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Abstract

This study evaluates the applicability of trace element and organic contaminant data from a floodplain cross-section as the
basis for a numerical model of spatial floodplain dynamics. Using threshold values of pollution-sensitive trace elements and
market introduction dates of organic xenobiotics, the sampled sediment is assigned to historical phases to develop a sedi-
ment chronology. The investigation is based on a 60-m wide core transect from which sediment samples were analyzed to
determine grain-size distribution, trace element inventory, and organic xenobiotic content. In addition, floodplain inundation,
flow velocities, and the amount of sediment deposited were numerically modeled using Delft3D to verify the analyses results;
conversely, the results of the sedimentary analysis served the input data for the model. Changes in floodplain morphology
were interpreted on the basis of a digital elevation model (1 m resolution), historical maps from 1865 AD, and field surveys.
The architecture of the alluvial sediments was examined in the cores accounting recent floodplain relief and possible histori-
cal factors. The results show a broad range of heavy metal pollutants and the presence of 57 volatile organic compounds in
a pattern that reflects multiple deposition processes and phases. Based on these results and the model verification, the sedi-
ments were assigned to pre-industrial, industrial, and post-industrial phases, and sedimentation rates of 0.6-1.3 cm a~! were
estimated. The results of this study contribute to a better understanding of the development of small meandering gravel-bed
rivers with large floodplains, where suspended sediments predominate.

Keywords Fluvial morphodynamics - Floodplain deposits - Heavy metals - Interdisciplinary approach - Organic pollutants -
Pollution history
Introduction

Floodplain sediments record anthropogenic activities that
are coupled with the emission of lipophilic organic and
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because the process of accretion varies. During accretion
processes, such as vertical overbank accretion, lateral point
bar accretion, or crevasse splay, particle-bound compounds
are distributed unevenly via the process-related sorting of
grain sizes (Middelkoop 2000; Hiirkamp et al. 2009a; Nich-
ols 2009; Ciszewski and Grygar 2016). These processes—
and other anthropogenic influences affecting flow dynamics
including embankment construction (Ciszewski and Grygar
2016) and subsidence caused by deep coal mining (Bell et al.
2000)—ultimately result in microscale cross-facies variabil-
ity of the dispersed compounds, both in the vertical and in
horizontal profiles.

Lipophilic organic contaminants such as dichlorodi-
phenyltrichloroethane and its metabolites (DDX) and lin-
ear alkylbenzenes (LAB), and anthropogenically elevated
potentially toxic trace elements (PTEs), such as Cu, Zn, and
Pb, are adsorbed by fine-grained sediments (Gevao et al.
2000; Schulze and Ricking 2005). Hence, fine-grained sedi-
ments are a key factor in the distribution of contaminants
by floods (Phillips et al. 2000; Malmon et al. 2002; Walling
et al. 2003; Forstner 2004; Owens et al. 2005). Changes in
sediment load, sedimentation rates, and aggradational and
degradational processes induced by human activities directly
influence the dispersion of contaminants (Frings et al. 2014),
and this is of particular relevance in old industrial regions
(Germershausen 2013). Small catchments are thereby more
suitable for investigating the distinct signals of anthropo-
genic activity, as supra-regional signals are superimposed
onto local signals in larger catchments. Here, the term ‘small
catchments’ refers to those river systems that do not exceed
Strahler stream order 3. In general, PTE pollution is ubiq-
uitous in Central Europe, as the population density and the
number of industrial facilities are high.

The combination of field measurement and numerical
modeling has been successfully undertaken in floodplain
research. For example, Pu and Lim (2014) modeled the long-
term effects of scouring processes around abutments and
compared their results with field measurements. Rahbani
(2015) compared the profiles of suspended sediment con-
centrations from a model with those from the field. Nicholas
and Walling (1998) presented a study of overbank processes,
combining field-work and a numerical modeling approach to
predict realistic patterns of overbank deposition. Their study
referred to the models of James (1985) and Pizzuto (1987),
which predict suspended sediment concentrations, sediment
deposition rates, and deposit grain-size distributions across
channel and floodplain cross-sections.

Importantly, local topography influences the rates and
patterns of sedimentation in floodplains (Nicholas and Wall-
ing 1997), which can be investigated by field-based meas-
urements. However, numerical models are able to predict
flow depths and (depth-averaged) flow velocities, which are
difficult to measure directly during flood events (Nicholas
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and Walling 1998). This underlines the value of adopting a
combined approach that employs both field measurement
and numerical modeling.

In recent decades, numerous studies have been published
that combine multiple methods and which aim to better
understand floodplain formation and contamination. Swen-
nen et al. (1994), Gocht et al. (2001) and Witter et al. (2004)
combined sedimentological investigations with elemental
and/or organic geochemical analysis. Leenaers (1989) sup-
ported his sedimentological analyses results with '3’Cs dat-
ing. With a focus on elemental analysis and GIS approaches
(Novakova et al. 2013; Elznicova et al. 2019; Grygar et al.
2016; Fikarova et al. 2018; Famera et al. 2018) combined
organic geochemical analysis, chemostratigraphy, dating,
and electric resistivity tomography (ERT). With an empha-
sis on dating, the investigations by Heim et al. (2004, 2005,
2006) were also based on a combination of organic geo-
chemical analysis and chemostratigraphy.

However, most of these studies have focused on large
streams. Normally, such systems are embedded in a confined
channel that prevents the floodplains from being affected
by degradation processes in the river corridor. As a result,
there is a general lack of knowledge about the floodplains of
smaller streams under near-natural conditions.

The aim of this research is to investigate the sedimen-
tation rates of floodplains over a 1-km long reach of the
Wurm River in the Lower Rhine Embayment, Germany,
by focusing on the novel and interdisciplinary combination
of geomorphological and geochemical dating data as the
input for numerical modeling. The Wurm River has been—
and continues to be—influenced by various anthropogenic
factors including water mills, underground coal mining,
and urbanization, all of which have recently been studied
by Buchty-Lemke (2018), Buchty-Lemke and Lehmkuhl
(2018), Hagemann et al. (2018) and Maaf} and Schiittrumpf
(2018, 2019). The results from the different methods are
combined to develop a comprehensive synthesis, which both
improves the reliability of the individual results and creates
a more holistic understanding of the diversity of contamina-
tion in floodplains.

