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Abstract Urban and agricultural areas affect the
hydraulic patterns as well as the water quality of
receiving drainage systems, especially of catch-
ments smaller than 50 km?. Urban runoff is prone
to contamination due to pollutants like pesticides
or pharmaceuticals. Agricultural areas are possi-
ble sources of nutrient and herbicide contamina-
tion for receiving water bodies. The pollution is
derived from leaching by subsurface flow, as well
as wash-off and erosion caused by surface runoff.
In the Luxembourgish Mess River catchment, the
pharmaceutical and pesticide concentrations are
comparable with those detected by other authors
in different river systems worldwide. Some inves-
tigated pesticide concentrations infringe current
regulations. The maximum allowable concentra-
tion for diuron of 1.8 ug 17! is exceeded fourfold
by measured 7.41 pug 17! in a flood event. The load
of dissolved pesticides reaching the stream gauge
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is primarily determined by the amount applied
to the surfaces within the catchment area. Storm
water runoff from urban areas causes short-lived
but high-pollutant concentrations and moderate
loads, whereas moderate concentrations and high
loads are representative for agricultural inputs to
the drainage system. Dissolved herbicides, sul-
fonamides, tetracyclines, analgesics and hormones
can be used as indicators to investigate runoff gen-
eration processes, including inputs from anthro-
pogenic sources. The measurements prove that
the influence of kinematic wave effects on the re-
lationship between hydrograph and chemographs
should not be neglected in smaller basins. The
time lag shows that it is not possible to connect
analysed substances of defined samples to the
corresponding section of the hydrograph.
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Introduction and objectives

Different flows originating from agricultural land,
settlement areas and affiliated infrastructures neg-
atively affect especially the storm water runoff of
receiving water bodies. The hydraulic and chem-
ical consequences depend on specific source and
regional catchment conditions. In this context,
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the ever-increasing amount of impervious and
compacted surfaces in central Europe leads to
faster runoff and larger storm water discharges
in affected drainage systems. Especially catch-
ments smaller than 50 km? are influenced by
anthropogenic activities and contamination from
different pollutant sources. Primarily urban and
agricultural areas affect the hydraulic patterns, as
well as the water quality, of receiving drainage sys-
tems. Urban runoff is prone to contamination due
to wash-off from urban surfaces (e.g., facades/roof
protection pesticides, garden/roadside weed re-
moval herbicides, pharmaceuticals), as well as
erosion in the sewer system. Furthermore, agricul-
tural areas are possible sources of contamination
for receiving water bodies (nutrients, pesticides,
etc.). The pollution is derived from leaching by
subsurface flow, as well as wash-off and erosion
caused by surface runoff. Hydro-meteorological
conditions, agricultural activities, rainwater man-
agement practices, as well as affiliated manmade
structures induce differences in the sequences of
discharge (hydrographs) and chemical composi-
tion (chemographs) of storm water runoff, as do
relocation and erosion within the watercourse,
exchanges and solution processes (e.g., with near
groundwater) and the kinematic wave effect. The
interactions of varying sources and processes
within the watershed are intricated within flood
events and always result in different hydro- and
chemographs.

On one hand, this study investigates a multi-
tude of pharmaceuticals and pesticides, with the
objective of obtaining an overview of average
and top-level pollution concentrations at the small
Mess catchment in Southwestern Luxembourg. In
this context, the observation of flood events is
important, because analyses carried out during
baseflow conditions can lead to a strong underes-
timation of real concentrations and related fluxes.
On the other hand, dissolved pesticides and phar-
maceuticals are used as indicators to investigate
runoff generation processes, including inputs from
anthropogenic sources. For the final investigation
of the structure and composition of flood events,
with regard to discharge components in a high
temporal resolution, further effects of channel
processes such as first flush and kinematic wave
effects are discussed.
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State of the art

Urban storm waters are mostly characterised by
short, quick and high discharges (Chang 2007,
Diaz-Fierros et al. 2002; White and Greer 2006).
Rainwater management practices differentiate be-
tween combined and separated sewer systems,
both of which can be completed by retention mea-
sures. In consideration of discharge limitations,
especially in combined sewer systems, the precipi-
tation intensity is a key factor for combined sewer
overflows (CSO). Generally, directly connected
systems have a strong impact on the receiving
water body (Hatt et al. 2004; Lee and Bang 2000;
Marsalek et al. 1993).

During the last years, the analytical techniques
have been significantly improved so that xeno-
biotics can now be detected in surface water,
drinking water reservoirs, or in groundwater in
the range of some nanogram per liter. The input
pathways of those substances into our environ-
ment vary, but in most cases, dissolved pharma-
ceuticals reach the surface water via treated
or untreated sewage discharge either. A large
number of xenobiotics, including sulfonamides
(sulfathiazole, sulfamethoxazole, sulfadimeth-
oxine, sulfamethazine), tetracyclines (chlortetra-
cycline, oxytetracycline, tetracycline), analgesics
(ibuprofen, diclofenac), alkylphenolic compounds
(4-nonylphenol, 4-tert-octylphenol, nonylphenol
monoethoxylate, nonylphenol diethoxylate) and
hormones (estrone, 17f3-estradiol, 17«-ethinyl-
estradiol) is detected (Davi and Gnudi 1999;
Hernandez et al. 2007; Kolpin et al. 2002; Renew
and Huang 2004). Pesticides are also known to
be present in many environmental compartments,
including sediments, groundwater and surface
water. Besides agricultural applications, various
herbicides are used in the urban environment e.g.
facades and roof protection, garden and roadside
weed removal (Blanchoud et al. 2004; Botta et al.
2009; Leu et al. 2005; Skark et al. 2004; Wittmer
et al. 2010). Sometimes the diffuse pesticides
input from urban areas via CSO exceeds the
annual load of point source emissions by water
treatment plants (Taebi and Droste 2004).

