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The risk may not be limited to flooding: i

polluted flood sediments pose a human health
threat to the unaware public
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Abstract

Background Because of global climate change, extreme flood events are expected to increase in quantity and inten-
sity in the upcoming decades. In catchments affected by ore mining, flooding leads to the deposition of fine sedi-
ments enriched in trace metal(loid)s. Depending on their concentration, trace metal(loid)s can be a health hazard.
Therefore, exposure of the local population to flood sediments, either by ingestion (covering direct ingestion and con-
suming food grown on these sediments) or via inhalation of dried sediments contributing to atmospheric particulate
matter, is of concern.

Results The extreme flood of July 2021 deposited large amounts of sediment across the town of Eschweiler (western
Germany), with the inundation area exceeding previously mapped extreme flood limits (HQ.eme)- These sediments
are rich in fine material (with the <63 um fraction making up 32% to 96%), which either can stick to the skin and be
ingested or inhaled. They are moderately to heavily enriched in Zn>Cu>Pb>Cd>Sn compared to local background
concentrations. The concentrations of Zn, Pb, Cd, Cu, and As in flood sediments exceed international trigger action
values. A simple assessment of inhalation and ingestion by humans reveals that the tolerable daily intake is exceeded
for Pb. Despite the enrichment of other trace elements like Zn, Cu, Cd, and Sn, they presumably do not pose a risk

to human well-being. However, exposure to high dust concentrations may be a health risk.

Conclusions In conclusion, flood sediments, especially in catchments impacted by mining, may pose a risk

to the affected public. Hence, we propose to (I) improve the flood mapping by incorporating potential pollution
sources; (Il) extend warning messages to incorporate specific guidance; (lll) use appropriate clean-up strategies

in the aftermath of such flooding events; (IV) provide medical support, and (V) clue the public and medical profes-
sionals in on this topic accordingly.
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Background

The frequency of extreme flood events is expected to
rise due to climate change [1-3]. Among other things,
this is worrying because floods are a primary trans-
port mechanism for sediment-related trace metal(loid)
s, hereafter referred to as trace metals, from mining and
industrial activities [4—-7]. Hence, public health risks
associated with flooding are also expected to rise [8]. As
extreme floods cannot be avoided, the key to adaptation
is the implementation of appropriate measures based
on a thorough understanding of flood-related processes.
Therefore, knowledge of the interaction between flood-
ing and sediment dynamics is of importance to prevent
floods from becoming disasters [9].

Flood-related sediment-bound trace metal transport

Pollutant mobility is the net result of mobilizing and sta-
bilizing factors acting on a sediment [10], with floods
being a main driver for hydraulic mobilization. Strong
currents have especially large entrainment and transport
capacities, resulting in large amounts of sediments and
debris deposition when flow velocities start to reduce, for
example, on floodplains [11]. Flash floods are character-
ized by high-intensity rainfalls in areas with high topo-
graphic gradients, resulting in steep flood waves with
only a short warning time. They have a particularly high
potential to trigger exceptional geomorphic processes,
like bank erosion, slope failure, and surface erosion [12,
13]. This results in intensified sediment transport and,
in turn, intense sediment deposition in areas with gentle
slopes or floodplain areas with reduced flow velocities. In
inhabited areas, flood sediments are deposited outdoors

and indoors in flooded buildings [14]. Particularly base-
ments act as sediment traps.

This deposition of flood sediments can be concerning,
as they are often enriched in pollutants. The enrichment
of trace metals is of particular interest, as they are largely
persistent, non-biodegradable, and many are known to
accumulate along the food chain [15]. It has been known
for decades that such enrichment poses a risk to human
health [16], e.g., when flooded areas are used for crop
production [17]. Mining-induced contamination with
heavy metals is of exceptional longevity, with over 70% of
contaminants remaining within the river system for more
than 200 years after mine closure [18].

In areas where ore deposits are exploited, the naturally
occurring enhanced concentrations of trace metal that
possibly can be harmful to human health can be further
anthropogenically increased by orders of magnitudes
[19]. There is broad evidence of trace metal enrichment
in catchments affected by mining activities [4, 6, 18, 20—
30]. They originate from primary sources like mine tail-
ings and dumps, which may be eroded due to runoff [6]
or the undercutting of former disposal sites in floodplains
[4]. Erosion of fluvial sediments deposited during previ-
ous flood events along the river on its floodplains or in
the riverbed itself is a secondary source of trace metal-
enriched sediments [11, 24, 28, 31, 32]. Weathering of
contaminant particles like metal sulfides and the con-
sequent leaching of dissolved trace metals may further
contribute to dissolved metals [6, 10], which may repre-
cipitate when conditions change [11, 33].

Trace metals in rivers are transported mainly bound to
silt- and clay-sized particles [23, 34, 35]. Therefore, their
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fate is closely linked to those of suspended sediments
[11, 15, 36]. Generally, mixing with “clean” sediments
leads to a dilution of trace metals during high discharges
[37-39]. However, extreme flooding may cause erosion in
areas usually unaffected by overflow. Additionally, dur-
ing flash floods, strong runoff is typical [13], which is the
major contributor to river sediments [22]. If strongly pol-
luted sediments get eroded, sediment-bound trace metal
concentrations in the water may, in fact, increase [24].
The majority of sediment-bound contaminant transport
occurs during high-magnitude floods [25]. Because of the
dilution effect, trace metal concentrations are generally
the highest proximate to their source [40].

Airborne particulate matter and related health risks

As flood waters transport large amounts of fine-grained
materials, which are readily erodible and entrained into
the atmosphere, regularly flooded areas are typical source
regions of atmospheric dust [41]. For the entrainment of
any particle, there needs to be an external force trans-
ferring kinetic energy to the particle in question. This
momentum can be either air movement, another parti-
cle’s impact, or mechanical force due to human actions
(e.g., dirt road vehicles) [42]. The efficiency of particle
mobilization depends on many factors, including the
moisture content of the sediment, wind speed, particle
sizes, and surface roughness [43, 44]. Once in the air, the
time a particle can stay in the atmosphere mainly depends
on wind speed or atmospheric instability and its size and
shape. Particles up to tens of [um] can potentially remain
in the atmosphere for days [45], with PM,, (particulate
matter <10 pm) being in long-term suspension virtually
independent of friction velocities [46]. In the context of
cleaning in the aftermath of flooding, their erosion is not
limited to natural aeolian erosion processes. We assume
the cleaning and turbulence induced by human activities
to play an important role in the health endangerment of
local citizens due to dust stress and the chemical inven-
tory of the sediment.