Materials and methods
Study area

The investigation was based on a 1-km long segment of
the Wurm River, which is a low-order stream (catchment
area=350 kmz, length =56 km, Strahler stream order = 3)
in the west of Germany at the border with the Netherlands
(Fig. 1). The Wurm River is representative of rivers that are,
on the one hand, strongly affected by anthropogenic activi-
ties, and on the other hand, are in near-natural condition. In
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the headwaters, the city of Aachen represents a broad spec-
trum of industrial pollution sources from industrialization as
well as being the source of a significant amount of municipal
wastewater. These forms of pollution have increased consid-
erably with population growth from 170,000 in 1950 AD to
240,000 in 1980 AD (Eschweiler and van Eyll 2000). The
upper river course emerges from the Eifel foothills with an
altitude of approximately 250 m above sea level (a.s.l.) into
a Pleistocene rolling-hill landscape. Due to a complex tec-
tonic setting, Carboniferous layers strike out in the walls of
the valley. This is the basis for a coal mining history dating
back to the early Middle Ages and which creates the precon-
ditions for potential mining subsidence, which can occur as
the result of collapsing bedrock above industrial-scale coal
extraction cavities (Heitfeld et al. 2005). The beginning of
industrial coal mining in the middle of the nineteenth cen-
tury, with a peak in the early twentieth century, was followed
by a rapid decline in the late twentieth century (Eschweiler
and van Eyll 2000). Historic pollution sources were dis-
tributed all over the city of Aachen in the headwater area.
For example, the steel mill Aachener Hiitten-Aktien-Verein
Rothe Erde, which was established in 1847 (Bruckner 1967),

was one of the world’s largest steel factories in ¢. 1890 and
was closed in 1926. The applied basic Bessemer process led
to a substantial amount (approximately 2,000,000 m?) of
basic slag being produced, containing FeO,, MnO,, SiO,,
and tricalcium phosphate, that was stored in storage sites
(Hasse 2000) and sold as fertilizer (Kéding 2005).

Today, two wastewater treatment plants (WWTP) with
a total capacity for a population of 550,000, apply tertiary
treatment and discharge reclaimed water into the Wurm
River. Before the upgrade of the WWTPs in the 1980s,
approximately 70% of the Wurm River’s streamflow was
untreated wastewater. This scale of this pollution manifested
itself in the form of odorous black water with floating foam
(Fischer 2000). Table 1 gives an overview of the historical
emissions in the wider study area with a focus on the head-
water and upper course of the Wurm River.

The perennial, pluvial flow regime creates a mean flood
discharge of approximately 25 m* s~! and a mean discharge
of approximately 2 m* s=! in the upper river course, of
which up to 90% (Weber 1991; Hoppmann 2006) consists
of treated wastewater from the main WWTP of the city of
Aachen (with a mean discharge of 0.85 m? s~! in 2015). The
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Table 1 Chronology of emissions within the catchment of Wurm River

Century Substances Sources References

Nineteenth century ~ Dyes and soaps Textile craft Dahmen (1925)

Early middle ages Polycyclic aromatic hydrocarbons and sulfate Coal mining Malz (1972)

Eighteenth century Heavy metals, polycyclic aromatic hydrocarbons, and cyanide ~ Steel mills, dyeing  Meyer (1908), Bruckner (1967)
plants, gas plant, and ABANDA (2013)
and glassworks

Nineteenth century ~ Heavy metals, polycyclic aromatic hydrocarbons, and cyanide =~ Coking Stelzer (2000)

Twentieth century
stances in domestic use

Heavy metals, barium sulfate, and a spectrum of organic sub-

Coal mining,
glassworks, and
municipal waste-
water

Stelzer (2000) and Fischer (2000)

drainage area above the study site is approximately 90 km?;
the valley narrows from south to north from approximately
250-100 m (see Buchty-Lemke 2018). The difference in alti-
tude between the floodplain and the surrounding plateau is
approximately 50 m. The width of the river varies between
10 and 15 m with a general slope of 1.9%o.

The river is incised approximately 2 m into the floodplain,
creating steep banks of fine-grained alluvial sediment that
are subject to lateral erosion. The incision of the riverbed is
the result of the abandonment of a water mill at the head of
the study segment (see Fig. 1) (Buchty-Lemke and Lehm-
kuhl 2018). This historic water mill (Alte Miihle) divided
the river into a main channel and a parallel mill channel.
The mill was built in the Early Middle Ages (c. 867 AD),
and was abandoned c. 1900 AD. It was used for flour and oil
production (Vogt 1998) and, therefore, was not a potential
source of contaminants. Today, the mill channel is separated
from the river but persists as a swampy drainage channel.

The main phases of land-use change in the study area
were elaborated by Nilson (2006). In summary, the main
changes involved the transition from agriculture to pasture
and reforestation in the nineteenth century, and successive
urbanization since the mid-twentieth century (Buchty-
Lemke 2018). A mine-water inlet of the ‘Gouley’ coal mine
(with a first historic reference dating to 1599 AD and being
abandoned in 1969 AD; Wrede and Zeller 1988) is located
approximately 400 m upstream of the study segment. Details
of the geological setting are provided by Hindel et al. (1996).

GIS, grain-size analysis, and elemental analysis

The geomorphological context, soil properties, sedimen-
tological characteristics, and riverscape development
were investigated by means of field-work, examination of
historical maps from 1865 AD, aerial photographs from
1974 AD and later (Bezirksregierung Koln 2017), and a
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LiDAR-derived DEM' (spatial resolution= 1 m, height reso-
lution +0.2 m) (Land 2017) with GIS (see Online Resource
1). The inventory and distribution of contaminants, and the
sedimentological properties of the floodplain sediments were
analyzed on the basis of a core transect with three cores
(spacing =20 m, depth=2 m in each case, sampling inter-
val=5 cm). Core drilling was undertaken with a gas-oper-
ated handheld jack-hammer with lined steel corers (1 m in
length, 5 cm in diameter, and compaction of <5%). The lin-
ers were opened with a customized saw, which enabled the
plastic liners to be cut laterally without cutting the sediment
filling. The selection of the sampling areas was based on pre-
liminary work that identified the floodplain as being poten-
tially affected by mining subsidence (see Online Resource
1). In addition, the transect was selected as being representa-
tive of the general character of the floodplain. For grain-size
analysis and CHNS determination of the total carbon content
(TC), the sediment samples were dried, homogenized, and
sieved to obtain the fine fraction (<2 mm). The concentra-
tions of trace elements were measured in the <63 um frac-
tions via X-ray fluorescence. Details on sample preparation
and measurement are provided by Schulte et al. (2016).

