.
0rg/10.1098/rsta.2010.0298

Vasanthy M, Sivasankar V, Sunitha TG (2022) Organic pollutants: toxicity
and solutions. Springer Nature, Cham

Vauclin S, Mourier B, Dendievel A-M, Noclin N, Piégay H, Marchand P,
Vénisseau A, de Vismes A, Lefévre |, Winiarski T (2021) Depositional envi-
ronments and historical contamination as a framework to reconstruct
fluvial sedimentary evolution. Sci Total Environ 764:142900. https://doi.
org/10.1016/j.scitotenv.2020.142900

Bundesgesetzblatt (1989) Verordnung zum Verbot von polychlorierten
Biphenylen, polychlorierten Terphenylen und zur Beschrénkung von
Vinylchlorid (PCB-, PCT-, VC-Verbotsverordnung.

Vogelsang IP (2023) Vogelsang in time lapse. https://vogelsang-ip.de/
en/leitmarken/vogelsang-ip-international-place/vogelsang-in-time-
lapse.html. Accessed 29 Nov 2023.

Waid JS (1986) PCBs and the environment;, vol I. CRC Press, Boca Raton
Walker DB, Baumgartner DJ, Gerba CP, Fitzsimmons K (2019) Surface
water pollution. In: Brusseau ML, Pepper IL, Gerba CP (eds) Environ-
mental and pollution science. Elsevier, London, San Diego, Cambridge,
Oxford

Wasserverband Eifel-Rur (1994) Jahresbericht 1993, Duren.
Wasserverband Eifel-Rur (1997) Jahresbericht 1996, Diiren.
Wasserverband Eifel-Rur (2017) Jahresbericht 2016. https://wver.de/wp-
content/uploads/2019/11/jahresbericht2016.pdf. Accessed 4 Dec 2023.
Wasserverband Eifel-Rur (2018) Die Urfttalsperre. https://server.wver.de/
images/content/talsperren/datenblaetter/urfttalsperre.pdf. Accessed 4
Dec 2023.

Wey K-G (1982) Umweltpolitik in Deutschland: Kurze Geschichte des
Umweltschutzes in Deutschland seit 1900. Westdeutscher Verlag,
Opladen


https://doi.org/10.1016/j.scitotenv.2015.09.147
https://doi.org/10.1016/j.scitotenv.2015.09.147
https://doi.org/10.3390/molecules27165286
https://doi.org/10.3390/molecules27165286
https://doi.org/10.1016/j.scitotenv.2013.03.102
https://doi.org/10.1144/SP362.18
https://nierfeld-pappe.de/index.php/was-wir-fuer-sie-tun-koennen/historie/
https://nierfeld-pappe.de/index.php/was-wir-fuer-sie-tun-koennen/historie/
https://doi.org/10.3389/fmicb.2020.562813
https://doi.org/10.1016/j.ecohyd.2021.09.003
https://doi.org/10.1016/j.ecohyd.2021.09.003
https://doi.org/10.1016/j.atmosenv.2007.12.010
https://doi.org/10.1016/j.atmosenv.2007.12.010
https://www.bpb.de/themen/deutsche-einheit/lange-wege-der-deutschen-einheit/47350/umwelt/
https://www.bpb.de/themen/deutsche-einheit/lange-wege-der-deutschen-einheit/47350/umwelt/
https://www.bpb.de/themen/deutsche-einheit/lange-wege-der-deutschen-einheit/47350/umwelt/
https://doi.org/10.3109/10408449409049308
https://doi.org/10.3109/10408449409049308
https://doi.org/10.1016/j.ijheh.2018.06.006
https://doi.org/10.1016/j.ijheh.2018.06.006
https://doi.org/10.1016/j.jaad.2018.06.033
https://doi.org/10.1007/s11270-023-06786-8
https://doi.org/10.1007/s11270-023-06786-8
https://doi.org/10.1186/s12302-023-00717-4
https://doi.org/10.1186/s12302-023-00717-4
https://doi.org/10.1016/S0146-6380(00)00076-0
https://www.schleiden.de/pool/dokumente-rathaus/rathaus/verschiedenes/bevoelkerungsstatistik.pdf?cid=17w7
https://www.schleiden.de/pool/dokumente-rathaus/rathaus/verschiedenes/bevoelkerungsstatistik.pdf?cid=17w7
https://www.schleiden.de/pool/dokumente-rathaus/rathaus/verschiedenes/bevoelkerungsstatistik.pdf?cid=17w7
https://doi.org/10.1002/esp.5722
https://doi.org/10.1016/j.envpol.2011.10.025
https://doi.org/10.1289/ehp.02110125
https://www.umweltbundesamt.de/themen/wasser/abwasser
https://www.umweltbundesamt.de/themen/wasser/abwasser
https://doi.org/10.2307/1352796
https://doi.org/10.1098/rsta.2010.0298
https://doi.org/10.1098/rsta.2010.0298
https://doi.org/10.1016/j.scitotenv.2020.142900
https://doi.org/10.1016/j.scitotenv.2020.142900
https://vogelsang-ip.de/en/leitmarken/vogelsang-ip-international-place/vogelsang-in-time-lapse.html
https://vogelsang-ip.de/en/leitmarken/vogelsang-ip-international-place/vogelsang-in-time-lapse.html
https://vogelsang-ip.de/en/leitmarken/vogelsang-ip-international-place/vogelsang-in-time-lapse.html
https://wver.de/wp-content/uploads/2019/11/jahresbericht2016.pdf
https://wver.de/wp-content/uploads/2019/11/jahresbericht2016.pdf
https://server.wver.de/images/content/talsperren/datenblaetter/urfttalsperre.pdf
https://server.wver.de/images/content/talsperren/datenblaetter/urfttalsperre.pdf