Hurricane Katrina (2005) is a prominent example of a
flooding event causing widespread health issues [47, 48].
The flood sediments covering large parts of New Orleans
were resuspended by wind and anthropogenic impacts
like vehicles, causing an “inhalation hazard” [49]. The
resulting particulate matter (PM) proved to induce pul-
monary inflammation in mice [50]. The health impacts
of the deposited sediments continued for years [50], with
an especially high risk for children [49]. The problem was
so widespread that names like “Katrina Cough” or “Flood
Crud” were established for related respiratory problems
in the aftermath of the hurricane [51].

There is broad evidence for the adverse effects of air-
borne particulate matter on human health [52], with

Page 3 of 19

elevated levels of PM resulting in higher cardiopulmo-
nary morbidity and mortality in exposed populations [53,
54]. Many studies documented increased death rates on
days with elevated levels of airborne particulate matter
[55-58].

The grain size of the inhaled particles influences the
pathological effects. Particles>10 um are filtered within
the nose. If inhaled through the mouth, which is an
ineffective filter [59], they are mostly rejected by expec-
toration [54, 60]. These particles mainly have adverse
health effects if they contain toxic substances [43]. Par-
ticles<5 pm penetrate the pulmonary region [61] and
can ultimately be deposited in the pulmonary alveoli
[57], where they may induce chronic lung diseases. Par-
ticles<2.5 pm (PM, ;) are a particular cause for concern
for community health [41]. The actual effects depend on
the density, shape, surface area, chemical composition,
and persistence of the particle, as well as the exposure
[43, 62, 63].

Apart from free crystalline SiO,, which may induce
lysosomal damage and trigger the inflammatory cascade
leading to subsequent fibrosis (i.e., silicosis) [64, 65], met-
als seem to play an important role [63, 66—69]. Many
trace metals, like Zn, Cu, Pb, Cd, and Ni, are common in
PM [45], and fine sediments may act as a sink and, conse-
quently, as a secondary source of these contaminants [70,
71]. Costa and Daniel [72] found that the dose of solu-
ble transition metals determined the acute inflammatory
response. However, the mechanisms are still not fully
understood. It is shown that metals can have geno- as
well as neurotoxic effects [73-75], mediate the produc-
tion of reactive oxygen species, which induce oxidative
stress in cells and tissues [76—78] and cause cell dam-
age [67] and inflammation [66, 79]. These effects are not
limited to heavy metals, as it was shown that exposure to
aluminum-enriched dust increases the risk of dementia
and cardiovascular disease [80]. Additionally, metals have
the potential to accumulate in fatty tissues, thus, pos-
ing a long-term health risk [62]. Metal exposure mostly
encompasses several metals, so their interactions are
crucial [81]. They range from joint toxic actions to some
metals having a protective function against others. How-
ever, these complex interactions are poorly understood
so far [69, 82, 83].

Aim of the study and research questions

This study aims to assess the risks posed to the resi-
dents of Eschweiler, a town in western Germany severely
affected by extreme flooding in July 2021. In the after-
math of this event, clean-up efforts of houses, basements,
and streets were conducted with little to no suitable
protection equipment. Hence, involved persons were
exposed directly to large amounts of flood sediments.
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However, the first warnings concerning possibly polluted
sediments and dust stress emerged days after the flood-
ing (e.g., [84]), leaving affected people uninformed for
days.

To evaluate the risk posed by the fine sediments to the
residents and first responders, detailed insight into the
deposition of sediments and their properties, including
a possible enrichment of risk elements and their possi-
ble toxic effects, is necessary. Therefore, we conducted
numerical modeling of the flood-related sediment trans-
port within the densely populated city of Eschweiler and
combined the results with geochemical and grain size
data on samples of the flood sediments. Anthropogeni-
cally induced enrichment of trace metals is identified by
comparison with background concentrations. Further-
more, a simple estimation of the daily intake of sedi-
ments allows for determining trace metals posing a risk
to human health.

Methods
The July 2021 flood event
Unprecedented rainfall between July 14th, and July 15th,
2021, led to a flooding crisis in the German and Bel-
gian Eifel region. The largest part of the Eifel-Ardennes
received approximately twice the amount of their
monthly precipitation within only 2 days, resulting in
major flooding of all rivers draining the low mountain
range [85]. Maxima of rainfall were > 150 mm within 24 h
[86], with many stations recording their all-time maxi-
mum precipitation [87]. The amount of precipitation
exceeded an event with a return period of 500 years [88].
The Eifel-Ardennes are part of the variscan Rhenish
Massif, consisting of plateaus with steeply incised fluvial
valleys. On top of the bedrock, which in the Eifel region
is made up mainly of intensely consolidated sedimentary
rocks, there is a layer of unconsolidated periglacial mate-
rial that builds the parent material for soil development,
mainly forming cambisols [89]. They commonly have a
high skeletal content, which lowers their water storage
capacities [90]. The persistent rain quickly saturated the
soils, which were already strongly waterlogged due to
previous rainfall [86]. Saturation conditions of the sedi-
ments are a crucial driver for flash flood generation [91].
The combination of intense rainfalls, topography, and
saturated soils led to a flooding crisis [90], affecting large
areas of western Germany, Belgium, Luxemburg, France,
and the Netherlands. In Germany, more than 180 people
died, and financial losses added up to approximately 33
billion Euros [92]. The destruction of infrastructure and
houses was severe [93] and persisted in part up until one
and a half years later. Due to the extremely high water
levels, the floodplains were affected even in areas that
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were assumed to be safe [93], and the deposition of flood
sediments was widespread.

While research [88, 94—96] and reports [97] focus on
the shocking amounts of debris transported by the rivers,
ultimately exacerbating the event by clogging bridges that
failed later on, little attention has been paid to the fine
fraction of the flood sediments. However, as the trans-
port capacity for fine materials is particularly high, they
are spread over larger areas. As a result, even the outer
parts of the flooded areas, which are not affected by
debris, were covered by a thin, continuous layer of fine
sediments.

Study area

The town of Eschweiler, located at the Inde River, a main
tributary of the Rur, was also severely affected by the
flood. In the city center, critical infrastructure was dis-
turbed: the hospital’s basement was flooded, leading to
the evacuation of 300 patients, the collapse of the power
supply, and the destruction of the building technology
[98].

The source region of the 54-km-long Inde river is in
Belgium on the northern slope of the High Fens. The
catchment area of the Inde River covers 344 km? Its
course is dominated by the geologic underground, which
consists dominantly of high-angle dipping Devonian
and Carboniferous sedimentary rocks. Near the city of
Eschweiler, it crosses the border from the low moun-
tain ranges of the Eifel to the lowlands of the Lower
Rhine Embayment (see Fig. 1). In the further course, the
underground is dominated by quaternary sediments like
gravel, sand, and loess [99, 100]. Responding to several
flood events, the Inde was canalized in the town center
of Eschweiler in the 1970s as a flood protection measure
[101]. The gradient was set at 1.2—1.8%o with the help of
bed slides, and a double-trapezoidal profile was chosen
for a design water discharge of 150 m?/s.