Organic geochemical analyses

Organic geochemical analyses were carried out for four bulk
samples of each core (15-25 cm, 35-45 cm, 65-75 cm, and
85-95 cm depth) using a sequential solid—liquid extraction
following Berger et al. (2016). First, extraction was per-
formed on 20 g of field-moist and untreated sediment from
each sample using ultrasonication and stirring with acetone
and n-hexane as the solvents. After volume reduction and
drying with anhydrous granulated sodium sulfate, elemen-
tal sulfur was removed by the addition of activated copper
powder. The column chromatographic fractionation was

! Digital elevation model (DEM) generated by the surveying method
‘Light Detection and Ranging’ (LiDAR).
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conducted using n-pentane, dichloromethane (DCM), and
methanol at different ratios following Schwarzbauer et al.
(2000). 50 uL of a surrogate standard (6.28 ng uL ™" of deu-
terated benzophenone, 5.83 ng uL. ™! of fluoroacetophenone,
and 6.03 ng uL~! of deuterated hexadecane) were added to
each fraction after the polar fractions were methylated by
the addition of a methanolic diazomethane solution. Prior
to analysis, the sample volume was reduced to 50 pL using
a rotary evaporator at room temperature.

After measurement using gas chromatography—mass
spectrometry (GC-MS), a non-target screening was been
carried out to ensure a comprehensive overview of any pre-
sent volatile organic compounds within the analyzed sam-
ples. Organic matter (OM) content was determined by loss
on ignition (LOI) measurements at 550 °C for 4 h according
to Stock et al. (2016).

Numerical modeling

The effects of the deposition of fine sediment during over-
bank flood events were numerically modeled using Delft3D-
FLOW software in 2D (depth-averaged) mode (Deltares
2016). This floodplain model has already been successfully
applied to study the long-term effects of mining-induced
subsidence on the sediment trapping efficiency of flood-
plains (MaaB and Schiittrumpf 2018). The model was based
on the physiographic characteristics of the 1-km long seg-
ment of the Wurm River. The total number of cells was equal
to 18,383 grid cells including 1513 grid cells for the main
channel with an average cell size of 8.33 m>. The topography

Total PCBs [ug/g OM]
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L—A—A—A—A—\\.I_I_A_

0 900 1800
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Rubble
Sand layers and lenses
Clay layers and lenses

- Clay-dominated alluvial loam

of the floodplain was derived from the LIDAR DEM. The
existing bathymetry of the river channel was derived from
cross-sectional profiles. The model was laterally restricted
by the hillsides of the valley. The calibration of the numeri-
cal model was directly linked to the results of the trace
element and organic geochemical analyses as discussed in
Sect. "Results and implications". The boundary conditions
correspond to those recently published by Maal3 and Schiit-
trumpf (2018). Specifically, a quasi-steady time-dependent
inflow hydrograph was applied at the upstream boundary and
a discharge and water-depth relationship was applied at the
downstream boundary.

Results and implications

Soils, sedimentology, and geomorphological
context

Sediment cores 1, 2, and 3 were correlated in a transect
from the wall of the valley towards the river (Figs. 1, 2).
The floodplain is currently used for extensive grazing. All
of the cores were categorized as Fluvisols.? Their general
appearance was characteristic of overbank lithofacies, with
a dominance of silt and a massive sediment structure with

2 Horizon codes according to the World Soil Classification of the
Food and Agriculture Organization of the United Nations (FAO) are
used for the soil description.
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rare fine laminations and thin lenses of fine sand (Online
Resource 2). The lower third of the cores were from below
the groundwater table. Fine fragments of coal and thin layers
of fine sand were present in the subsoil. Normal and reverse
grading sequences were somewhat indicated at the base and
at the top of the sediment cores. There was a tendency for
horizontal coarsening of the topsoil, moving towards the
river. As shown in Fig. 2, the central part of the alluvium
was characterized by a dominance of alluvial loam. Coarser
grain sizes were present at the top and at the base of core
2. Core 1 and core 3 were structured by lenses and layers
of fine sand with interbedded alluvial loams, with abundant
silt and clay.

Core 1 (Fig. 3) at the wall of the valley was characterized
by a bog-like topsoil with a TC content of 7-9% (CHNS
analysis) above allochthonous anthropogenic sediment that
covered a buried humic topsoil. From 50 to 95 cm depth,
a Bg horizon was identified. The Bg was underlain by a
Cr horizon with an interbedded Cg layer between 130 and
145 cm depth. The texture was dominated by grain sizes
of 20-40 pum (Ds,) with two sharply delimited peaks of
140 um (mode). The upper peak represents rubble filling
(e.g., construction waste and other unknown anthropogenic
materials) and the lower peak represents alluvial sediment
with a slight coarsening in the upward direction. Clay con-
tent was generally high at 8—13% throughout the core. Coal
fragments (0.5 % 1 cm) from the former underground coal
mining industry in Aachen were found at a depth of 70 cm,
and small amounts of coal slack were present at a depth of
120-130 cm.

Core 2 (Fig. 4) had a thin layer of alluvial fine sand,
covering an Ah horizon with a seamless transition to the
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underlying B horizon. Small sand lenses at 80 cm depth
separated the B from a Br/Cr horizon. The massive subsoil
below 80 cm was subject to gleying and reduction, with mot-
tling of iron, where the pore volume was higher at the core
base. The dominating grain sizes were similar to core 1, with
the peak in the topsoil (mode =127 um) representing fine-
sand overbank deposits. The clay content varied between 8
and 16%; the highest proportions of clay were observed at
70 cm and 140 cm depth. A coal fragment (0.2 0.5 cm)
was found in a depth of 150 cm, and coal slack was sparsely
detected at 150 cm and 170 cm, but was abundant at 190 cm
depth.

