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Abstract. A confined aquifer in the Malm Karst of the Franconian Alb, South Germany was

investigated in order to understand the role of the vadose zone in denitrifiaction processes. The

concentrations of chemical tracers Sr2+ and Cl� and concentrations of stable isotope 18O were

measured in spring water and precipitation during storm events. Based on these measurements a

conceptual model for runoff was constructed. The results indicate that pre-event water, already

stored in the system at the beginning of the event, flows downslope on vertical and lateral pref-

erential flow paths. Chemical tracers used in a mixing model for hydrograph separation have shown

that the pre-event water contribution is up to 30%. Applying this information to a conceptual

runoff generation model, the values of d15N and d18O in nitrate could be calculated. Field obser-

vations showed the occurence of significant microbial denitrification processes above the soil/

bedrock interface before nitrate percolates through to the deeper horizon of the vadose zone. The

source of nitrate could be determined and denitrification processes were calculated. Assuming that

the nitrate reduction follows a Rayleigh process one could approximate a nitrate input concen-

tration of about 170 mg/l and a residual nitrate concentration of only about 15%. The results of the

chemical and isotopic tracers postulate fertilizers as nitrate source with some influence of atmo-

spheric nitrate. The combined application of hydrograph separation and determination of isotope

values in d15N and d18O of nitrate lead to an improved understanding of microbial processes

(nitrification, denitrification) in dynamic systems.

Introduction

The European community has recently adopted a new Water Framework
Directive (WFD) that extends to protect all groundwater types and sets a
legally binding objective of good status for those waters (6th Environment
Action Programme). Europe has only begun to address this issue, recognizing
the importance of groundwater protection. An increased and more efficient
agricultural production derived from chemical use can have adverse effects of
the quality of water resources, because of the accumulative effect of adding
more nutrients and persistent organic pollutants. The continuing pollution
causes problems not only on the availability of high quality freshwater
resources but generates also economic and social pressures due to increasing
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conflict potentials between land use and the demands for protection of the
water resources.

During the past several decades a number of field studies have been pub-
lished showing the critical issue of nitrate in groundwater, e.g. Williard et al.
(2001), Panno et al. (2001), Hill et al. (1999), Kendall et al. (1996), Wassenaar
(1995), Aber et al. (1989). Intensive agricultural land use in the Franconian Alb
(FRA), South Germany (Figure 1), results in higher NO3

� concentrations in
most of the springs and wells. The values are distinctly above German drinking
water limits (>50 mg/l). As a consequence a high influx of nitrate and pesti-
cides into the rivers Altmühl and Anlauter (s. Figure 1) via springs or directly
into the deep karst aquifer is observed downstream. However in some springs
the nitrate concentrations do not correlate to catchment specific rates of N and
to groundwater recharge in the Franconian Alb (Glaser 1998). Wendland et al.
(1993) postulated that significantly higher nitrate concentrations in ground-
water would be observed in the area of the Franconian Alb if the denitrification
processes could be excluded. However, the concentration of infiltrating pol-
lutants can be also altered due to chemical reaction and biodegradation, which
strongly depends on the pathway length, the permeability of the flow system
and the presence of bacteria and fungi (Meckenstock 1999; Biegert et al. 1996).

Figure 1. Site map of the Franconian Alb karstic chatchment area and the test fiel.
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Some studies like: Mariotti et al. (1988), Böttcher et al. (1990), Aravena and
Robertson (1998) or Voerkelius (1990) document that bacterial denitrification
can take place in porous aquifers. In comparison to porous aquifers karst
systems have low dispersivities in fissures (Seiler et al. 1989) and possess low
purification capacity (Hötzl 1999). In the karst system of the FRA, ground-
water velocities in the range of km/day can be observed (Seiler et al. 1989).
Therefore pollutants can flow over considerable distances without retention.
Information about the microbial influence on biodegradation rates (e.g. deni-
trification) in the vadose zone, before pollutants reach the groundwater table, is
of central importance.

The goal of this study is to characterize the influence of the vadose zone on
microbial denitrification processes in strong heterogeneous karst aquifers and
to quantify the denitrification potential using the isotope ratios of d15N and
d18O in nitrate. In addition, environmental chemical tracers were evaluated for
their suitability for partitioning stream discharge into different runoff com-
ponents. The results of the runoff separation based on a mixing model were
interpreted: (i) to delineate the flow system, (ii) to understand better runoff
processes in karst systems and (iii) to characterize the region (soils zone,
epikarst, unsaturated zone) in the karst system of the catchment area, where
microbiological degradation processes of NO3

� are significant.