Eschweiler is located along the part of the Inde River,
which exhibits the highest trace metal concentrations in
sediments [102]. The underlying strata of the Devonian
and Carboniferous are famously known for their intense
metallization. zinc, iron, and lead mining date back to
Roman times but had their height during late industri-
alization. Legacies of these mining activities resulted in
fluvial sediments being severely enriched in trace metals
like Ni, Cu, Zn, As, Cd, Sn, and Pb [103]. Additionally,
the waters of the Inde in Eschweiler and the immediately
upstream located city of Stolberg have been documented
to be enriched in TI, Zn, As, Co, Cu, V, and Cd [104].
Mining of local hard coal deposits in the area of Esch-
weiler is another source of trace metals. As a result, Esch-
weiler was dominated by heavy industries, some of which
are still operating [103].
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Fig. 1 Overview of the Inde catchment. The grey area in the main
map indicates the area of the Delft 3D-Model. All flood sediment
samples are taken in the city of Eschweiler. Samples for background
assessment were collected along the uppermost reaches of the Inde
river. FR: France; BE: Belgium; NL: The Netherlands; DE: Germany

Sampling

Flood sediment sampling was conducted on several days
from July 18th to August 4th, 2021. Suitable sampling
locations where fine sediments might have accumulated
were identified based on the official flood risk maps.
Based on visual differentiation, only uncovered, appar-
ently freshly deposited sediments were sampled to ensure
they were, in fact, deposited by the flooding. The samples
were stored in plastic Whirl-Paks® or glass containers
and refrigerated until further analytic work. Of the over-
all sampling set (150 samples), 12 samples were taken
in the city of Eschweiler and selected for analysis in this
study (see Fig. 2).

Additionally, to assess the enrichment of trace met-
als in the flood sediments with respect to the geogenic
background, topsoil samples from the floodplains of
the uppermost reaches of the Inde river were collected.
In this reach, anthropogenic impact on the Inde river is
minimal. In Belgium, the area is mainly used for forestry,
and in Germany, the Inde flows through an inhabited
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protected landscape. To further minimize the anthro-
pogenic impact on the geochemistry of the floodplains,
sample collection was limited to the reaches upstream
of the uppermost mill at the Inde River, from where the
human impact on the river gradually increases. This
second sampling set contains 18 samples collected by
extracting cubes with an edge length of 20 cm using a
spate. These cubes were sampled evenly along the 20 cm
depth.

Laboratory analysis
Grain size composition was obtained by laser diffraction
measurement following the routine described in detail by
Schulte et al. [105]. Samples were dried at 35 °C before
gently ground in an apatite mortar and sieved to <2 mm.
To remove organic matter, the sediment was repeatedly
treated with 0.70 mL 30% H,O, at 70 °C for several hours
until the material showed bleaching. Samples were addi-
tionally treated with 1.25 mL Na,P,0, (0.1 mol/L) over-
night using an overhead shaker to ensure the dispersion
of particles [106, 107]. Laser diffraction measurement
was conducted using a Beckman Coulter LS 13,320. The
resulting 116 grain size classes giving the percentage size
frequency of particles from 0.04—2000 pm with an error
of 2% were used to calculate concentrations of health-
relevant classes like PM, ; and PM,,,. Calculation of grain
size distribution followed Mie theory (Fluid RI: 1.33;
Sample RI: 1.55; Imaginary RI: 0.1) [105, 108, 109].
Following the suggestions by Babek et al. [110], elemen-
tal concentrations were determined using the complete
sample material with particle sizes <2 mm, relinquish-
ing the common sieving to <63 um for trace metal analy-
sis. Samples were dried at 105 °C in a drying cabinet and
afterward sheared for 2 min in a planetary mill. Next, 8 g
of the so-obtained material were mixed with 2 g Fluxana
Cereox binder, homogenized by shaking, and pressed to
a pellet by applying a pressure of 19.2 MPa for 120 s. Ele-
mental composition was measured by energy-dispersive
polarized X-ray fluorescence (XRF) (Spectro Xepos) in
duplicate, and their arithmetic means were used for fur-
ther analysis [111].

Statistical analysis of trace metals
Besides anthropogenic enrichment, trace metal concen-
tration in sediments depends on various factors, mainly
grain size distribution, source-rock composition, and the
degree of soil weathering [112]. Therefore, it is necessary
to gain an understanding of these naturally occurring
variabilities in trace metal concentrations to distinguish
them from anthropogenic influences [35].

Floodplain samples from the upper Inde catchment
were used to assess the local background concentra-
tions to gain insight into the anthropogenic enrichment
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Fig. 2 Sediment accumulation and flooding within the focus area. Map A provides the inundation area (light blue), which exceeds the previously
mapped extreme flood limits (darker blue). Additionally, all floodmarks are given. Map B provides the modeled sediment accumulation in the same
area. The yellow-brownish colors indicate sediment deposition, with darker shades implying more intense sediment deposition. The red line

gives the limits of the area included in the sediment deposition model. The blue color indicates a reconstruction of the areas flooded in July 2021.
Additionally, all sampling points are given. Only the 6 sediment samples collected within the model area, as indicated by the red line, were used

for the model

of trace metals [113, 114]. This sampling setup aims
at identifying a baseline or “usual background value’,
which, in addition to the geogenic background, also
implies diffuse anthropogenic inputs like atmospheric
deposition. It, therefore, differs from a pure “natural
background value” [112]. Usually, methods based on
robust regressions are best suited to account for back-
ground concentrations of trace metals [114, 115]. How-
ever, no satisfactory regressions were found between
the trace metals of interest and the typical lithogenic
elements usually used for normalization, e.g., Zr, Al, Ti,
and Rb [110, 115]. Therefore, a univariate approach had

to be implemented. The iterative 2o-approach follow-
ing Mattschullat et al. [116] was applied to estimate the
background concentrations of all elements measured
using XRF. An iterative approach is beneficial because
the regular 20-approach assumes normally distributed
concentration values, which is usually not the case in
a geochemical context. Instead, log-distributions are
more common for trace metal concentrations in flood-
plain sediments. By switching to an iterative approach,
this issue is addressed by a step-by-step generation
of a normal distribution. The ¥+ 20 (¥ indicating the
arithmetic mean) is calculated using the whole sample
set (including all possible outliers). All concentrations
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exceeding this value will be excluded from the next
calculation. This procedure gets repeated until all con-
centration values lie within the +2o-range. The x+2¢
based on this population is used as natural background
concentration. This approach is suitable for analyzing
typical heavy metal(loid)s [116].