The topsoil of core 3 (Fig. 5) extracted from the natu-
ral levee was characterized by laminated fine-sand over-
bank deposits. The B horizon expanded from 10 to 80 cm
depths and was underlain by a Cr layer (80—-200 cm) with
interbedded Cg deposits at 130—155 cm depths. Fine brick
fragments were found between 55 and 60 cm depths. The
alluvial loam in the subsoil was interspersed with coal slack
below 50 cm depth; coal fragments (0.1 X 0.5 cm) were
found at a depth of approximately 140 cm. Several fine sand
peaks (mode =140-150 um) and a medium-to-coarse sand
lens (115-120 cm) were also identified. A slight upward
fining was observed between 130 cm and 150 cm depths. In
general, the D5 grain size of core 3 was more heterogeneous
than in core 1 and core 2; medium silt was abundant across
core 3 and clay content exceeded 12%.

The width between the western and eastern valley con-
finement is 240 m. Generally, floodplain width provides
information on the long-term importance of geomorphic
processes. Narrow floodplains provide an indication of
important incision phases and vertical erosion, whereas
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wide floodplains suggest lateral erosion (Notebaert and
Piégay 2013). At the Wurm River site, these historical
landscape development processes might be of secondary
importance given that the floodplain width is restricted
by the valley slopes. Historical maps (Online Resource
1) show a meander bend towards the west with the outer
bank approximately at the thalweg of the modern channel
(Fig. 1). The channel was partly straightened in the 1930s
(according to local knowledge) and the floodplain is char-
acterized by a dominance of overbank vertical-accretion

deposits. Although the Wurm River is noted as a gravel-
bed river (Landesumweltamt Nordrhein-Westfalen 2005),
the lack of coarse sediment caused by the abundance of
impervious areas in the headwaters gives rise to the domi-
nance of cohesive sediment. As fine-grained sediments
are subject to compaction when the proportion of organic
matter is high (Tornqvist and Bridge 2002), and because
inundation frequency is lowered due to channel incision,
the floodplain surface is tilted approximately 1.3° and
slopes towards the western wall of the valley.
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Table 2 Local empirical

Class I Class II Class III TEC PEC Background
threshold values of selected
trace elements based on the Cu (mg kg™") <55 55-205 >205 31.6 149 17.3
frequency distribution of the Zn (mg kg™ <420 420-1740 > 1740 121.0 459 68.1
elemental analysis data set
Pb (mg kg™") <125 125-455 >455 35.8 128 32.0

Sediment quality guideline values (threshold effect concentration (TEC) and probable effect concentration
(PEC) after MacDonald et al. 2000) and mean background content for Europe (Kabata-Pendias 2011) are

given for comparison

Trace element content and distribution

Depending on the industrial and cultural history within a
river basin, the inventory of polluting compounds is hetero-
geneous. To illustrate the concentration gradient caused by
anthropogenic activities, the pollution-sensitive trace ele-
ments Cu, Zn, and Pb (Swennen and Van der Sluys 2002)
were determined as representative pollutants for the Wurm
River basin, as these are present in the emissions of the fol-
lowing activities in the headwaters: coal mining and process-
ing, metal production and processing, textile manufacturing,
tire and glass production, sewage sludge and liquid manure
spreading, and municipal wastewater treatment.

To structure the vertical trace element gradient, the con-
tent levels were categorized into three pollution classes:
(I) pre-industrial and pristine sediment (e.g., natural back-
ground); (I1) moderately polluted sediment caused by non-
point consumer-related or industrial sources or a mix of
strongly polluted and pristine sediment created by remobi-
lization; and (IIT) strongly polluted sediments resulting from
industrial point sources or waste disposal sites. Following
the approach of Buchty-Lemke (2018), this classification
was based on empirical local threshold values (Table 2)
derived from the analysis of the transect samples (see Online
Resource 3).

The trace element proportions of core 1 show a generally
increasing trend from bottom to top, with the lowest values
at the core base, elevated values in the subsoil and topsoil,
and a decrease in the modern topmost sediments (Fig. 3).
In the lower subsoil, sediments corresponded to class I.
At approximately 140 cm (Zn and Cu) and 120 cm (Pb),
there was an inflection point in the depth gradient where
the concentrations of these elements rose from class I to
class II. Moving upwards, the PTS concentrations remained
at class II levels; Cu concentrations ranged between
approximately 120-170 mg kg™' with a peak exceeding the
threshold of class III at a depth of 100-115 cm. Zn values
increased progressively from 131 mg kg™! at the base of the
core to 1700 mg kg~! in the topsoil; the topmost sediments
were characterized by Zn concentrations that decreased in
the upward direction to 1300 mg kg™'. Pb concentrations
fluctuated at around 330 mg kg~ in the topsoil in the depth
range 0—65 cm. Below this, the concentrations were close to
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the class I/class II threshold. The lowest values occurred in
the lower subsoil, ranging from 44 to 100 mg kg~".

Core 2 showed similar characteristics with respect to
trace element patterns with the exception of Cu, which only
slightly exceeded the class II/class III threshold at a depth
of 110 cm (Fig. 4). The Cu peak was similar to core 1, but
was less pronounced. The Zn gradient did not progressively
decrease from the surface as in core 1, but was more similar
to the Cu pattern, showing a rather constant concentration
within the range 1100-1600 mg kg~'. Core 2 was character-
ized by a PTE decrease in the topsoil that was more distinct
than in core 1. In the case of Cu and Zn, the inflection points
in the depth gradients were shifted downwards by approx-
imately 10 cm, while the Pb inflection point was shifted
upwards by approximately 40 cm.

Core 3 was characterized by a PTE pattern that was simi-
lar to core 1 and core 2, but with the following exceptions:
the class I to class II inflection points for Cu an Zn were the
lowest within the transect, occurring at a depth of 165 cm
and 175 cm, respectively; and the Pb inflection point was
similar to core 2 (at a depth of 75 cm) (Fig. 5). As in the
other cores, the PTE content of core 3 was lower in the top-
most sediments, decreasing by a factor of two. Cu and Pb
were at natural background levels, being classified as class I.