Materials and methods

Experimental site

The Southern Franconian Alb is situated in Southern Germany and stretches
north of the Danube River from the Nördlinger Ries in the west to Regensburg
in the east (Figure 1). The karst aquifer (Oxfordian to Tithonian age) repre-
sents an important source of water for industrial (e.g. brewery, car industry),
municipal and domestic use. The upland of the springs and wells in the
Franconian Alb is mainly used for agricultural purposes. Forests cover about
40% of the area (Glaser 1998). The aquifer of the Böhming spring in the
Franconian Alb is a confined aquifer between the River Altmühl and Anlauter
and consists of carbonates, which belongs to two consecutive cycles of sedi-
mentation starting both with marls and ending with carbonates. In the upper
cycle limestone was replaced mostly by reefs, which were diagenetically
transformed into dolomites (reef facies). Bedded limestones have a porosity less
than 2 vol%. To the contrary, the reef facies has an effective porosity of
7 vol%, determined in independent laboratory experiments (Michel 1999). The
high matrix porosity of the reef facies demanded a double porosity concept for
the tracer transport (Maloszewski and Zuber 1985) and was already used for
the interpretation of artificial and environmental tracer experiments in the
Franconian Alb by Seiler et al. (1989) and Rau (1999), respectively. The porous
carbonate aquifer contains mobile water in fissures and immobile water in the
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porous rock matrix (Figure 2). Therefore diffusion processes within the
immobile water of the matrix control the contaminant transport during
groundwater flow in the reef facies. The porous rock matrix has a significant
storage capacity of immobile water about 98.5% of the total water volume
while only 1.5% of the water volume is stored in the fissures (Pfaff 1987).

The Böhming spring with well known hydrogeology was selected as a rep-
resentative landscape section of the Franconian Alb. This spring is located
between the Rivers Altmühl and Anlauter and has a catchment area of about
7 km2 (Einsiedl et al. 2002). The mean discharge of 29 l/s corresponds to a
groundwater recharge of 0.13 m/a. This is in good agreement with calculations
given for this region by the Bavarian Water Management Agency (1996). The
vadose zone is up to 120 m thick and is composed of the reef and bedded facies.
Twenty percentage of the catchment area is used agriculturally, while forests
covered 80%. Only the agricultural land is covered by postjurassic overlay of
up to 1.5 m in thickness (loess loam from the Pleistocene and clayey tertiary
structures from the Miocene) (Schmidt-Kaler 1989). Groundwater is a
Ca–HCO3 type, pH and Eh are in the range of 7.5 and 220 mV, respectively.
The DOC concentration during base-flow varies between 0.7 and 1.1 mg/l.

Two component-mixing model

Hydrograph separation with natural tracers and stabile isotopes has become a
popular method to get information about runoff processes, e.g. Uhlenbrock

Figure 2. Conceptual model of runoff generation.
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et al. (2002), Maloszewski et al. (2002). Lee and Krothe (2001) described a
simple mass balance approach to distinguish the runoff components from
different reservoirs of the karst system. Buttle (1994) and Brown et al. (1999)
discussed the theoretical basics for a two component separation model
(Eq. 1). Various studies (e.g. Buttle and McDonald (2002), Rice and
Hornberger (1998) or Turner et al. (1987)) have established the usefulness of
chemical indicators for monitoring water movement and their application to
distinguish between different runoff components.

The specific objective of this paper is the application of strontium as a tool to
distinguish between the base-flow and surface near flow components. Strontium
is predominating in the bedrocks (Ca sources are the bedded limestone and the
reef facies). The contact time of water with the bedrock regulates the strontium
concentration in the base-flow water. Assuming that strontium concentrations
in event water (atmospheric deposition) and soil zone water (pre-event water)
are equal to zero, one can estimate the (pre-) event water contribution by
applying Eq. (1). The suitability of Sr2+ as natural tracer to separate event
water and base-flow water was conducted in a catchment area next to the test
field Böhming. This study has demonstrated (Einsiedl et al. 2002) that the
amount of event water found using Sr2+ is consistent with values calculated
with the conservative tracers O18 and Cl� (Figure 3). As it is shown further, the
calculation of event water content to total runoff using two-component mixing
model (Eq. (1)) yields for Sr2+ the value of 10±5%. Applying Cl� and 18O data
to the mixing equation a contribution of event water to total runoff of 10 and
13% were calculated, respectively. In contrary to Sr2+ no significant effect of
solution processes of strontium bearing minerals in the carbonate bedrock were
observed. Due to the fact, that Sr2+ concentration in precipitation is below
detection limit and no significant variability of strontium concentration is ob-
served in the base-flow during the investigation period, the proportion of event
and pre-event water could be estimated using Eq. (2) (Hinton et al. 1994).