These background concentrations build the basis to
assess the enrichment of trace metals in the flood sedi-
ments. A classic enrichment factor (EF) with aluminum
as a reference element was calculated to identify ele-
ments with a concentration higher than expected based
on their background concentrations:

TMsample/ Alsample
EF = 1)
TMet
of/ Aleg
with TMg, e and Alg, e being the concentration of any

trace metal and aluminum in the sample, respectively,
and TM,,; and Al indicating their concentrations in the
chosen background [117]. An EF > 1 indicates enrichment
of the analyzed elements compared to their background.
However, this evaluation strongly depends on the cho-
sen baseline, and values close to unity might derive from
naturally occurring fluctuations but still be considered
enriched [117].

Additionally, to compensate for the mentioned limi-
tations of the EF and to evaluate the intensity of con-
tamination in an intelligible way, we calculated the
commonly applied geoaccumulation index I, intro-
duced by Miiller [118] using the following formula:

Cy
Igeo = log, 158, ) (2)

where C, is the measured concentration of a trace metal
within a sample and B, is the background concentration
of this specific element.

The underlying local background is based on sam-
ples from an area not underlain by mineralized lime-
stones. Therefore, the enrichment factors calculated in
this study reflect not only anthropogenic activities, but
also enrichment due to naturally occurring ores. How-
ever, due to the catchment being densely populated, the
areas underlain by metal-enriched limestones did not
remain in a natural state, and hence, they are not suited
for evaluating the geogenic background. Therefore, the
upper Inde still seems to offer the most appropriate
option.

Trace metal exposure
A rough estimation of daily exposure was conducted,
assuming a daily intake of 90 mg of soil and 100 mg of
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dust for an adult, as suggested by US EPA [119], result-
ing in a total daily intake via inhalation and ingestion of
190 mg of sediment. This estimation is the upper percen-
tile rate to account for the extensive exposure to sediment
in the aftermath of the flooding event. We only know
concentration values for bulk samples, so we assumed
constant concentrations for all grain sizes, resulting in a
lower-end estimation, as many studies report higher con-
centrations of trace metals in the fine fraction [59, 120—
122]. This conservatively estimated uptake was compared
to the probable tolerable daily intake (PTDI) levels by the
Joint FAO/WHO Expert Committee on Food Additives
(JECEA).

Delft 3D FM model

The program Delft3D FM was used to model sedi-
ment transport during the July 2021 flood event in
Eschweiler. The 2D-model incorporates depth-aver-
aged velocities, at which the river is modeled with
rectangular grid cells, and the floodplains are mapped
with triangular cells. In total, the grid covers an area
of 3.62 km? and consists of a total of 44,468 cells and
24,007 nodes. The average size of the cells is 72.24 m?,
with the smallest cell covering an area of 9.86 m? and
the largest an area of 312.63 m? The grid has a grid
width of 3.25 m to 28.2 m with a maximum orthogonal-
ity of 0.382 and an aspect ratio ranging from 1 to occa-
sionally 4.19.

The bathymetry is based on a DEM 1, and the river
tube was deepened by 1.3 m. This value was obtained
by looking at the cross-sections of the Inde in the study
area. Additionally, buildings were added to the DEM. An
inflow hydrograph, the inflow over time, serves as the
inlet boundary condition, and the water level as a func-
tion of the flow serves as the output boundary condition.

For the value of the Chézy friction coefficient, 31 m'/?/s
was set when calibrating the model based on the flood
risk maps [123-125] with a reference discharge of
185.3 m?/s at a water level of 3.4 m. The water levels on
the floodplains varied by less than 0.1 m on average.

During the flood incident in mid-July 2021, a maxi-
mum water depth of 3.7 m was measured at the gauging
station Eschweiler, but the corresponding discharge is
unknown. Thus, an equivalent maximum flood wave dis-
charge of 270 m®/s was estimated and applied over 6 h,
representing the peak of the flood wave from July 15th
2021, at 03:30 am to 09:30 am. Peak water depths in the
model matched flood mark heights with a mean accuracy
of 17 cm.

The sediment transported in the model consists of 6
fractions. These fractions each reflect the mean value
of the grain sizes of the six sediment samples col-
lected within the area defined for the numerical model;



Weber et al. Environmental Sciences Europe (2023) 35:58

samples 6 to 11 (see Table 1). Their sinking velocity was
calculated after Cheng [126]. An initial thickness of the
sediment layer of 2 cm was assumed because the study
area is mostly asphalted. The critical bed shear stress
for sedimentation on the foreshore was set at 1000 N/
m? and in the river channel at 1 N/m?. The critical bed
shear stress for erosion in the river tube was assumed
to be 45 N/m? after Maaf} and Schiittrumpf [127], who
determined the bed shear stress for erosion in the river
bed of the Wurm River for long-term modeling. The
value from the Wurm River, a tributary to the Rur River
following downstream of the Inde River which holds
the same river typology as the Inde River, was applied,

Table 1 Sediment characteristics for the numerical model

Sample Mean diameter (pm) Corresponding
settling velocity
(cm/s)

6 94.78 0.593

7 104.57 0.713

8 69.73 0.341

9 31.74 0.079

10 90.98 0.553

11 91.25 0.556

Mean sediment diameters of samples incorporated into the numerical modeling
and their corresponding settling velocity after Cheng [126]. Only the sediment
samples taken from the defined model area were incorporated into the model,
i.e, samples6to 11

100
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70+
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a0t
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since the Inde River is not wadable in the section of our
study area and therefore, bed samples cannot be col-
lected with reasonable effort.

Results

Flooded area and sediment deposition

The reconstructed inundation area, as derived from the
flood marks and the DEM 1, significantly exceeded the
previously mapped area for a rare flooding event (see
Fig. 2). Flood control design dimensions are clearly
exceeded resulting in the flooding of large parts of the
floodplain, much of which is occupied by built-up areas
belonging to the city of Eschweiler.

The numerical model provided the probable thickness
of the accumulated sediment layer deposited by the July
2021 flood (see Fig. 2). Almost the entire inundation area
was covered by a thin sediment layer of less than 10 cm.

Areas with large sediment accumulations (>40 cm)
were banks on impact slopes, areas next to bridges, low-
lying areas such as fields, car parks or field paths, a ditch
running parallel to the Inde river, and where the water
current encounters barriers like buildings. In these areas,
the model output predicted sediment thicknesses of 40 to
60 cm and, occasionally, up to 87 cm.