Schwanen et al. Environmental Sciences Europe (2024) 36:103

98.

99.

100.

Winkels HJ, Kroonenberg SB, Lychagin MY, Marin G, Rusakov GV, Kasi-
mov NS (1998) Geochronology of priority pollutants in sedimentation
zones of the Volga and Danube delta in comparison with the Rhine
delta. Appl Geochem 13:581-591. https://doi.org/10.1016/50883-
2927(98)00002-X

Yunker MB, Macdonald RW, Vingarzan R, Mitchell RH, Goyette D,
Sylvestre S (2002) PAHSs in the Fraser River basin: a critical appraisal of
PAH ratios as indicators of PAH source and composition. Org Geochem
33:489-515. https://doi.org/10.1016/50146-6380(02)00002-5

Zeng EY, Yu CC (1996) Measurements of Linear Alkylbenzenes by GC/
MS with interference from Tetrapropylene-Based Alkylbenzenes: calcu-
lation of quantitation errors using a two-component model. Environ Sci
Technol 30:322-328. https://doi.org/10.1021/es9504045

Zennegg M, Kohler M, Hartmann PC, Sturm M, Gujer E, Schmid P, Ger-
ecke AC, Heeb NV, Kohler H-PE, Giger W (2007) The historical record of
PCB and PCDD/F deposition at Greifensee, a lake of the Swiss plateau,
between 1848 and 1999. Chemosphere 67:1754-1761. https://doi.org/
10.1016/j.chemosphere.2006.05.115

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 17 of 17


https://doi.org/10.1016/S0883-2927(98)00002-X
https://doi.org/10.1016/S0883-2927(98)00002-X
https://doi.org/10.1016/S0146-6380(02)00002-5
https://doi.org/10.1021/es9504045
https://doi.org/10.1016/j.chemosphere.2006.05.115
https://doi.org/10.1016/j.chemosphere.2006.05.115

	Reconstruction of the pollution history of the Urft reservoir: an organic-geochemical investigation
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Sampling
	Standard sedimentological parameters
	Dating
	Organic geochemical analysis
	Sample extraction and fractionation

	Gas chromatographymass spectrometry (GCMS) analyses
	Identification and quantification

	Results
	Standard sedimentological parameters
	Indicators of organic contamination

	Discussion
	Reconstruction of the pollution history and contamination trends

	Conclusion
	Acknowledgements
	References