Qdir=QT ¼ ðCM � CBÞ=ðCNS � CBÞ; ð1Þ

Qindir=QT ¼ ðCB � CMÞ=ðCBÞ: ð2Þ

Qdir and Qindir are the event or pre-event flow rate component, respectively,
QT is the total runoff, CM is the concentration of tracer in the outflow during
storm runoff, CB is the concentration of tracer in base-flow and CNS is the
concentration of tracer in precipitation.

To calculate the ratio of pre-event water Qind and base-flow water QB to total
runoff (QT), Eq. (2) was used. A Sr2+ concentration of 0.034 mg/l during base-
flow condition (CB) was measured. The subsurface concentration CM during
storm runoff generation and QT were integrated over the time period of the
event QT(ti), i = 1,…,N).
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d15N und d18O values of NO3
� in the hydrologic cycle

Measurements of stable isotope values of d15N and d18 O in NO3
� can

characterize the sink and source terms of N in an ecosystem and help to
determine the influence of microbiological activity of the NO3

� concentration
(see Figure 4). The values of d18O and d15N in nitrate are strongly different
dependent on the nitrate source. The d15N shows a wide range of nitrate
deposition, which lies for bedding/forests between �8 and 0& (Nattelhofer and

Figure 3. Temporal variability of 18O, Sr2+ and Cl� during rainfall runoff event.
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Fry 1988) and can reach up to +22& for manure (Heaton 1986; Wassenaar
1995). Studies have been conducted to characterize the origin of nitrate in karst
water with the d18O signature of the nitrate. Kendall (1998) found a wide range
of dO18 values (14 and 75&) of nitrate in precipitation. Williard et al. (2001)
postulated a seasonal variation of d18O–NO3

� in atmospheric nitrate deposi-
tion. Durka et al. (1994) and Voerkelius (1990) have characterized atmospheric
nitrate with values between 73.4 and 52.5& of d18O and values between 6 and
�3& of d15N in nitrate. Voerkelius (1990), Böttcher et al. (1990), Amberger
and Schmidt (1996) observed a significant concentration of d18O and d15N in
NO3

� if denitrification processes occurred in the hydrogeological system. Field
studies and the evidence from soil incubation experiments suggest that
microbial denitrification leads to an increase of d15N and d18O in the NO3

� at a
constant ratio of 2.1:1. e (enrichment factor) values of �8 and �15.9& for
oxygen and nitrogen were used, respectively (Voerkelius 1990) to calculate
initial theoretical nitrate concentrations.

Clark and Fritz (1997) have demonstrated that the synthetic fertilizer nitrate
has a remarkably constant d18O value of 22±3& as well as low d15N values
(�3 to +5&). Therefore denitrification processes increase to clearly distin-
guishable ratios of d18O and d15 (Figure 4) in nitrate. The dashed line in Fig-
ure 4 illustrates the denitrification process. The concentrations of d18O and
d15N of different nitrate sources taken from the literature are shown in Fig-
ure 4. The sampled and calculated isotope ratios of nitrate show the effect of
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isotope enrichment in d18O and d15N from the biologically newly formed
nitrate.

Field and laboratory methods

Water samples from the Böhming spring (s. Figure 1) were collected between
November 2001 and March 2002. The spring water was monitored with
automatic samplers two times a day to determine the tracer concentrations of
the stream base-flow. During the runoff event the temporal resolution of the
rain samplers and the samplers for the spring water was set to sample every 2 h.