The main sources contributing to contamina-
tion of urban storm water runoff are the applica-
tion of plant protectants on urban surfaces, wet
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and dry deposition of contaminants from the
atmosphere and pollutant allocation from road
traffic (Gilbert and Clausen 2006; Greenstein
et al. 2004; Kim et al. 2006; Leu et al. 2005). The
wash-off effect from contaminated surfaces and
the following runoff concentration and in most
cases its direct discharging by channels or pipes
often leads to high concentrations in urban storm
water runoff (Gnecco et al. 2005; Krein et al. 2007;
Van Metre and Mahler 2003). Moreover, event-
based and seasonal first flush effects intensify the
pollutant concentrations significantly (Barco et al.
2008; Deletic 1998; Lee et al. 2004; Robson et al.
2006; Tiefenthaler et al. 2008; Wittmer et al. 2010).
The impact of event-based first flush effects
is grave especially for receiving waters, which
are influenced by rainwater management systems
without retention measures. Further contamina-
tion results from the erosion of deposits inside
of pipes. This process, as well as mixing with
domestic wastewater, is crucial for the additional
contamination of rainwater runoff in combined
sewers (Gromaire et al. 2001; Kafi-Benyahia et al.
2005; Schriewer et al. 2008). The urban storm wa-
ter runoff impacts from several sources differ due
to the varying discharge generation and affiliated
area’s structure. The composition of urban storm
water however is lesser affected by general land-
use type, excluding industrial areas (Asaf et al.
2004; Lee and Bang 2000).

In contrast to urban areas, the water pathways
of agricultural land are mostly characterised by
subsurface runoff, deep percolation and evapo-
ration. The formation of surface runoff within
storm events is possible as well and depends on
the runoff connection to the drainage system as
well as surface and bedrock conditions (Chapman
et al. 2001; Deasy et al. 2009; Elrashidi et al.
2005). The greater proportion of ground and soil
water, of flood waves from agricultural areas, lead
to elongated peaks, with a lower maximum and
smaller event discharge.

Due to the usage of pharmaceuticals in ani-
mal husbandry and the application of pesticides
and fertilisers, these compounds are often present
in agricultural areas. These substances and their
metabolites could affect natural drainage systems.
The leaching is a possible pathway under dry
weather conditions, whereas wash-off and erosion

effects occur only under wet weather conditions.
The increase of subsurface flow and the occur-
rence of surface runoff within storm events could
lead to a relevant concentration increase of pesti-
cides, nutrients and pharmaceuticals in the receiv-
ing water body (Freitas et al. 2008; Heberer 2002;
Kay et al. 2004; Li et al. 2008; Ng et al. 1995; Pailler
et al. 2009a, b; Poor and McDonnell 2007).

Processes occurring within the watercourse,
such as relocation and erosion, as well as exchange
and solution processes (e.g. with near groundwa-
ter), represent further diffuse sources of chem-
icals. The kinematic wave effect influences the
relationship between discharge and chemical load,
leading to important time lags between hydro-
and chemographs, as well as suspended sedi-
ments, even in small catchments (Chapman et al.
1993; Krein and DeSutter 2001; Kurtenbach et al.
2006). Antecedent conditions, as well as sources
and processes mentioned above inside the water-
shed are intricate within flood events and induce
differences in the sequence of discharge and in
chemical composition of storm water.

Area under investigation

Luxembourg is divided into two natural regions,
the Oesling in the north (225-559 m above sea
level) and the Gutland in the south (140-440 m
above sea level). Hydrological measurements are
conducted in the small Mess catchment in the
southwestern part of Luxembourg. It is located
in the Gutland region, which is characterised by
a cuesta landscape where large gentile sloped
valleys occur on marly substrates, contrasting
with the deeply cut Luxembourg sandstone. The
basin has a total surface area of 32.5 km? at
the stream gauge. Marls and sandy marls of the
sedimentary Paris basin dominate the lithology
(93% Lias bedrock, 7% alluvials near the stream
network). The marly bedrock is considered as
being mostly impermeable. Luvisoils, pelosoils,
planosoils, fluvisoils and gleysoils are dominating,
with a silty—clayey to clayey texture. The land
use in the basin consists of grassland (58%) and
arable land (22.7%); forest is about 9.7%, urban
and industrial areas amount to 8.7%, 2.3% con-
tain the road and rail network (Fig. 1). The most
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Fig. 1 Area under
investigation
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widespread crops are maize, colza and winter
wheat. Runoff from several roads, effluents from
small industries and untreated wastewaters from
solitary farms and storm drainages of the com-
bined sewer system influence river water quality.
A mechanical-biological sewage water treatment
plant is located in the small village of Reckange.
This purification plant is connected with 3,500 in-
habitants (340,000 m?® sewage per year). Housing
areas are drained by a combined sewage water
system with several storm-control reservoirs.