The PTE depth gradients indicate that the alluvial sedi-
ment within the floodplain has been subject to the input of
elevated trace elements caused by anthropogenic activities.
The inflection points that mark the transition from class I to
class II sediments imply that, below these points, anthro-
pogenic emissions have been absent or too low to exceed
the natural background levels. Above the inflection points,
the concentrations of PTESs rose significantly—to moderate
and high values—corresponding to intense pollution from
the industrialization. Accordingly, the inflection points mark
the beginning of the industrialization in the study area. For
example, Zn arises mainly from industrial activities such
as mining and coal combustion (Wessels et al. 1995; Salm-
inen et al. 2005). The topmost sediments in all of the cores
showed a reduced PTE content, as modern sedimentation is
no longer subject to intense pollution due to environmental
protection measures. The variability in PTE content across
the transect can be explained by variations in grain-size dis-
tributions: the higher the proportion of sand, such as in the
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natural levee sediment at the top of core 3, the lower the
overall PTE content. In general, no effect of TC on PTE con-
centrations was observed, as shown in core 1 (Fig. 3) where
the Cu peak occurred in the same depth range as a decrease
in TC content. However, in the same example, it can be seen
that the proportion of silty sediment had a significant impact
on the distribution of PTEs.

Organic geochemical analyses

The analysis identified 57 volatile organic compounds stem-
ming from both natural and anthropogenic sources. These
compounds enter the environment via point sources (e.g.,
WWTPs) and/or non-point sources (e.g., exhaust fumes and
agriculture). Apart from polycyclic aromatic hydrocarbons
(PAHs) and polyhalogenated carbazoles (PHCs), all of the
identified compounds were anthropogenic pollutants that do
not occur naturally. These included chlorinated benzenes,
chlorinated anisoles, polychlorinated biphenyls (PCBs),
polychlorinated naphthalenes (PCNs), linear alkylbenzenes
(LABSs), and DDXs (bis(4-chlorophenyl)-2,2,2-trichloroeth-
ane (DDT) and its metabolites). With respect to PHCs, it is
yet unknown how natural and anthropogenic sources of these
pollutants can be best distinguished (Reischl et al. 2005;
Grigoriadou and Schwarzbauer 2011; Mumbo et al. 2016).

The total amounts of the compound groups (see Online
Resource 4) were highest for PAHs [up to 4200 ug kg~! dry
weight (dw)] followed by PCBs [up to 55 pg kg~! dw], and
PHCs (up to 11 pg kg~! dw). With the exception of PAHs
and PCBs, concentrations of all the other identified com-
pounds were only slightly, if at all, above the limit of quanti-
fication (LOQ) (<0.5 to 11 ug kg~! dw). Thus, Figs. 3, 4 and
5 only show the results for PAHs, PCBs, and PHCs. The LOI
measurements revealed that OM content ranged from 5.3 to
13.8%. The concentrations of organic compounds, which
tend to adsorb to organic matter, were, therefore, normalized
to OM for improved comparability.

For core 1 (Fig. 3), concentrations for PCBs and PAHs
show a pattern of decreasing concentrations with sampling
depth. While PAHs and PHCs were present in all of the
four subsamples (20 cm, 40 cm, 70 cm, and 90 cm depths),
anthropogenic pollutants were present in the upper three
samples but not in the lowest one. Accordingly, it can be
assumed that sediment from 90 cm and below was deposited
before 1900 AD given that the extensive usage and corre-
sponding emission of synthetic organic compounds begin in
the early twentieth century.

In core 2 (Fig. 4), concentrations showed a decreasing
trend with sampling depth for most of the substance groups.
Therefore, the overall pattern was similar to core 1; anthro-
pogenic pollutants occurred in all four subsamples. Results
for core 3 (Fig. 5) showed a slight increase in the concentra-
tions of PAHs, PCBs, and PHCs with depth.

In summary, it can be stated that the concentration pro-
files for core 1 and core 2 were similar, whereas core 3
depicted a different pattern. Measured concentrations were
highest in core 2 followed by core 1 and core 3. The inves-
tigated wetland sediments were ubiquitously contaminated
by a large number of synthetic organic compounds, although
measured concentrations were generally very low. Such low
concentrations limit the explanatory power of the observed
trends and do not allow any correlation to be made with
known periods of emission. The low concentrations may
reflect the reworking of polluted and pristine sediments.
However, the mere presence of synthetic organic compounds
can be used to determine a maximum age for the investi-
gated sediments. Despite the occurrence of elevated pol-
lutant concentrations in the upper subsoil, the patterns of
trace elements and organic compounds did not indicate a
clear, mutual influence. Even though some pollution sources
emit both trace elements and organic compounds, possible
relationships were blurred in the mixed geochemical signal.

Numerical modeling results

The numerical model simulations provide retrospective
results for the last 200 years and give insights into the long-
term development of sediment deposition on the floodplain
of the Wurm River. The results and details of the hydro-
dynamic and morphodynamic calibration are published in
Maal} and Schiittrumpf (2018).

With a sediment input of 5 kg/m® for each single modeled
discharge of the quasi-steady hydrograph, the sedimenta-
tion rates were determined by dividing the total amount of
sediment deposited on the floodplains by the modeling time.
The average sedimentation amount was 0.5 m on the right
floodplain and 0.95 m on the left floodplain.

The estimated water depths, flow velocities and cumula-
tive sedimentation depths for the three cores are presented
in Table 3. All of these parameters increased with increas-
ing water discharge. Even though the transect was located
in a narrow valley reach (confinement ratio 8.8, after Nagel
et al. (2014)), the modeled sedimentation rates were quite
high in this area (see Fig. 7). This contradicts the conclu-
sions of Notebaert and Piégay (2013), which suggest that a
narrow floodplain should be characterized by erosion due to
increased flow velocities. The floodplain inundation of the
five-year flood results from a backflow entering the flood-
plain further downstream (see Fig. 6) and causes irregu-
lar water depths across the transect. The transect was not
flooded entirely, as the bankfull discharge was not exceeded.
The modeling indicates that locations of core 1 and core 2
would be inundated to a greater depth than core 3. Accord-
ingly, the cumulative sedimentation depth of core 3 is lower
than of core 1 and core 2. In case of a 100-year flood, water
depths compensate the relief of the floodplain, rising to a
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Table 3 Parameters estimated

. . Event Dis- Water depth (cm) Flow velocity (cm sh Cum. sedimentation

by numerical modeling of mean charge (cm)

water level (MW), mean high ms"

water level (MHW), a historical Channel Core Channel Core Channel Core

5-year flood (5-year), and a T

historical 100-year flood (100- 32 1 32 1 3 2 1

year) MW 25 119 0 0 0 33 00 0 0 0 0 0
MHW 10 178 0 0 0 85 0 0 0 0o 0 0
5-Year 20 234 0.5 7 23 104 5 <01 <01 0 03 12 13
100-Year 40 282 46 110 126 82 81 38 34 0 5 5 5

Cumulative sedimentation values refer to depth accumulation from a single 5-year flood event and a single
100-year flood event, respectively. Values given are grid-cell averages (cell size =8-22 m?)