Erodible flood sediments
The readily erodible silt- and clay-sized fraction (i.e.,
particles<63 pm) made up 32% to 96% of the sediment

- HQextreme O Samples

km
|:| Model area 0 1 2

g Flooded area

2 63 20 63
grain size [um]

200 630 2000

Fig. 3 Sum curves of grain size for all flood samples. The dashed black lines give the limits of PM, ; and PM,, respectively. All sampling points
are depicted in the map on the right. The dark blue area in the map indicates the inundated area in case of an extreme event (return period
of significantly more than 100 years). The light blue colored area indicates the modeled inundation area for July 2021, which exceeds the designated

inundation area of an extreme event
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samples (Fig. 3). PM,, and PM, ; accounted for 13% to
42% and 6% to 17%, respectively. Even though PM,, is
the standard for assessing inhalation exposure, Goix et al.
[120] recommend considering all particles<50 yum for
the evaluation of exposure to prevent underestimating
the exposure of children, mainly because children dis-
play intense hand-to-mouth activities, which is a crucial
exposure route in terms on ingestion of sediment. In our
study, PM;, varied between 28 and 92% (see Table 2). All
samples showed a distinct maximum of their grain size
distribution for silt-sized particles. However, samples 3
and 4 contained significant amounts of sand (63% and
68%, respectively), whereas sample 2 generally had the
highest amount of fine material. All these samples were
taken upstream from the city center. Samples collected
within the city center of Eschweiler (samples 6-11) were
in between these extremes.

Especially for medium to coarse silt, there seemed to
be a trend for the samples to be less enriched in finer
material if collected in the vicinity of the river channel.
This coarsening is related to higher flow velocities close
to the channel resulting in higher transport capacity for
finer materials. Contrary, distant from the channel, also
the finest materials are deposited. This effect was evi-
dent for the finer samples 7, 8, and 9 versus samples 10
and 11, collected nearby but much closer to the channel.
However, the very local morphology of the sampling spot
played an important role. This effect was apparent for
samples 1 and 2. The much finer sample 2 was taken from
a small depression, whereas sample 1 was collected next
to a minor road, which enabled higher flow velocities.

Trace metal enrichment in flood sediments

We focussed on health-relevant trace metals exhibiting
an enrichment over their background concentrations,
i.e,, EF>1 for all samples. This statement was true for
eight metal(loids), which were enriched in the following
order Zn>Cu>Pb>Cd>Sn>As>Sb>Ni (see Table 2).
For absolute mean concentrations, the order was Zn>P
b>Cu>As>Ni>Cd>Sn>Sb (see Fig. 4). This highlights
the relevance of Zn, Pb, and Cu in the Inde catchment.
Zn and Pb were mined for centuries and built the basis
for intense industrial development. Even though Cu was
imported in large parts, it was an essential raw material
for the brass industry in Stolberg, upstream from Esch-
weiler [102].

A somewhat simple and easy-to-implement assessment
of the trace metal-related risk is the comparison of metal
concentrations with threshold concentrations. Here, the
trigger action values as collected by Kabata-Penidas [128]
from several European legislative documents as well as
Screening Levels compiled by the US EPA [129] from
North American legislative documents were consulted.
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Fig. 4 Boxplots of the absolute concentrations of trace metals,
which showed enrichment over their background concentrations.
All concentrations are given in mg/kg. Blue lines indicate the upper
and the lower limit of the trigger action values as collected
by Kabata-Penidas [128] from several European legislative
documents. The upper limit for Ni exceeds the range of the plot. The
red line indicates the geometric mean of screening levels compiled
by the US EPA [129] from legislative documents with a focus on North
America

Lower and upper limit of
Trigger Action Values

Figure 4 shows boxplots of the concentrations of the rel-
evant trace metals together with critical values for their
concentration. For Zn and Pb, all samples exceeded the
upper boundary of limits severely. Depending on the
applied limit, Cd, Cu, and As also exceeded the thresh-
old concentrations for most or all samples. The concen-
trations of Sb were in the range of the limits. Ni and Sn
mostly did not exceed the concentration limits, even
though they were enriched compared to the background.

The I, which is based on enrichment over back-
ground concentrations, addresses the question of pollu-
tion independent of ecologically defined threshold levels.
For its interpretation, it is important to keep in mind its
logarithmic character, resulting in each class implying a
doubling of enrichment over background concentrations.
The resulting seven classes rank trace metal concen-
trations from practically uncontaminated to extremely
contaminated.
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Fig.5 Heatmap of the Iy, for the enriched trace metals in samples
1to 12. Note the logarithmic character of the /g, Contamination

is evident for Sn, Cd, Pb, Cu, and Zn. For Ni, Sb, and As, enrichment
over the background concentration is insignificant, resulting in an ge,
below 1

The samples were heavily to extremely contaminated
with Zn, with most of the samples being heavily contami-
nated (g, >5) (see Fig. 5). Samples 3 and 10 reached a
maximum of f,,,=5.7. Miiller [118], when introducing
the I, stated that, even though the uppermost class has
no upper limit, the /,,, will exceed a value of 6 in river-
ine sediments only on rare occasions. This highlights the
intensity of the Zn contamination. The I, for Cu ranged
between 2.5 and 3.7, indicating mostly heavy contamina-
tion. Pb showed moderate to heavy contamination, hav-
ing an [, between 1.7 and 2.8. Even though Cd exceeded
the trigger action levels (Fig. 4), it resulted only in moder-
ate contamination (Fig. 5). Sn showed moderate contami-
nation, presumably linked to the float glass production
using tin baths, which is common in Stolberg’s glass
industry [130]. For As, Sb, and Ni, the [, was mainly<1,
indicating no contamination with these trace metals.
Even though they were enriched compared to the back-
ground, as indicated by the enrichment factor > 1, the /,,,
suggested no contamination due to multiplying the back-

ground concentration by a factor of 1.5 (see formula 1).
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There were no clear trends apparent when comparing the
samples to each other. Noteworthy, the relatively coarse
samples 3 and 10 seemed to contain the highest level of
contamination.

Trace metal exposure

Daily intake of the analyzed trace metal based on esti-
mated daily ingestion of 190 mg of soil and dust, along
with their PTD], is listed in Table 3. For most elements,
the modeled daily intake was within limits defined by
the WHO. Some trace metals and their compounds are
essential for the life of plants, animals, and humans,
resulting in high tolerable daily doses for some com-
pounds [128]. Only the modeled intake of Pb exceeded
the PTDI for those samples with high Pb concentrations.
This applies to samples 2, 3, 4, 10, and 12. Though, fol-
lowing the most recent WHO updates, no safe level of
exposure could be identified for Pb and As. Therefore,
exposure to these elements is of concern as a matter of
principle. However, as the intake of As was below the
outdated threshold level, we assume that only Pb was of
major concern (Table 3).