By passing above the Ardennes massif, the
dominating westerly atmospheric fluxes cause
annual rainfall totals in Luxembourg exceeding
900 mm. December, January and February are the
wettest months (more than 100 mm), while April,
August and September are the driest months (less
than 70 mm) on average. January is the cold-
est month (0°C) and July the warmest month
(16.9°C). Monthly potential evapotranspiration
values vary from 81.8 mm in July to 13.5 mm in
December (Local station, 1971-2000). The runoff
regime is of pluvial oceanic unimodal type, with
high runoff occurring during winter (maximum
runoff in February) and low runoff occurring in
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summer (minimum runoff in September). A me-
teorological station of the ‘Administration des
services techniques de I’ Agriculture’ (Agriculture
Administration) is recording the most impor-
tant hydro-climatological parameters, such as air
temperature and humidity (both in 2 m above
ground). Rainfall (1 m above ground) is measured
in ten minutes intervals with a heated tipping
bucket rain gauge (Lambrecht 15188). This station
is located about three kilometres north of our
stream gauge in the center of the catchment area.

The stream gauge (ISCO 4120 flow logger,
pressure probe) in the village of Pontpierre reg-
isters 15-minute average water levels. Discharge
is obtained with level-to-flow conversions apply-
ing the Manning equation. In parallel, conductiv-
ity is automatically registered in 10-min intervals
(WTW 3310). The mean discharge of the Mess
was of 261 1 s7! in the year 2008, with a specific
runoff of 8 1s~! km~2. During the same year a total
of 253 of 804 mm rainfall had been transformed
into discharge. In summer, multi-peaked flood
waves, which can be traced to consecutive con-
tributions of tributaries and the rainfall patterns,
are characteristic in the catchment. Especially
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thunderstorms produce runoff events characteris-
tic of a steep gradient and a relatively short outlet.
Precipitation events of very small intensities and
amount are indicated by small discharge peaks,
which result predominantly from the runoff from
impervious surface areas. The long-lasting, low
intensity winter precipitation events cause singu-
lar broad discharge maxima, which are primar-
ily composed of laterally flowing soil water and
groundwater. In the Mess basin, during winter
runoff events, the largest dilution mostly occurs
some hours before the discharge maximum. This
dilution is mainly induced by rainwater runoff
from paved surface areas like streets or roofage.
Furthermore, the spillways of the sewage system
storm water retention basins and the sewage water
treatment plant deliver larger volumes of rainwa-
ter and high quantities of diluted sewerage water.

Sampling

Two ISCO autosamplers with 2-1 glass bottles
(24 bottles, non-cooled) were connected to the
flow logger in order to trigger the sampling after
a fixed water level is reached. Subsequently, sam-
pling is performed at different intervals through-
out the duration of the investigated events. Every
sample is a spot sample and not a composite
one, collected during a certain time span. A rep-
resentative selection of samples has been cho-
sen for analysis selected according to discharge
and electrical conductivity (WTW 197i conduc-
tivity meter) or water colour. In total, between
October 2006 and January 2010, 29 flood events
were analysed with respect to nitrate—nitrogen
(NO;-N), nitrite-nitrogen (NO,-N), chloride
(Cl7) and sulphate (SO}"). Fourteen of these
floods were additionally investigated concerning
dissolved pharmaceuticals or pesticides. During
base-flow conditions, grab samples were taken
by hand in brown glass bottles to investigate
low flow conditions before and after the flood
events under investigation. In addition to the sam-
pling described above, during March 2007 and
January 2010, 36 samples were taken from the
outflow of the local sewage water treatment plant
of Reckange. All samples were stored at 4°C in
the dark and processed immediately as described

below. Concentrations of Cl~, NO,—N, SO?[ and
NO;-N were determined by ion chromatography
(Dionex DX-500).

This investigation focuses on the analysis of
four classes of veterinary and human pharmaceu-
ticals (sulfonamides, tetracyclines, analgesics and
hormones). The 12 selected pharmaceuticals in-
clude four sulfonamides (sulfathiazole, sulfameth-
oxazole, sulfadimethoxine and sulfamethazine),
three tetracyclines (chlortetracycline, tetracycline
and oxytetracycline), two analgesics (ibuprofen
and diclofenac) and three hormones (estrone, 3-
estradiol and 17-a-ethinylestradiol). In addition,
the two degradation compounds sulfamethazine-
N4-acetyl and 4'-hydroxy-diclofenac are under
investigation. Furthermore, 19 herbicides belong-
ing to various chemical classes (phenylureas,
chlorotriazines, triazinones, organophosphorus
and chloroacetanilides) were analysed. The
phenylureas are isoproturon, diuron, linuron,
metoxuron, chlorotoluron, monolinuron, meta-
benzthiazuron and metobromuron. From the tri-
azines group atrazine, simazine, desethylatrazine
(DEA), terbutylazine, cyanazine and sebutylazine
were investigated. Considered organophosphorus
herbicides are glyphosate and its main metabolite
aminomethylphosphonic acid (AMPA). Meta-
zachlor and metolachlor were chosen from the
chloroacetanilide herbicide group.