The water samples for major cations (Na+, K+, Ca2+, Mg2+) and anions
(Cl�, SO4

2�, NO3
�) were 0.45 lm field filtered, collected in 0.5 l plastic bottles

and stored at 5 �C. Standard ion chromatography (Dionex DX 100) was used
for the measurements. The analytical error of the measurement was less than
±3%. Water samples for strontium filtered, acidified with HNO3 and mea-
sured according to standard ICP technique (Varian 200) with an analytical
error of approximately ±5%. Samples for the d18O, d15N and DOC were
collected in 0.01–5 l glass bottles. The samples were analyzed for d18O by CO2

equilibrium method using a mass spectrometer. The contents were expressed
relatively to the Vienna standard mean ocean water (V-SMOW). The analytical
Gaussian standard error was approximately ±0.1& for d18O in water. The
analyses for d15N and d18O in NO3

� were performed at the Environmental
Isotope Laboratory ‘Hydroisotop’ in Schweitenkirchen, Germany. After re-
moval of HCO3

�, SO4
2� and DOC the cations were collected using a cation

exchange column. Dried KCl and KNO3 were mixed with graphite and con-
verted to CO and N2 and measured using isotope ratio mass spectrometry. The
analytical Gaussian standard error was approximately ±0.3 and 0.5& for
d15N and d18O in nitrate, respectively.

Results

Precipitation, spring water 18O measurements and conceptual model

The influence of event-water to runoff processes was obtained by comparing
d18O contents in precipitation and in spring water. The application of this
method requires heavy rainfalls with distinctly different d18O values in pre-
cipitation and base-flow. Four events (E1,…,E4) with different intensities and
isotope contents were investigated during November and December 2001.
According to McDonnel (1991), a temporal variable incremental mean method
was used for the calculation of the mean d18O value in precipitation yielding:
�11.2, �10.8, �9.2, and �14.5& for the first, second, third and fourth event,
respectively (see Figure 5). The d18O values in spring water (Figure 6) were:
�9.9, �9.7, �9.9, and �9.8& for these events, respectively. The isotope
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composition for the first event could not be detected completely. Therefore the
interpretation was done using events E2–E4. The d18O value of the base-flow,
before storm runoff, was determined to be �9.9&. In general low 18O con-
centrations in precipitation cause lower 18O concentrations in the outflow after
mixing of event water with base-flow water. During four rain events the d18O
values in precipitation were decreased (lighter water) while at the spring an
increase of d18O values (heavier water) was observed (compare Figures 5 and
6). This effect can only be explained if pre-event water in the system was
mobilized by the rain event and observed at the spring. Lee and Krothe (2001,
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2003), Swistock et al. (1989), McDonnell et al. (1991), Bazemore et al. (1994)
have already shown in their studies that the mobilized soil water (pre-event
water) is an important contributor to the storm-flow during dry periods.
During the research period at Böhming spring all observed runoff results have
shown the absence of event water at this spring. Probably pre-event water has
controlled the storm event in March 2002, although the d18O values of the
precipitation would not clearly show the mixing between pre-event and base-
flow water (Figure 7). The d18O value in precipitation was �9.7, �8.6, �10.5,
�9.6&, which show higher or identical values compared to those of soil or
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base-flow water (�9.9&). Thus, it was not possible to distinguish between soil
zone and event water. However the measurements of sodium and potassium
observed during the runoff event support previous findings (Figure 8). The
concentrations of sodium, potassium and sulphate in precipitation were very
low (Na+<2 mg/l, K+<2 mg/l, SO4

2�<7 mg/l). Generally, after event water
had infiltrated, a significant dilution process of Na+ and SO4

2� and a higher
concentration of K+ in the base-flow could be observed if the contribution of
event water to total flow was up to 30% March 21 2002. Based on water
chemistry the water of the storm runoff event in March was stored in the soil

Figure 7. d18O values of precipitation in March at Böhming spring including incremental mean

values obtained by a weighted average (upper) and temporal variation of d18O in spring water

(lower).
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Figure 8. Temporal variability of major ions during the runoff event in March.
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zone in spite of the fact that the isotope values did not permit the identification
of pre-event water.