Fig.6 Modeled inundation

for 5-year and 100-year flood
events. Symbols are explained
in Fig. 1. In the case of a 5-year
flood, inundation begins from
the downstream left bank at the
lower model boundary

g 5-year flood e

vent

Water depth [m]

uniform water level. In comparison to the location of core 3,
core 1 and core 2 would be affected by stagnant water with
lower flow velocities compared. Core 3 is located close to
the riverbank and, thus, would be directly affected by over-
flowing water.

Discussion

The measurements of organic and inorganic pollutants allow
the estimation of sedimentation rates for the study area. In
consideration of the geomorphological interpretation of the
floodplain structure, three methodically different estima-
tions were performed. The estimation from trace element
data was based on the inflection points in the PTE gradients
described in Sect. "Results and implications"; estimation
from organic compounds was based on the date of the mar-
ket introduction of specific synthetic compounds; and the
sedimentation rates estimated via numerical modeling were
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based on the calculated inundation frequencies. The dating
rationale based on the PTE concentrations and their vertical
distributions as described in Sect. "Trace element content
and distribution", and the contents, vertical distribution, and
market introduction date of organic xenobiotics as described
in Sect. "Estimation of sedimentation rates via ‘chemodat-
ing’ with organic xenobiotics", are summarized in Table 4.
The results are discussed in the following sections based on
this rationale.

Estimation of sedimentation rates via trace element
gradients

When trace element concentrations are elevated due to
anthropogenic activities, the vertical gradients of PTEs can
be used as stratigraphic time markers (Hudson-Edwards
et al. 1998; Dobler 2000; Birch et al. 2000; Middelkoop
2002; Hiirkamp et al. 2009b; Grygar et al. 2012). As shown
in Sect. "Results and implications", the PTE gradients
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Table 4 Dating rationale developed on basis of inflection points in the vertical distribution of PTEs, their corresponding time spans, and the
appearance of organic marker substances and their market introduction date

Trace element/substance group Corresponding age Justification

AD (approxima-

Local or supra-regional References

tion)
Pollution-sensitive trace ele- 1830+ 15 Marker for early industriali- Local Curdes (1999)
ments (Cu, Zn, and Pb) zation, e.g., the first steam Nilson (2006)
boiler factory in 1814, the
first steam engine for coal
extraction in 1816, and the
construction of the Aachen-
Cologne railway in 1841
Cu 1870 to 1880 Marker for the intense industri- Local Meyer (1991)
alization, exemplary industry, von Coels (1991)
e.g., needle production
Zn 1890-1910 Marker for the so-called Local Buchty-Lemke (2018)
Griinderzeit period, in which Curdes (1999)
there was extensive use of Umweltbundesamt (2001)
zinc-coated (galvanized)
construction materials
Pb 1970-1980 Marker for traffic, reflectinga  Local Eschweiler and van Eyll (2000)
growing level of individual
motorization
PCN 1910* Marker indicating a maximum  Supra-regional Falandysz (1998)
PCB 1930° age since market introduction  gypra-regional Shiu and Mackay (1986)
LAB 1960* and the large scale production Supra-regional Eganhouse (1986)

of synthetic compounds

Zeng and Yu (1996)

The reference date for the calculation of the sedimentation rates was 2014 (the date of sampling)

*Market introduction date

identified in the study cores showed distinct inflection
points, where the threshold from background levels (class I)
to pollution (class II) was exceeded. These inflection points
were used to estimate sedimentation rates since industriali-
zation (i.e., a bottom-up increase from class I to class II, or
a top-down decrease from class II to class I).

In 1814 AD and 1816 AD, the first steam boiler factory
and the first steam engine for coal extraction formed the
basis for significant industrial impact in the Aachen region
(Curdes 1999), boosted by the construction of the first rail-
way from Aachen to Cologne in 1841 AD (Nilson 2006).
Accordingly, the corresponding year for the inflection points
that marked the shift from class I to class II was defined
as 1830 AD + 15 years. The resulting sedimentation rates
between 1830 =+ 15 and 2014 (the year of sampling) are pre-
sented in Table 5. As the trace elements could be relocated
vertically, these ages represent maximum ages. Hence, the
derived sedimentation rates were biased in terms of a pos-
sible overestimation.

An approximate verification of this estimation can be
achieved by matching historical developments in the wider
study area with the sedimentation values converted to years.
For example, when converting the sedimentation rates of
core 1, the Cu peak at a depth of 105-110 cm corresponds
to approximately 1870-1880 AD, which was when intense

industrialization began in Germany. During this time, for
example, Cu from the neighboring Inde River catchment
was processed in the study area in needle factories (Meyer
1991; von Coels 1991). Another example is the increase in
Zn concentrations to more than 1000 mg kg~!, which was
identified at a depth of approximately 90—100 cm. This cor-
relates with the zenith of the so-called ‘Griinderzeit’ period
(1890-1910 AD), a construction boom during which many
new districts were developed and many Zn-containing mate-
rials were used. When Zn-containing construction parts such
as galvanized gutters, rooftops, or waterspouts corrode, Zn
compounds can enter the environment (Umweltbundesamt
2001). Comparable trace element concentrations were docu-
mented by Middelkoop (2002) for the Rhine River for the
period after 1860 AD. Furthermore, with the growing level
of individual motorization and the improvement in road
traffic infrastructure in the 1970s (Eschweiler and van Eyll
2000), Pb emissions rose. Accordingly, the vertical gradient
of Pb in the sample cores further supports the estimates of
sedimentation rates, as the highest content in core 1 and core
3 corresponded to the period 1970-1980 AD.