Sample preparation and extraction

Surface water and wastewater were successively
filtered through 3- and 1-um glass fibre filters
(Pall Corporation, Ann Arbor, USA) to elim-
inate the coarse suspended matter and then
filtered through 0.45 um cellulose acetate filters
(Sartorius, Gottingen, Germany). For the extrac-
tion of the pharmaceuticals, the 2 | samples were
acidified to pH 4 with diluted sulphuric acid solu-
tion (25%). Afterwards, 3 ml of Na,-EDTA 0.5 M
were added per liter of water and extracted in
the following 24 to 48 h to minimise degradation
(Choi et al. 2007; Verma et al. 2007). All target
compounds were concentrated by Solid-Phase Ex-
traction (SPE) on polymeric cartridges (Waters
Oasis® HLB, 200 mg, 6 mL) using an automated
SPE workstation (Caliper Autotrace, Teralfene,
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Belgium). One liter of the samples was loaded
on 200 mg-6 ml HLB at 10 ml min~'. The sor-
bents were previously conditioned using 5 ml of
methanol and 5 ml of Milli-Q water at pH 4. After
sample loading, the cartridges were rinsed with
5% of methanol in water (5 ml) and dried with a
stream of N, for 15 min. The selected compounds
were eluted using methanol (2 x 5 ml). Extracts
were concentrated with a gentle stream of N, and
redissolved in 1 ml of a water/acetonitrile 75/25
(v/v) mixtures before HPLC injection.

With the exception of glyphosate and AMPA,
all of the above-mentioned pesticides were
analysed by on-line solid-phase extraction cou-
pled with liquid chromatography and tandem
mass spectrometry. Filtered water samples were
acidified by 0.1% formic acid and spiked with
labelled atrazine as an internal standard. The
pre-concentration of pesticides was obtained by
pumping 10 ml of sample through a Dionex NG1
guard cartridge at a flow rate of 1 ml min~!,
with a Dionex AS-HV high-volume autosampler
and an LPG 3000 gradient pump. The analytes
were then eluted and separated by reverse-phase
HPLC on a Dionex Ultimate 3000 system with an
HPG-3200 binary high-pressure gradient pump, a
WPS-3000 autosampler and a TCC-3100 thermal
compartment.

Due to their specific chemical properties,
glyphosate and its main metabolite AMPA were
analysed by derivatisation with Fluorenylmethy-
loxycarbonyl chloride (FMOC-CI), off-line SPE
and LC-MS/MS. The derivatisation was obtained
by adding 5 ml of Borate buffer (120 mM) and 7 ml
of FMOC-CI solution (2.5 mM in acetonitrile) to
50 ml of filtered sample in a 100-ml glass bottle.
The mixture was left to react overnight at room
temperature, then the derivatisation was stopped
by adding 0.5 ml of concentrated phosphoric acid.
After a dilution with DI-water, the derivatised an-
alytes were extracted by automated off-line SPE
on Waters Oasis HLB cartridges, using the above-
mentioned Caliper Autotrace SPE Workstation.

LC/MS-MS analysis

The chromatographic system consisted of an
Ultimate 3000 Intelligent LC system (Dionex,
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Sunnyvale, USA) with a binary high-pressure
gradient pump HPG-3200, an automatic injector
WPS-3000 and a column oven TCC-3100. For the
analysis of the pharmaceuticals and hormones, the
chromatographic column was a NUCLEODUR
C18 GRAVITY column, 125 x 2 mm internal
diameter, 3 um particle size (Macherey Nagel,
Diiren, Germany). The MS-MS analyser con-
sisted of a triple quadrupole mass spectrome-
ter API 3200 (Applied Biosystem/MDS Sciex,
Rotterdam, The Netherlands) equipped with a
Turbo Ion Spray interface (Electrospray). N,
was used as nebuliser, curtain and collision
gas. Sulfonamides, tetracyclines and diclofenac
were analysed in positive electrospray ionisa-
tion mode (+ESI) while estrogens and ibuprofen
were analysed separately in negative electrospray
ionisation mode (—ESI). The API 3200 triple
quadrupole mass spectrometer was running under
Multiple Reaction Monitoring mode (MRM) for
increased sensitivity, with two MRM transitions
for each molecule for improved selectivity. Opti-
mal conditions were chosen in each mode. Each
compound was analysed separately by flow in-
jection analysis, in positive and negative mode,
to find the optimum parameters (voltages and
gas flows) for maximum intensities. Calibration
curves ranging from 1 to 100 ng ml~! were used
to quantify the xenobiotics. After the final calcu-
lation the majority of the substances were success-
fully quantified at 1 ng 1! except for E2 (3ng1~!)
and EE2 (6 ng 17!). The choice of a single extrac-
tion method on HLB cartridges was a compromise
between recovery of extraction and the ease of the
method. Our method led to efficient recoveries
for sulfonamides (75-85%), analgesics (80-95%)
and hormones (80-90%). The recovery of tetra-
cycline group was sufficient. For the pesticides,
the analytical column was a Dionex Acclaim C18
(2 x 100 mm, 3 um particle size) and the mobile
phase was a gradient of water and acetonitrile,
both containing 0.1% formic acid. The column
temperature was 40°C and the flow rate was
250 wl min~!. The detection and quantification
were achieved by positive electrospray MS/MS
in Multiple Reaction Monitoring (MRM) mode.
Each compound was detected and confirmed by
two MRM transitions. The FMOC derivatives
were quantified by reverse-phase chromatography
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coupled to a triple quadrupole. The analytical
column was a Macherey-Nagel Nucleodur Grav-
ity C18 and the mobile phase was a gradient of
ACN and 10 mM ammonium acetate. The oven
temperature was set at 40°C, and the flow rate
was 250 ul min~!. The detection was achieved in
negative electrospray mode, using two transitions
for each compound. For the pesticides, the limit of
quantification is 1 ng 17!