Discussion

Risk assessment

The I, indicates contamination of the flood sediments
by Zn, Cu, Pb, Cd, and Sn. This enrichment in several
trace metals is not unexpected, as the simultaneous
enrichment of Pb, Cd, and Zn is common for zinc smelt-
ing areas [71] like the Inde catchment. The resulting
industrial development leads to multi-element contami-
nations typical for regions with long industrial history
[121]. Other relevant industries besides the coal and steel
industry, some of which are still located in Eschweiler
and Stolberg today, were glass production, the pharma-
ceutical industry, the chemical industry such as detergent
production, and the textile industry [138]. These indus-
tries settled preferably to use the water on the Inde and
Vicht rivers [103]. Sewage treatment plants, another typi-
cal source of trace metals, mainly emit Hg, Cu, Cd, Zn,
Pb, Cr, and Ni [139]. The Stolberg-Steinfuhrt wastewater
treatment plant is located immediately upstream of Esch-
weiler in Stolberg and discharges treated wastewater into
the Inde river. In the Inde catchment, the average amount
of zinc in stormwater collected for treatment is 0.62—
2.38 t/a and of copper 0.09-0.36 t/a [140].

However, the absolute concentrations of trace metals
found in the flood sediments in Eschweiler exceed the
values reported by Esser et al. [102], who investigated
channel sediments from the Inde River. This implies addi-
tional pollution sources that are usually not part of the
fluvial sediment system. Undercutting and subsequent
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Table 2 Results of XRF-measurement, EF calculation, and grain size analysis for all flood samples
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Sample N° 1 2 3 4 5 6 7 8 9 10 11 12 X + 20-background
Absolute concentrations (mg/kg)
c(Al) 48,645 64,900 50,310 55550 52,145 53825 58410 56,045 54,280 55675 47450 56835 82564.0
c(Ni) 56.1 731 709 64.9 604 63.1 66.7 63.8 586 753 55.2 64.8 285
c(Cu) 2411 3752 4981 3669 3580 3315 3748 3841 2846 5682 3315 4047 29.0
c(Zn) 17970 48445 87600 84205 49715 56350 57725 62465 48120 85865 77040 6294.0 1123
C(As) 387 71.8 734 79.6 576 859 83.7 86.1 834 54.0 64.8 286
c(Cd) 8.1 43.5 29.5 22.8 217 17.2 263 28.0 253 29.1 25.0 20.7 55
c(Sn) 18.5 29.0 25.2 219 246 16.9 19.8 240 254 279 18.9 17.7 0.4
c(Sh) 19.2 322 11.1 9.5 19.9 76 163 17.7 223 10.0 7.5 12.2 6.6
c(Pb) 7724 1633.0 15835 15480 12045 12285 12980 13060 11690 1683.0 11005 14675 161.6
Enrichment factor with Al as reference element
EF(Ni) 33 33 4.1 34 33 34 33 33 3.1 39 34 33
EF(Cu) 14.1 16.5 28.2 18.8 19.6 17.5 18.3 19.5 149 29.1 19.9 203
EF(Zn) 27.2 549 1280 1115 70.1 77.0 72.7 82.0 65.2 1134 1194 814
EF(As) 23 4.1 3.8 44 3.1 4.2 43 46 43 33 33
EF(Cd) 25 10.0 8.8 6.1 6.2 4.8 6.7 7.5 7.0 7.8 79 54
EF(Sn) 49 57 6.4 5.0 6.0 40 43 55 6.0 6.4 5.1 4.0
EF(Sb) 49 6.2 2.8 2.1 4.8 1.8 35 39 5.1 22 2.0 2.7
EF(Pb) 8.1 129 16.1 14.2 11.8 1.7 114 1.9 11.0 154 11.8 132
Grain size distribution
Mean (um) M7 219 2176 1584 814 94.8 1046  69.7 31.7 91.0 91.2 86.6
Mode (um)  34.6 287 1854 2234 458 729 346 380 380 50.2 60.5 729
Median (um)  25.1 14.0 1226 1426 402 594 263 274 251 46.5 54.7 552
PMg 1 (%) 04 05 0.2 0.2 03 03 04 04 04 03 03 03
PM, 5 (%) 14.3 16.7 6.5 6.4 9.6 9.2 125 126 13.0 9.9 85 94
PM; (%) 335 423 14.0 132 215 19.3 29.0 282 29.2 213 17.8 193
PMs (%) 68.5 924 31.7 27.8 61.3 459 74.1 759 824 54.4 484 483

Concentrations of all trace metals analyzed in further detail along with concentrations of Al are given for all samples and the calculated background baseline. The
selection of the tace metals is based on their EF being > 1 for all samples. Additionally, the grain size statistics are given, including the percentage of health-relevant

size classes

failure of river banks was a commonly observed result
of the flood [88]. Due to the many legacies in the flood-
plains of the region, this is expected to lead to an intense
input of trace metals into the system [4]. Regular flood-
ing washes off unconsolidated sediments which are prone
to erosion due to missing vegetation or weathering. Once
this sediment is flushed away, no readily available sedi-
ment is left, and the discharge might increase further,
but the sediment load declines [38]. Extreme flood events
cross certain thresholds, which enable the erosion of far
larger amounts of sediments, e.g., by lateral erosion of
the river bank [141]. As soon as this process starts, large
amounts of erodible sediments are exposed to strong cur-
rents. In case also coarser grain sizes, such as gravel or
boulder get eroded, this might further accelerate erosion.

The flood sediments deposited in Eschweiler are
severely enriched in Pb, and concentrations were many
times higher than the upper limits of trigger action val-
ues. This result is of special concern as no level of Pb

exposure is assumed to be safe [131, 142]. A large part
of the exposure of the public to Pb results from the
resuspension of contaminated soils [70]. This finding
is supported by the fact that blood Pb levels in children
correlate with weather conditions, e.g., warm and dry
weather aggravates soil resuspension [70]. For several
American cities, the resuspension of fine materials was
found to be the main source of atmospheric Pb [143].
While the acute toxicity of Pb was low, the long-term
effects are of worrying relevance [131]. Therefore, the
general enrichment of Pb in surface sediments within the
Inde catchment is of even more concern than the expo-
sure to the moderately to heavily contaminated flood
sediments ([, ranges between 1.7 and 2.8). However,
floods play a major role in exposure because they induce
erosion, redistribution, and the deposition of fine materi-
als in inhabited areas.