A conceptual runoff model was constructed (Figure 2) to interpret the runoff
generation processes in the karst system. Runoff in forested slopes with thin
soil cover occurred often via rapid flow along the soil bedrock interface (Buttle
and Turcotte 1999). Vertical preferential flow paths, characterized by solution
channels associated with sinkholes are probably connected with lateral pref-
erential flow paths (interflow) in a thin saturated layer above the bedrock
surface. The existence of the lateral surface-near preferential flow paths (in-
terflow) can be documented in this case by the DOC measurement. Generally,
colloids like DOC can be easily transported through macropores (preferential
flow) (Langdsmand et al. 1999; Sun et al. 2001). During the runoff event high
DOC concentrations up to 7 mg/l were observed, which probably resulted
from physical heterogeneities (bypass flow) in the system. This is in agreement
with earlier findings by Kaiser et al. (2002) who have found that preferential
flow increases the loss of DOC from soils at rainstorm events. The rapid inflow
of injected fluorescence tracers in two sinkholes of the catchment area and the
registration of the tracer curves at the outflow of the spring after some hours
(Einsiedl et al. 2002) support the assumption of the existence of vertical pref-
erential flow paths down to the groundwater table in the area under investi-
gation.

Water chemistry, solute tracer results and variations in d15N and d18 of NO3
�

Spring-water nitrate concentrations varied around 17 mg/l. Values for d15N,
sampled during base-flow observed in November and March varied between
3.8 and 4.5&. The d18O–NO3

� values in the spring-water were on average
equal to 12.5&. In March 2003 the runoff systematic differed in chemistry
(Figures 8 and 9). Stream discharges (Q), strontium and stable isotope d18O
values as well as major concentrations of cations and anions measured were
used for determining the pre-event water contribution to total runoff from the
area covered by forests and the arable land. Strontium and some anions (Cl�,
Ca2+, Mg2+) have shown a significant dilution during runoff. Although Cl� is
a conservative tracer, the dilution effect was less distinct in comparison to
strontium (Figure 9). Highest values in Cl� concentrations were observed at
the beginning and the end of the runoff. These findings suggest leaching of
water from agricultural fields which is enriched in Cl�. Simultaneously dilu-
tions of Cl� from forest floor take place, which has significantly lower Cl�

concentrations (Glaser 1998). Concentration of Na+ rose significantly during
peak discharge while in comparison only low increase of K+ is observed. This
effect is probably caused by the contribution of K+ percolated from soils rich
in organic content (Uhlenbrook et al. 2002). During the second flood peak
DOC concentrations rose to values of about 7 mg/l. Results from soils rich in
organic content indicate that it is assumed that 30% of the total runoff
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originates from the pre-event fraction then the DOC concentrations leaching
from the soil zone can be estimated to be about 20 mg/l.

The pre-event water can be directly sampled from the soil zone due to the
existence of interflow (vertical preferential flow) (see Figure 2). Therefore
during the runoff a time slot was selected to monitor the d18O–NO3

� and d15N–
NO3

� of the pre-event water at the spring. The results of the calculations using
the mixing model with two-components, pre-event- and base-flow waters, al-
lowed the estimation of the theoretical isotope values of the d15N and d18O for
the soil zone.

The contribution of the pre-event water was estimated based on Sr2+ data
(Figure 9) to be 25% of total runoff during the flood peak (21 March 2003).
The Sr2+ concentration was measured with an accuracy of ±5%. Unfortu-
nately, the Sr2+ dilution did not correspond to decrease in Cl�, being also
considered as a conservative tracer e.g. Turner et al. (1987). However, it
probably results from the leaching of water enriched in Cl� from agricultural
soil into the karst system.

At the beginning and the end of the March-event a strong rise in the Cl�

concentration was observed. These observations strongly suggest that Cl� rich
water from the agricultural ecosystem was detected at the outflow of the spring.
The values of 5–6 mg/l which were observed in the neighboring forested
catchment areas Größdorf Village and Rieshofen (Figure 1) were taken to
estimate the portion of pre-event water stored in the soil covered by forests.
The Cl� concentration originating from the agricultural ecosystem (21.9 mg/l)
was sampled as representative concentration during runoff (Figure 9). At that
time only the interflow from the agricultural land could be measured, thus no
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significant dilution effect from the forested area was observed. Additional
measurements of soil water samples taken within the agricultural land (ceramic
suction cups at 0.6 and 0.95 m under the soil surface) show Cl� concentrations
of 18–22 mg/l, which agrees well with concentrations of 21.9 mg/l estimated
before. Using estimated end-member concentrations of Cl� for the mixing
equation, the portion of pre-event water from the agricultural area was cal-
culated to be 15%. Assuming, that the portion of pre-event water is equal to
20–30%, in consequence, the portion of pre-event water from the forested area
is between 5 and 15%.