Results

Concentrations of dissolved pharmaceuticals
and herbicides

The development of risk assessment methods in
order to propose management tools demands
detailed understanding of contaminant concentra-
tions and fluxes. Table 1 illustrates the concen-
trations of the dissolved veterinary and human
pharmaceuticals measured in 14 flood events be-
tween May 2007 and October 2009 in the Mess
River catchment. The pharmaceutical concen-
trations are comparable with those detected by
other authors in different river systems. In the
Mess River, the highest concentrations are mea-
sured for ibuprofen (2,383 ng 1-!), sulfamethox-
azole (118 ng 17!), estrone (89 ng 17!) and
diclofenac (45 ng 17!) with its metabolite 4'-
hydroxy-diclofenac (49 ng 17!). From the tetracy-
cline group, chlortetracycline (25 ng 17!), tetracy-
cline (17 ng 17!) and oxytetracycline (9 ng 17!) are
of relevance.

Despite usage restrictions and the banish-
ment of different toxic compounds, pesticides still
represent an issue in water pollution. For the
EU-wide banned atrazine, the measured maxi-
mum is 118 ng 17! (Table 2). All samples had
atrazine concentrations well above the LOQ of
1 ng 17! indicating recent use of this herbi-
cide. Due to their broad application fields, de-
termining the main origin of pesticides found
in water streams is not always easy. Glyphosate
(6,220 ng 1Y), AMPA (1,118 ng 17!), diuron
(7,410 ng 171, terbutylazine (4,038 ng 17!) and
metolachlor (1,140 ng 17') were the pesticides
found in the highest concentrations during flood
events in the Mess River. Metoxuron, cyanazine,

hexazinone, sebutylazine and monolinuron have
not been detected in the investigated flood events.
According to Skark et al. (2004) the occurrence of
herbicides such as chlortoluron, isoproturon and
terbutylazine in surface water is due to agricul-
tural application. In Luxembourg, terbutylazine
and metolachlor are used in the production of
maize, rape, turnip and cabbage. Isoproturon is
mainly applied in the cultivation of grain. The oc-
currence of diuron (house paint and antifouling)
and glyphosate (fruit, vegetable, not cultivated
land, private gardens, parks and public areas) pri-
marily results from their use in settlement areas. A
snapshot sampling in different catchments all over
the country supports these assumptions (results
not shown, Guignard et al. 2009). Corresponding
distribution patterns appeared to be significantly
different depending on the land-use of the river
catchments. Glyphosate and AMPA were found
in higher concentrations in urban basins, whereas
terbutylazine, metolachlor, atrazine and DEA
were prominent in rural zones. In addition,
Table 2 illustrates that the pesticide concentra-
tions in the Mess are in the same range than those
detected in other river systems.

Chemographs of dissolved pharmaceuticals
during flood events

Chemographs display the concentrations of
different variables as a function of time. The time
series of xenobiotic concentrations are plotted in
parallel to the hydrograph and the precipitation
data. This aims to classify the chemographs and
hydrographs based on their structure. Krein
and Symader (2000) as well as Kurtenbach and
Krein (2007) or Pailler et al. (2009a, b) illustrate
different examples of this technique. Figure 2
shows the hydrograph and chemographs of
selected dissolved pharmaceuticals during the
flood event on August 25th 2009 in the Mess River
basin. The first discharge peak at 8 A.M. consists of
runoff from the area at the vicinity of the stream
gauge mainly from the major roads and from
the local combined sewer system. Wastewater
components are activated but the concentrations
of dissolved pharmaceuticals stay comparatively
low. The main discharge peak at 9 A.M. originates
from the village of Reckange, its combined sewer
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overflows and the local sewage water treatment
plant. It appears that this section 3 km upstream of
the gauging station flushes untreated wastewater
(10 a.M.) via combined sewer overflows into the
brook, contaminated with 4’-hydroxy-diclofenac
(50 ng I-!) and ibuprofen (200 ng 1-!). In parallel,
the concentrations of the natural hormone
estrone rise up to 10 ng I=' (chemograph not
shown). The 1-h lag time between the discharge
maximum and the corresponding ibuprofen peak
or the associated decline of electrical conductivity
identify a kinematic wave effect.