Even though absolute concentrations were low, the
enrichment of As in flood sediments is of concern for
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Table 3 Daily intake of trace metals along with their PTDI levels

Probable tolerable
daily intake (mg/

Trace element Daily dose of ingested

trace elements (mg/

day) day)®

Min? Max?
Pb 0.147 0.320 0.268[131]
As 0.007 0.016 0.161°[132]
Cd 0.002 0.008 0.075 [133]
Sb 0.005 0.320 0.450 [134]
Ni 0.010 0.014 0.975[135]
Zn 0.341 1.664 75[136]
Cu 0.046 0.108 37.5[136]
Sn 0.003 0.006 150 [137]

The intake levels are based on recommendations by the JECFA, except for the
nickel PTDI, which is suggested by the European Food Safety Authority’s Panel
on Contaminants in the Food Chain. The listed PTDI levels for Pb and As are old
levels withdrawn by now, as no safe level of exposure can be identified

2 Minimum and maximum dosage are derived from the minimum and maximum
concentration of each trace metal over all samples, respectively

b Assuming an average body weight of 75 kg

€ Italic writing indicates withdrawn intake levels, no health-protective value can
be established

human health. Uptake of As from soil and dust is a well-
known phenomenon linked to shortness of breath, cough,
and chest pain [19], with long-term exposure being car-
cinogenic [132]. Similar to Pb, no safe level of As expo-
sure can be specified [132]. However, the /,., indicates no
anthropogenic enrichment for As. Therefore, exposure
to As is only due to high background concentrations that
already exceed trigger action values (see Fig. 4). Again,
flooding is relevant because it enhances public exposure
to dust.

The numerical model indicates sediment deposition
for large parts of the flooded area, even at the margin
of the flooding. Sediment deposition strongly depends
on the distance to the channel and objects hindering
water flow [26]. Additionally, samples distant from the
river channel showed higher amounts of the finest par-
ticles. Floods act as mobilization and sorting agents,
thereby depositing the finest particles in the outer area
of the flooding [26]. Therefore, we assume dust genera-
tion to be possibly intense over the whole inundation
area, even in areas where only little total sediment was
deposited. This is even more true for large areas with
sealed surfaces, which are susceptible to erosion due to
their smooth surface structure and missing vegetation
[46]. Moreover, even areas where coarser sediments were
deposited, like, e.g., sandbars, act as source areas for dust
[144]. The amount of deposited sediment in the flooding
corridor was extreme [96], concordant with our model.
In Eschweiler, the uppermost part of the city along the
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river was especially affected by intense sedimentation.
This is because the river valley widens from where the
Inde enters the city center of Eschweiler, resulting in
reduced flow velocities [26] and because the floodplains
are densely populated from here on.

There are generally two paths to consider when look-
ing at exposure to sediments enriched in trace metals.
The first one is the inadvertent ingestion of fine particles,
which stick to the skin [122]. This is especially problem-
atic for children, who exhibit intense hand-to-mouth
activities and have lower tolerances for most trace met-
als. The second path is the inhalation of fine particles
[122], which were resuspended into the atmosphere due
to either wind or anthropogenic impact.

Particle size plays a vital role in the exact uptake within
the human body because it determines the particle’s sur-
face area, which comes in contact with tissues, its abil-
ity to stick to the human skin, limits how deep a particle
can enter the lungs, and governs the body’s capabilities
of ejecting the particle [54, 120]. Additionally, larger
surface areas lead to higher binding capacities for trace
metals and hence higher concentrations within the sedi-
ment [114]. As we only did bulk sample analyses, we can-
not make any statement on trace metal concentrations
within specific size groups. However, several studies
found enriched trace metal concentrations in the finest
fractions [27, 59, 120-122] or the PM, 5_;, fraction [145,
146], raising concerns about elevated concentrations in
the respirable particles. Moreover, finer particles tend to
have higher toxic potential because, for finer particles,
their chemical composition becomes more and more rel-
evant [147]. However, this trend is not unambiguous, as
some studies found higher trace metal concentrations in
PM, s_;, compared to finer particles [81].

Additionally to the flood sediments outdoors, there
also needs to be a focus on sediments deposited indoors,
where contact with the sediments and their possibly
toxic inventory is especially likely. Large amounts of sedi-
ment were deposited in the numerous buildings affected
by the flooding, especially in the basements. However,
the exposure also extends to non-flooded buildings, as
transporting exterior sediments into homes, e.g., due
to attachment to shoes and clothing [70], is an impor-
tant pathway for exposure [148]. In addition, sediments
attached to people’s skin may be a crucial transport vec-
tor from outdoors to indoors. Particles <63 pm with the
potential to adhere to the human skin [149, 150] com-
prise up to 96% of the material in the flood sediment
samples collected in Eschweiler. Subsequently, this sedi-
ment may get ingested inadvertently. Particles<2 pm,
which account for 6% up to 15% of the flood sediment
samples, can even get incorporated into the skin’s surface
[122]. Therefore, indoor exposure to flood sediment may
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persist even after buildings have been cleaned of sedi-
ment in the first place.

The concentration of airborne PM indoors is higher
than outdoors in the aftermath of flooding events [151].
Moreover, indoor dust tends to accumulate trace met-
als from outdoor and indoor sources [146]. Additionally,
resuspended PM, is proven to be enriched in trace met-
als compared to settled dust indoors, and resuspension of
dust plays a key role in PM levels indoors [146]. Indoor
air quality has been shown to be severely deteriorated
even months after flooding events and even after full-
scale remediation efforts. However, biological particles
like mold and fungi have a large share in this [151].

Durational effects are important, as mortality increases
for each day with elevated PM,, concentrations [56].
One and a half years later (December 2022), even though
cleaning up and rebuilding made progress, there are still
marks of fine sediment in the affected areas. In the pave-
ment joints as well as on rough walls, sediments are still
trapped in the low-lying parts. Every brushing of these
pavements will release some of the material. Regarding
the broad deposition of fine sediments enriched in pos-
sibly toxic trace metal beyond critical threshold concen-
trations, there is a significant risk for the people exposed
to the flood sediments in Eschweiler. Moreover, there is
no level of PM exposure at which no health risk is to be
expected [63].

The devastating character of the event led to a broad
response in society with a high willingness to support
as volunteers. In addition, the police, fire department,
technical relief organization, the German Federal Armed
Forces, medical specialists, and many other organizations
were involved in the work with a high level of deployment
[92, 97]. Thereby, not only those directly affected by the
flooding are at risk, but everyone who contributed to the
rescue, relief, and clean-up efforts. Even at the beginning
of 2022, volunteers were still working in flood-affected
regions [97].