During storm runoff the d15N and d18O values of NO3
� contents rose from

about 4–8& and 12–24&, respectively. Taking into account that the portion of
pre-event water in the runoff is in the range between 30 and 20%, the d15N
value in pre-event water can be estimated to be between 19 and 26&, respec-
tively (Figure 4). The isotope value of d18O in NO3

� was between 52 and 70&.
This could be estimated that the portion of pre-event water was equal to 30 and
20%, for both components (forested and agricultural areas), respectively.
Limited data indicate that d15N values of nitrate in precipitation are near 0&
or slightly higher (Voerkelius 1990; Coplen et al. 2002). The d15N value derived
from the forested area was not measured directly, but obtained from calcula-
tions that indicated that d15N is equal to 1.2 and 1.4&. These values were
found during the base-flow of neighboring forested catchments of Rieshofen
and Größdorf. Using this information for the Böhming spring, the d15N value
equal to 38& and more than 100& (25% portion of the arable land and
calculated d15N value in pre-event water of 26&) resulting from agricultural
area could be estimated, assuming 50 and 25% of the arable land surface in the
whole catchment, respectively.

Assuming that the portion of the agricultural area is 25%, one can estimate
an initial nitrate concentration of some g/l using the fractionation factors e of
d15N from Voerkelius (1990) and the d15N = 100& found above. Such high
d15N value (100&) is astonishing and was rarely found (Schroeder et al. 1991).
Normally, the highest value of d15N in soil extracts was reported to be equal to
46& (Kreitler 1975). However, the residual nitrate concentration of about
20 mg/l would have to appear during the runoff event. Such a concentration
would suggest an unrealistically high denitrification potential of the soil zone
(1:100). In addition, based on mass balances of nitrate concentration from
springs with fertilizer application, nitrate concentration should be in the range
of 150 mg/l if nitrate leaches through the soil without microbial transforma-
tion. As a consequence the portion of the agricultural area equal to 25% of
whole catchment can be excluded.

Finally, the portion of the agricultural area equal to 50% of the whole
catchment area and resulting d15N equal to 38& were taken into further
consideration. Using this d15N value for the arable land, the enrichment factors
e = �8& of d18O in NO3 and d15N in nitrate is equal to �15.9& (Voerkelius
1990) an initial nitrate concentrations in the soil horizon equal to 170 mg/l can
be calculated. Such a value is also in agreement with findings of Hellmeier
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(2001), who has calculated similar concentrations of nitrate in similarly used
agricultural catchments in Tertiary hills south of the Franconian Alb. A d18O
in NO3

� value equal to 64& was calculated for the forested area of the
catchment, further suggesting that the runoff component in the forested area
was mostly stored in the summer months but flushed into the groundwater
during winter and fall months. Between August and November the d18O in
NO3

� in atmospheric nitrate was equal to 61 and 52.5&, respectively with the
highest concentration of summer precipitation (Voerkelius 1990).

The d15N and d18O values found above document that the fertilizer and a
small part of atmospheric NO3

� are the primary source of NO3
�. In this study,

the isotope ratios of d15N and d18O in NO3
� observed during runoff could not

be interpreted in a conventional way considering manure and/or sewage as
NO3

� source. Nitrate originating from manure is characterized by high d15N
concentration (>8&) and significantly lower d18O values as compared to ni-
trate from fertilizers (Figure 4). Nitrate derived from manure or produced
from the soil source is characterized by d18O values around 0& (Voerkelius
1990). It can be easily shown using mixing equations, that nitrate sources other
than manure cannot explain the d18O content in nitrate. d18O values of more
than 75& in the atmospheric nitrate are needed to explain the d18O values
observed in the spring during runoff. However, the highest d18O values in
atmospheric nitrate were found to be about 75& (Voerkelius 1990; Durka et al.
1994; Kendall 1998). Figure 4 shows the isotope ratios of nitrate oxygen and
nitrate nitrogen modified from Clark and Fritz (1997) and further the calcu-
lated results of d18O–NO3

� and d15N–NO3
� ratios for the area studied.

To determine the residence time of the pre-event water in the flow system,
the d18O values measured in water can be used. If the mean transit time
through the soil zone is larger than 3.5 years, the temporal variations of d18O
in precipitation are usually smoothed out and a constant mean content is
observed in the outflow (Stichler and Herrmann 1983). Based on experiments
performed by Pfaff (1987) in the agricultural land in the Franconian Alb a
transit time of about 3 years can be estimated, taking into account maximal
thickness of the soil zone of 1.5 m, average saturated porosity of 25% and
mean groundwater recharge rate of 0.13 m/a.