Modern PTE sources include rain wash from trafficked
areas (i.e., wear of tires and breaks) or industrial areas,
exhaust fumes from traffic, and the corrosion of galvanized
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Table 5 Estimation of mean sedimentation rates based on the applied approaches

Core Approach Mean annual sedimentation rate
(1) Depth of the first elevated content (inflection points) of Cuand Zn Trace element-based sedimen-
(cm) tation rates (cm a™ ')
140 0.75
145 0.8
3 160 (Cu)/180 (Zn) 0.85/0.95
(2) Depth of the first occurrence of a synthetic Organic compound-based sedimentation rates (cm a™!)
compound (cm)
PCN PCB LAB 90-85 cm 85-65 cm 65-35 cm 35-0cm
65 85? 65? - 0.7 1.3
65 85 90? 1.8
3 90 90 90? 1.8
(3) Modeled inundation frequency and sediment load Numerical modeling-
based sedimentation rates
(cma™h
Inundation begins at a 5-year flood 0.8
Sediment load at the upper model boundary =5 kg m™ per discharge class 0.8
3 0.6

*Youngest identified compound in the corresponding sample as used for calculation of sedimentation rates

safety barriers (de Miguel et al. 1997; Monaci and Bar-
gagli 1997; Legret and Pagotto 1999; Umweltbundesamt
2001; Hillenbrand et al. 2005; MKULNV NRW 2009; Cal-
lender 2014). Aside from any grain size effects, the activa-
tion of such sources could explain why the measured Zn
concentrations did not decrease to the natural background
levels in the topmost sediments as observed for Cu and
Pb in core 2 and core 3. A decrease to natural background
levels would be expected as a consequence of measures
to reduce environmental pollution since the 1970s (Paul
1994), which have documented by various studies in West-
ern Europe (Béabek et al. 2011; Martin 2015 and references
therein). The reduction of the levels of Pb in the topsoils
of the sampling sites might relate to the “gradual shift
from leaded to unleaded petrol” (de Miguel et al. 1997, p.
2733), which dates to 1971-1974 AD in Germany (Wes-
sels et al. 1995). Similar distribution patterns of Pb were
reported by Heim et al. (2004) for the Lippe River in North
Rhine-Westphalia, Germany. As atmospheric fallout can
be a significant source for PTEs (Nicholson et al. 2003),
the prevailing west-southwest winds in this region (Hav-
lik 2001) might have contributed to the PTE inventory
by transferring pollutants from Wallonia (Belgium)—an
important location for heavy industry in the early and peak
industrial era. Such emissions might be the cause of uni-
dentifiable contamination that was present in the subsoil
samples and which did not present a clear pattern that
corresponded to historical events.
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Estimation of sedimentation rates via‘chemodating’
with organic xenobiotics

Synthetic compounds and compound groups including
Methyl-triclosan, DDX, PCNs, PCBs, and LABs do not
occur naturally and can, therefore, be assigned to a specific
market introduction date. In theory, the occurrence of such
substances provides information about the age of the sedi-
ment (Gocht et al. 2001). As organic compounds can also
be subject to vertical relocation, the estimated ages of the
sediments (similarly to the PTE-based estimates) are maxi-
mum ages and might be biased in terms of overestimation.
To limit this, the detected compounds were restricted to the
nonpolar forms, and thus to the greatest possible extent of
immobile compounds.

As in Sect. "Discussion”, the younger reference date is
2014 AD, when the sampling was undertaken. As the older
reference date, the years of the market introduction of these
compounds were determined, including an additional 5 years
to represent the likely delay in them entering the environ-
ment. Accordingly, the deepest occurrence of a particular
substance in the cores provided the depth above which the
sediment thickness could be converted into a mean annual
sedimentation rate (see Table 5). The selected substance
groups (PCNs, PCBs, and LABs) were introduced during
different decades of the twentieth century. Figures 3, 4 and
5 thereby depict concentration values only for PCBs, since
measured concentrations of PCNs and LABs were very low.
PCNs were introduced c. 1910 AD (Falandysz 1998), PCBs
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c. 1930 AD (Shiu and Mackay 1986), and LABs c. 1960 AD
(Zeng and Yu 1996). Where one compound was detected
within a sample, the upper boundary of the sample depth
(i.e., 15 cm, 35 cm, 65 cm, 85 cm, or 95 cm) was chosen as
the maximum depth of occurrence. This aimed to account
for the large spacing of the geochemical bulk samples.
Where a compound was detected, a possible presence in the
sediment between the sampled layers cannot be discounted.
Accordingly, the youngest compound group identified within
a subsample indicated the maximum age and a correspond-
ing minimum sedimentation rate. Therefore, it was possible
to identify changes in sedimentation rates within a profile.
In the case of core 1, LABs were detected up to 40 cm depth
and PCBs up to 70 cm. This gave a sedimentation rate of
at least 1.3 cm a~! for 0-65 cm depths and 0.7 cm a™! for
65—85 cm depths (see Table 5). As LABs were identified in
the lowermost samples in core 2 and core 3, the estimated

sedimentation rates were both 1.8 cm a™ .

Estimation of sedimentation rates via numerical
modeling

Using the Delft3D-FLOW model, sedimentation rates were
determined by cumulating the sedimentation for the transect
on the left floodplain post-1800 AD and dividing this by the
modeled time. Modeling of historical river characteristics
requires reasonable input and boundary conditions. Here,
historical river bank heights and sedimentation rates—deter-
mined using the inorganic and organic geochemistry analysis
results—were used to calibrate the historical model and to
analyze floodplain deposition and fluvial morphodynamics.
Based on the modeling, the mean sedimentation rate over the
last 200 years was 0.7 cm a~! across the sampling transect.
Individually, the modeled sedimentation rates decreased
from 0.8 cm a™! for core 1 and core 2 to 0.6 cm a~! for core
3.

As the following examples show, Delft3D is a commonly
used software for modeling river and as estuarine hydro- and
morphodynamics. For example, Frings et al. (2011) ana-
lyzed the effects of selective transport processes, overbank
deposition, and channel migration on downstream fining in
sandy lowland rivers. Kleinhans et al. (2018) compared the
isolated and combined effects of mud and vegetation on river
planform and morphodynamics in intermediate-sized valley
rivers, and focused on the century-scale simulation of flow,
sediment transport, and morphology coupled with riparian
vegetation. Pu (2016) also used the Delf3D hydrodynamic
module to analyze thermal changes in marine areas sur-
rounding Singapore Island associated with different wave
simulations.