Figure 3 shows the hydrograph and chemo-
graphs of selected dissolved pharmaceuticals dur-
ing the flood event on August 2nd 2007 in the
Mess River basin. At this point in time, due
to higher precipitation intensities (max. 3.5 mm
10 min~!) and rainfall amounts (8.4 mm), the
first flush mobilises dissolved pharmaceuticals—
mainly ibuprofen (70 ng 1=!)—from the combined

Time (DD/MM/YY hh:mm)

sewer system in the vicinity of the gauging sta-
tion. The estrone peak (7 ng 17!) and the first
peak of NO3-N (4 mg I7!) in the rising limb at
noon mark the inflow of water from the area
of the village of Ehlange 2 km upstream of the
stream gauge, its rural surroundings and from the
western tributary of the Mess River. The second
peak of ibuprofen (110 ng 1=') 1 h after discharge
maximum highlights the chemical signal from the
settlement areas of the municipality of Reckange,
similar to the signal in Fig. 2. In the falling limb
at 6 p.m., stream water is primarily composed of
laterally inflowing soil water with higher NO;-N
content (5 mg 17!) (Elrashidi et al. 2005; Poor
and McDonnell 2007) and higher concentrations
of dissolved sulfamethoxazole and oxytetracycline
(Pailler et al. 2009a). The environment may be
exposed to veterinary medicines administered to
livestock through the application of organic fer-
tilisers, especially by slurry that is applied to the

Fig. 3 Dissolved NO3-N, 04 1.0 4
estrone, ibuprofen and ]1
diclofenac measured
during the flood event in
the Mess River catchment
on August 2nd 2007
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Fig. 4 Mess River hydrograph May/June 2008, three se-
lected flood events marked with arrows

arable land. In this context, the drainage of clay
soils—also characteristic for the Mess basin—has
been identified as an important mechanism by
which pollution of surface waters with oxytetra-
cycline can occur (Kay et al. 2004; Li et al. 2008;

Pailler et al. 2009a). The 1.5-h time lag between
discharge maximum from the area of Reckange
and its corresponding ibuprofen peak or the as-
sociated decline of NO;-N illustrate a distinct
kinematic wave effect.

Chemographs of dissolved herbicides
during flood events

Several flood waves with different precipitation
intensities and runoff ratios have been investi-
gated and sampled in early summer 2008, a main
application period of herbicides in the area under
investigation. Three events have been selected
according to different precipitation intensities for
a further thorough analysis (Fig. 4). The following
results in Figs. 5, 6 and 7 are presented in the order
of increasing flood intensity.

The flood event of June 15th 2008 is charac-
terised by low rainfall (3.5 mm), low precipitation
intensities (max. 1.2 mm 10 min~') and a small
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runoff ratio (2.4%; Fig. 5). At 10 p.m., a single
peak of dissolved glyphosate (3,000 ng 1-!) is ob-
served, originating from the vicinity of the gaug-
ing station, including the motorway crossing the
Mess River approximately 150 m upstream and
the village of Pontpierre. The local department of
highways, the municipal administrations and pri-
vate house owners apply this herbicide for weed
removal at roadsides. A peak of atrazine (8 ng1~")
is registered 1 h later together with increasing
NO;-N (4.5 mg I7!) and the maximum of a small
conductivity peak. This runoff component from
agricultural sources is followed by peaking di-
uron concentrations (700 ng 17!) originating from
runoff from the settlement area of Reckange. This
peak goes in parallel with declining conductivity,
indicating dilution with low mineralised rainwater,
which is supposed to be flushed from impervious
surfaces in the relevant village.

The flood event of June 25th 2008 (Fig. 6)
is characterised by a higher rainfall (13.7 mm),

@ Springer

Time (DD/MM/YY hi.mm)

higher precipitation intensities (4.3 mm 10 min~"!)
and a higher runoff ratio (3.7%) than the first
flood event on June 15th 2008. The first con-
centration peak of glyphosate (1,500 ng 1=') at
12 a.M. originates from the vicinity of the stream
gauge mainly from the town of Ehlange. Between
the flood events on June 15th (Fig. 5) and June
25th (Fig. 6), pesticides have again been applied
in the catchment area, which is indicated by a
late distinct glyphosate peak (6,000 ng 1!) in the
falling limb (3 p.mM.). AMPA shows a dilution curve
in parallel to peaking discharge, but this concen-
tration decrease is shifted 2 h after the discharge
peak. The highest concentrations of terbutylazine
(4,000 ng 1-!) are measured when AMPA exhibits
the biggest dilution; this water mainly originates
from the agricultural surroundings of Reckange.
The flood event of May 29th 2008 (Fig. 7) is
characterised by the highest rainfall intensities
(10.1 mm 10 min~') and the highest runoff ratio
(9.6%) from the selected flood events. It shows a
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clear succession of different runoff components.
The first discharge originates from impervious
areas near the stream gauge, shown by a first
small discharge peak with high concentrations
of dissolved chloride (flushed atmospheric depo-
sition material), sulphate (weathering material)
and glyphosate (5,075 ng 17!, not shown). In
the following rising limb, the sewer overflows of
Reckange leads to high AMPA (1,100 ng 1-!) and
diuron (7,000 ng 1-!) concentration peaks, which
are diluted afterward by the main discharge peak.
Simultaneously, isoproturon (1,040 ng 17!) and
atrazine (118 ng 1-!) concentrations rise. Some
hours later, a further runoff component contains
surface runoff from arable land highlighted by an
increase of the metolachlor concentration up to
1,200 ng I-!. A distinct NO3-N curve indicates the
soil water component followed by a late peak of
dissolved sulphate representing the final ground-
water component. Sulphate originates from gyp-
sum layers and gypsum pockets incorporated in
the local bedrock.