Discussion and conclusion

Intensive agricultural land use in the Franconian Alb causes extensive nitrate
contamination of groundwater. Nitrate concentrations above drinking water
standards were observed in the springs indicating a mean transit time of only
some years in base-flow and simultaneously the lack of postjurassic soil cover.
Isotope analyses indicate that the attenuation of nitrate does not result from
simple mixing of different water components (seepage water from the agri-
cultural and forested land and the water from the porous matrix of the
unsaturated zone). Based on the calculated d15N and d18O in NO3

� in the
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water of the Böhming spring it was shown that significant remediation by
microbial denitrification has to take place (see Figure 4). The existence of a
residual nitrate of 20 mg/l (15% of initial 170 mg/l) would suggest a high
denitrification potential of the postjurassic soil layer and/or the soil/bedrock
interface. Possible variations in the isotope contents of different nitrate sources
have documented that fertilizer has to be assumed as main nitrate source in
area under investigation. It was shown that d18O values NO3

� of larger than
74& in atmospheric NO3atm

� are needed to explain the spring observations.
However such a value is outside of possible range observed in terrestrial eco-
systems (Voerkelius 1990; Durka et al. 1994; Kendall 1998) using nitrate of
manure or nitrate produced from the soil zone as main nitrate source.

One could expect that the uncertainties in the calculations with the mixing
model, have yielded an underestimation of the pre-event water contribution
and an overestimation of the d15N value for the arable land. On one hand, the
uncertainties in the calculation of the contribution of pre-event water could be
undoubtedly large by interpreting storms with smaller peak discharge and
relatively dry antecedent conditions as it was shown by Rice and Hornberger
(1998). On the other hand, the hydrograph separations yield the plausible
results for large storm conditions and wet conditions (Rice and Hornberger
1998). Such conditions existed only during the storm runoff in March 2003
(87 mm/m2).

The fertilizers were found as a main nitrate source in the study area. Cal-
culated d15N and d18O values of the potential NO3

� sources agreed with the
isotope signature (d18O=22.6& and d15N=3.1&) of the fertilizer used in the
catchment area of Böhming spring. These contents are typical for synthetic
fertilizers as reported by Clark and Fritz (1997).

The study from Mengis et al. (2001) provided clear evidence that microbial
processes (e.g. nitrification) could mask the original isotope ratios of fertilizer
nitrate in groundwater because nitrate from both NH4

+ and NO3
� in N-

fertilizers have a d18O in NO3
� of about 10&. In comparison d18O in NO3

�

originating only from nitrate in NH4NO3 has a significantly higher content
(>18&). The isotope results found in Böhming spring for the base-flow con-
ditions d15N and d18O in NO3 of about 4 and 12&, respectively, support the
hypothesis that N-fertilizer is the key source in this region. In addition it could
also been shown that other processes such as denitrification are of relevance in
karst systems. The denitrification processes take place above the soil/bedrock
interface, probably nitrification in the unsaturated zone of the karst system
(Figure 2), which masked the isotope value in d18O and d15N of the denitrifi-
cation process.

The tracer methods were used to identify the hydrodynamic processes of the
Böhming karst aquifer and to develop a conceptual model of water flow. Both
vertical and lateral preferential flow paths in the karst system were found. The
extent of pre-event soil water along these bypasses was examined using DOC
and fluorescent tracer. The combination of hydrogeological data and stable
isotope contents suggest that the denitrification is predominantly above the
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bedrock and synthetic fertilizer is the primary source of nitrate contamination.
The findings of this study further suggest that the interface between bedrock
and soil zone (interflow zone) in the vadose zone can play a dominant role for
biogeochemical and transport processes. Observed DOC concentration of
more than 6 mg/l during runoff generation would support the hypothesis that
microbial denitrification could exist in the interflow.

The future of the methodology proposed in the study might be promising if
the method is applied in dynamic systems where aerobic and anoxic microbial
processes can be postulated for different flowpaths (soil zone, epikarst,
unsaturated zone, saturated zone, rock matrix). Concluding, by combining the
results of hydrograph separation with measurements of d15N and d18O values
in nitrate for heavy storm runoff event it is possible to demonstrate the sig-
nificance and the area of biodegradation in the karst aquifer. In that way a first
step to quality assurance of drinking water reservoirs in the area under
investigation can be attained.
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