Here, a the long-term numerical modeling approach was
adopted, which is not comparable to other short-term hydro-
and morphodynamic research. Local processes such as river

bank erosion are not included in the model. River bank ero-
sion processes are often simulated in a single simplified
numerical model or by separated numerical models, neither
of which was applied here. Rinaldi et al. (2008) analyzed
river bank erosion processes at one specific meander bend
during one single flood event. The main purpose of their
model was to parameterize fluvial erosion using outputs
from detailed hydrodynamic simulations.

Model assumptions and schematizations are necessary
and indispensable in nearly all numerical models, and these
need to be evaluated to determine their effects on model
quality (Warmink et al. 2011; Straatsma and Kleinhans
2018). Maal} and Schiittrumpf (2018) provide a general dis-
cussion of the model’s quality to evaluate the effects of the
quasi-steady hydrograph and the morphological scaling fac-
tor on the simulation results. They also assess the sensitivity
of the model to sediment transport rates and sediment-size
distribution.

Combining the three approaches

The average sedimentation rates for each core based on
approach 1 (trace elements) were 0.75 cm a~', 0.8 cm a™!,
and 0.9 cm a™’, respectively, indicating an increase from
the wall of the valley towards the natural levee and which
corresponds to the geomorphological interpretation. The
average rates for approach 2 (‘chemodating’ with organic
xenobiotics) were 1.0 cm a',1.8cma !, and 1.8 cma™’,
respectively. Again, these estimates support an increase in
sedimentation rates towards the river channel. In contrast,
approach 3 (numerical modeling) indicated a different spatial
pattern with sedimentation rates decreasing from 0.8 cm a™"
at the wall of the valley to 0.6 cm a™! at the natural levee.
The sedimentation rate values estimated using approach
1 and 3 were similar, whereas approaches 1 and 2 deviate
by 0.05 cm a~'t00.65cma! (core 1), 0.9 cm a™! (core 2),
and 0.85 cm a~! (core 3)—a difference of a factor of two
near the river channel for core 2 and core 3. However, for
the location of core 1, at the wall of the valley, the estimated
sedimentation rates based on approach 1 and 2 were similar.
Overall, the transect analyzed in this study is typical of
a natural levee channel with a floodplain sloping towards a
backswamp approximately 0.5 m above the water table. The
numerical model indicated higher sedimentation rates at the
levee and lower sedimentation rates in the backswamp; this
trend cannot be derived solely from a comparison of the
three field cores. As the simulations assumed a cohesive
sediment with a D5, grain size of 24.5 pm, the sedimen-
tation of coarse sediment was not included. Furthermore,
numerical models are sensitive to their initial and bound-
ary parameters; the effects of parameters such as the spatial
resolution of the grid, the simplification of the inflow dis-
charge to a quasi-steady hydrograph, and the application of
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a morphological scaling factor. However, sensitivity analysis
showed that these parameters did not significantly change
the model results. Modeling of historical conditions does, in
particular, involve uncertainties. Historical field data includ-
ing topography, bathymetry, and sediment supply often do
not exist and are difficult to measure directly. Here, the cali-
bration of the numerical model was based on the results of
the trace element and organic geochemistry analysis.
Sedimentation rates can successfully be determined by
analyzing trace element gradients, organic xenobiotics, and
numerical modeling in isolation; here each of these methods
independently generated reasonable data that are comparable
to other similar studies and locations (e.g., Leenaers 1989;
Stam 2002: 0.4-2.7 cm a~' for the Geul River; and MaaB}
et al. 2018: 2 cm a~' for the Inde River). When compared,
these approaches were mainly in good agreement (Fig. 7).
However, for some locations the results based on the organic
geochemistry data were up to two times higher than those
obtained using the other approaches. Accordingly, the
integration of multi-method data provided a more detailed
understanding of the small river system studied here, as the
application of a single approach would otherwise misrep-
resent the complexity of the system. To better understand
river-floodplain systems in Central Europe with similar
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catchment sizes and discharge regimes, and which are heav-
ily impacted by human activities, a multi-proxy approach
based on the integration of geomorphology, organic chem-
istry, and hydrology is recommended.

Conclusions

A multi-proxy approach was evaluated for studying the
development of small meandering gravel-bed rivers with
large floodplains, and estimated sedimentation rates for the
last 200 years. Based on the interdisciplinary investigation,
the following conclusions can be stated:

e Contaminant signals and different classes of anthropo-
genic impacts were successfully distinguished from the
studied alluvial sediments. The impact classes reflected
the historical development of anthropogenic activities
since the pre-industrial era and enabled a qualitative
assessment of the degree of pollution. In other catch-
ments, local threshold values will vary depending on the
geogenic background and the nature of anthropogenic
activity and, therefore, assessments of these should be
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based on analytical results of the area under investiga-
tion.

¢ Sedimentation rates were successfully derived by means
of vertical gradient analysis of trace elements, the occur-
rence of organic contaminants, and numerical modelings.
Each method generated reasonable results independently,
but their comparison revealed general similarities—and
some disparities—that helps create a more detailed
understanding of such floodplain-river systems. Depend-
ing on the applied approach, the estimated mean sedi-
mentation rates varied in a range 0.6-1.3 cm a™'.

e The degree of recent and historical pollution of alluvial
sediments and diachronic sedimentation rates varied
explicitly over a small scale (across a 60-m transect and
within 2-m cores), whereas less variability might have
been initially expected.

e Investigations of floodplain pollution should not rely
solely on bank profiles but must incorporate core drill-
ing or similar field-sampling methods to capture the two-
dimensional variability of geochemical signals, thus tak-
ing the architecture of alluvial sediments and changes in
sedimentary facies into account.

The study site examined here is representative of Central
European foothills and lowland rivers that have experienced
a long history of anthropogenic pollution from industry,
agriculture, and municipal waste water, and which have
elevated concentrations of trace elements and organic xeno-
biotics as a result. In these contexts, a better understanding
of the spatial variability of pollutants is important for river
management and environmental planning. The proposed
combination of multi-method approaches can be applied to
other river systems with similar catchment sizes and topog-
raphy. Through a combination of approaches, the assessment
of anthropogenic impact, the estimation of sedimentation
rates, and the overall understanding of fluvial morpho-
dynamics can be improved. However, further research of
low-order stream basins is necessary to link the evidence
of small-scale spatial variability in the nature and extent of
pollution to larger reaches in a supraregional context.
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