Time (DD/MMIYY hh:mm)

Substance loads and event mean concentrations

The load of different substances has been cal-
culated by multiplying substance concentrations
with corresponding discharge values. The load of
a single flood is the total of these products and
equals the area of the time series plotted against
the multiplication results between discharge and
substance concentration. The Event Mean Con-
centration (EMC) is a flow-weighted average of
the constituent concentration. For an individual
storm runoff event, it is defined as the total pollu-
tant load divided by total runoff volume. Table 3
shows the loads and the EMC of different com-
pounds calculated for the three flood events
described in Fig 4. With increasing precipitation
amount and intensity, the runoff ratio increases
(24%, 3.6%, 9.8%). Nutrient loads and loads of
sulphate and chloride exhibit a strong relation-
ship to discharged volume. The EMC of chlo-
ride decreases with rising runoff ratios, which is
an indication of the lower importance of surface
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runoff from paved areas like rooftops or streets
in stronger rainfall runoff events. On the con-
trary, NO3;-N exhibits the highest EMC in the
biggest flood just as the EMC of metolachlor or
isoproturon. This indicates a higher proportion
of surface runoff from arable land and higher
proportions of soil water in general. The EMCs
for glyphosate and AMPA are elevated in smaller
floods originating mainly from urban storm water
runoff, running directly into the brook. High
EMC values in this flood event of June 25th are
caused by repeated applications of terbutylazine
and glyphosate before the event. Furthermore, a
smaller AMPA/glyphosate ratio is an indication
for “fresh glyphosate sources” with only a small
amount of AMPA as the relevant degradation
compound. However, the study of Botta et al.
(2009) suggests that sewage from domestic activ-
ities with cleaning agents are likely to be another
source of AMPA. Here, further investigations are
necessary. In total, the herbicide loads confirm the
outcome of investigations by Skark et al. (2004)
who concluded that non-agricultural pesticide use
contributed more than two thirds of the whole
observed pesticide load in the tributaries and at
least one third in the River Ruhr.

Discussion

The results show that comparable to other studies
(Wittmer et al. 2010; Pailler et al. 2009a), a dis-
tinct relationship between discharge and pollutant
concentrations does not exist for pharmaceuti-
cals or for pesticides. The variable dependence of
xenobiotic concentrations to event specific con-
ditions and processes is discussed in the follow-
ing sections. Many studies have described the
first flush phenomenon as a relatively high load
of pollutants in the first part of runoff events
(Hatt et al. 2004; Lee et al. 2002). In contrast,
the kinematic wave effect (Chapman et al. 1993;
Krein and DeSutter 2001; Kurtenbach et al. 2006)
results in a postponement of pollutant loads in
comparison to associated discharge. Lee and Bang
(2000) concluded that the pollutant concentration
peak occurs before the flow peak in watersheds
with areas smaller than 100 ha, and the pollutant
concentration peak is followed by the flow peak

in the watersheds with areas larger than 100 ha.
The investigation of first flush effects and kine-
matic wave effects is done by drawing the curve
(Fig. 8) that gives the variation of the cumulative
pollutant mass divided by the total pollutant mass
(dimensionless cumulative pollutant mass) in rela-
tion to the cumulative volume divided by the total
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Fig.8 Dimensionless cumulative runoff volume and runoff
mass curves for measured anions (Chloride, NO3-N,
NO,-N, Sulphate) and selected pesticides (isoproturon,
atrazine and diuron) supposed to be flushed from imper-
vious surfaces
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volume (dimensionless cumulative runoff volume)
(Bertrand-Krajewski et al. 1998).

If the concentration remains constant during
the storm event, the pollutant mass is proportional
to the volume and the double frequency cumulat-
ing curve follows the line of origin with a gradient
of one (Line of Identity). If the data for a particu-
lar storm lies above this, a first flush is suggested.
If the curve falls below the Line of Identity, the
main substance load is observed coming after the
discharge peak. This can be caused by the kine-
matic wave effect, the later arrival of compounds
originating farer away from the gauging station or
a late reaction of deeper soil or groundwater com-
ponents. Figure 8 highlights that in the flood event
with the lowest precipitation intensity, measured
anions are not important and the curve goes along
the Line of Identity. In the bigger events, the
late soil water component with measured anions is
more important. Therefore this line lies under the
Line of Identity. In contrast, the cumulative load
curves of the selected pesticides lay about this line.
The maximum divergence was used as a measure
of the magnitude of the first flush. A significant
first flush was considered to have occurred in the
biggest event on May 29th 2008. The presence of
accumulated materials on the surfaces tends to
be responsible for the first flush phenomenon of
herbicides.