This risk is also increased if the contaminated sedi-
ments come into contact with vulnerable groups of peo-
ple. For example, children have a generally higher risk
when exposed to trace metals [19, 121]. In a broader
sense, vulnerability has frequently been shown to be
related to several factors like demographics, health, soci-
oeconomic factors, and risk perception [52, 90]. The 2021
July flood disproportionately affected vulnerable groups
of people [9]. In the study area, kindergartens, schools, a
retirement home, and a hospital were flooded, and thus
contaminated sediments were also carried into these
buildings.
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Limitations due to unknown bioaccessibility
Bioaccessibility describes that part of any substance solu-
ble in the target organ [120]. Hence, following ingestion,
it is the gastrointestinal tract where gastric bioaccessi-
bility plays the decisive role, while after inhalation, the
respiratory bioaccessibility in the lungs is crucial. These
two values can differ significantly [120]. Bioaccessibility
depends on a complex interplay of physical and chemi-
cal properties of the element, like aggregation, binding
to clay minerals, being part of a solid mineral structure,
and many more. The preferred determination methods
are extraction experiments (commonly used are Artifi-
cial lysosomal fluid or Gamble’s solution; for details, see
[61] and [69]), which is beyond the scope of this paper.
Therefore, trace metal concentrations in this paper pro-
vide an upper-end estimate of potential toxicity [45].
General predictions on bioaccessibility are impossible, as
the share available for uptake in the lungs varies greatly
[81]; da Silva et al. [152] found values from 1.1% up to
93% to be bioaccessible. Yet, Luo et al. [122] found signifi-
cant correlations between trace metal concentrations and
human bioaccessibility. For the Inde catchment, a corre-
lation between total trace metal concentrations and the
generally bioaccessible fraction is proven [153].

Soluble metals are the main driver of the toxic poten-
tial of PM [61] as they can directly diffuse across the lung
membrane [63]. High solubilities were proven for Pb, Cu,
Cd, As, Sb, Sn, and Ni, which are enriched in the Esch-
weiler flood sediments [81, 120, 154]. Additionally, there
is evidence that the melting process increases the bioac-
cessibility of metals (Cd and Pb) [120]. This is problem-
atic, as much of the trace metals in the fluvial sediments
of the Inde originate from mining legacies [102]. Further-
more, finer particles tend to have higher solubilities [75],
which further enhances the risk of the inhalation of trace
metal-enriched sediments.

Recommended actions

Considering the high chance of more frequent flooding
in the future [3], the widespread deposition of fine flood
sediments, and the persistence of trace metals in catch-
ments influenced by former mining activities, we propose
the following steps to address the exposure of the public
to polluted high flood sediments:

I. Improving flood mapping

Numerical modeling proved to be a helpful tool to assess
the areas affected by sediment deposition and might be
useful as flood risk mapping needs to be improved to
even smaller scales [93, 155]. However, the absolute sedi-
ment deposition might be overestimated due to the dis-
tinct features of cities, e.g., sewage systems. Flood maps
should also include potential pollution sources like legacy
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sites and industrial areas relevant to pollution so that it
becomes visible where protection measurements are nec-
essary and to warn people downstream who might be
affected by the polluted sediments. However, in catch-
ments affected by diffuse pollution, like the Inde catch-
ment, it seems more appropriate to educate people about
the pollution risks generally. Our results showed that all
flood sediment samples were severely enriched in several
risk elements and should therefore be treated cautiously.

Il. Extending warning mechanisms

In the subsequent evaluation of the flooding event, it
became apparent that warnings and awareness within
the general public of flood-related risks were very much
insufficient [88, 156]. Part of the problem was that the
July 2021 flood exceeded all floods the affected people
had experienced so far. Therefore, their safety measure-
ments, which had proven reliable during other flood
events, were insufficient [156]. Warning messages that
include precise information on appropriate behavior sig-
nificantly positively influence the ability to cope with the
situation [157]. However, recommendations on behav-
ior are sparse, with only one-third of media coverage in
advance of the July flood dealing with it [157].

Ill. Improving clean-up activities

Dust clean-up is a difficult, often failed task [150] and
should not rely only on purely mechanical methods as
they often miss smaller particles [158]. Water flushing
can be an effective tool to remove erodible sediments,
reduce dust emissions and thereby prevent people’s expo-
sure to them [158]. Furthermore, post-flood cleaning has
proven efficient in preventing indoor aerosol contamina-
tion [8].

IV. Specialized medical support

Thorough control of exposure to airborne particles, edu-
cation about symptoms, and routine medical assessment
build the best approach to prevent health issues [64].
People returning to their homes should be under the care
of medical professionals [51]. The options for remediat-
ing in the Inde catchment are limited as a high input of
diffuse sources has to be expected [159]. Therefore, pro-
tecting the endpoint, i.e., people, is the essential tool for
mitigation. Educating people in advance instead of solely
relying on warnings as soon as the event is predicted or
even during it is a key point.

V. Raising awareness

Raising public awareness of the risks due to contami-
nated flood sediments, as well as educating about suitable
safety measurements, is vital because the changes within
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the landscape due to the July 2021 flood may lead to a
modified yet unpredictable response to smaller rainfall
events in the future [90, 96]. The intense erosion led to
the mobilization of large amounts of fine sediments that
can now easily be eroded by smaller events, which conse-
quently will have higher sediment loads [88]. Moreover,
a decrease in the return period of similar events is pro-
jected by climate models [85, 86, 90], making the reduc-
tion of vulnerability and exposure a key task [90].

Conclusions

This study showed that during the extreme flood-
ing of July 2021, large parts of the city of Eschweiler
were covered with fine sediments enriched in possibly
health-relevant trace metals. These sediments consist
largely of fine material (32% to 96% <63 um), which
can be easily entrained into the atmosphere and get
inhaled, or they stick to the human skin, from where
they can be ingested inadvertently. With regard to
a potentially health-relevant intake of trace metals,
only the concentrations of Pb appear to be of concern.
However, other substances such as Zn, Cd, As, and
Cu also exceed international concentration limits for
sediments in most flood sediment samples. Therefore,
long-term monitoring must be considered, also cover-
ing the effects on ecosystems. In addition, the effects
of other pollutants, such as organic pollutants, mold,
and fungi, which grow quickly in moist materials,
pathogens, and mental health issues due to the trau-
matic experiences during the flood event, should be
taken into account.

To address the health risks due to flood sediments,
we propose to improve flood mapping, extend warning
mechanisms to include guidance on appropriate behav-
ior, and raise awareness for the health-related possible
risks of flood sediments. In addition, in the aftermath
of events like the July 2021 flooding, clean-up activities
need to be improved to minimize dust generation, and
people exposed to flood sediments, which also covers
helpers, need to be provided with specialized medical
support.

Abbreviations

EF Enrichment factor

I Geoaccumulation index

Joint FAO/WHO Expert Committee on Food Additives
PM Particulate matter

PMs, Particulate matter of <50 um diameter
PM; Particulate matter of <10 ym diameter
PM, 5 Particulate matter of <2.5 um diameter
PTDI Probable tolerable daily intake

XRF X-ray fluorescence
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