The results confirm the investigations by Skark
et al. (2004), who concluded that pathways for
pesticide input to the receiving waters were re-
lated to both, surface runoff and underground
passage. Two thirds of the observed diuron load
in the surface water resulted from an input by
direct runoff. The corresponding spills cause high
but short-lived concentration peaks. The authors
interpreted this as a result of total pesticide ap-
plication to impervious surfaces. As a conse-
quence, the high corresponding concentrations in
the tributary infringe current regulations and rec-
ommendations. The directive 2008/105/EC of the
European Parliament and of the Council on
Environmental Quality Standards in the field of
water policy contains environmental quality stan-
dard parameters. The maximum allowable con-
centration for diuron of 1.8 ug 17! is exceeded
fourfold by measured 7.41 pg 1! in the flood event
of May 29th 2008. The determination of the im-

@ Springer

pact of storm water runoff from settlement areas
can greatly increase the predictive power of mod-
els of urban effects on water quality. In addition,
the results show that like Hatt et al. (2004) demon-
strated, very small proportions of impervious area
are capable of increasing pollutant concentrations,
as long as there is a direct connection between the
impervious area and the corresponding stream.
Consequently, the aim must be to break the direct
linkage between the impervious areas and the
receiving water.

Furthermore, it seems that for some com-
pounds the antecedent conditions before flood
events, such as precipitation quantities, results in
an exhaustion of potential sources, so that less ma-
terial is available to be washed off in subsequent
events. Kim et al. (2006) and Krein and Schorer
(2000) show similar results for dissolved and par-
ticle bound pollutants. An example is the short
succession of the three thunderstorms with high
precipitation amounts, which induced the flood
event in the Mess River on May 29th 2008 (Fig. 7).
Areas directly connected to the Mess River are
flushed by the first event and the second and
the third thunderstorms do not mobilise further
dissolved diuron, AMPA or chloride. These com-
pounds show distinct peaks after the first rainfall
event and no reaction thereafter.

Conclusions

Opverall, the pharmaceutical and pesticide concen-
trations in the Mess are comparable with those de-
tected by other authors in different river systems.
Some investigated pesticide concentrations in the
tributary temporarily infringe current regulations.

The analysis of flood events using rainfall
pattern, hydrograph and dissolved xenobiotic
chemographs can provide a detailed insight into
the temporal structure of flood events. However,
the corresponding anthropogenic sources show
a temporal and spatial variability, caused by
different rainfall patterns and distributions as well
as different characteristics (e.g. retention capaci-
ties) of the sewer systems. The discharge increase
from anthropogenic sources is mainly brought
about by overlandflow, the influx of surface water
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from the road network, as well as from residential
areas. It is difficult to postulate that recurring
characteristics of the processes control the xenobi-
otics chemographs, due to highly variable anthro-
pogenic factors. These are the changing amount of
pharmaceutical consumption, sewage water treat-
ment plant control programs, pesticide application
dates and amounts, or the heterogeneous urban
storm water runoff generation. Furthermore, hy-
draulic processes within current flood waves like
kinematic wave effects influence the event struc-
ture e.g. time lags between discharge and dis-
solved loads. The load of dissolved pesticides
reaching the stream gauge is primarily determined
by the amount applied to the surfaces within the
catchment area. In the Mess River catchment, a
characteristic difference between urban and agri-
cultural induced pollution by pesticides exists in
the concentration/load relationship. Storm water
runoff from urban areas causes short-lived but
high-pollutant concentrations and moderate loads
in the Mess River, whereas moderate concen-
trations and high loads are representative for
agricultural inputs to the drainage system. Non-
agricultural pesticides contribute to a large part to
the observed pesticide loads in the Mess.

Generally, kinematic wave effect, accumula-
tion, exchange, dilution and mixture processes
modify the flood wave and its composition within
the watercourse. The measurements prove that
the influence of kinematic wave effects on the re-
lationship between hydrograph and chemographs
should not be neglected in smaller basins. The
time lag shows that it is not always possible to
connect analysed substances of defined samples
to the corresponding section of the hydrograph.
The different velocities indicate that after the
substances have been transported over several
hundred meters, there is no relationship between
those parameters. Consequently, classification be-
tween discharge component and dissolved sub-
stances at the sampling points is impeded. These
results highlight that simple rating curves between
discharge and pollutant loads intended to calcu-
late the total load by hydrographs are overly sim-
ple. At the Mess River, even the position of the
gauging station is important, because the time lag
between chemical signal and discharge increases
over distance.

However, every flood event is unique due to
variable rainfall characteristics, changing catch-
ment conditions, as well as anthropogenic activ-
ities. The next step is the investigation of long
lasting, low intensity winter precipitation events
that cause singular broad discharge maxima,
which are primarily composed of laterally flowing
soil water and groundwater.
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