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1. Introduction

Groundwater from karst aquifers provides a considerable 

drinking water resource worldwide. Besides their heterogeneous 

hydrogeological properties these aquifers exhibit a special 

vulnerability against anthropogenic contamination due to their 

potential of fast uptake of recharge water and low natural 

attenuation capacity. The Gallusquelle spring as the main object 

of this study is sustained by a karst catchment located on the 

plateau of the western Swabian Alb, Germany and feeds into the 

Lauchert river (Fig. 1). Topographically, the terrain is located 

approximately between 600 m.a.s.l. at the spring level and 900 

m.a.s.l. at the outermost boundary of the catchment (Fig. 2). The 

spring water is used for drinking water supply by a public water 

supply association. The raw water is abstracted and treated by a 

waterworks located in the vicinity of the spring. Problems with 

temporarily bad raw water quality documented by turbidity mea-

surements and sporadic microbiological analyses have been 

occurring for many years (Sauter, 1992 and pers. communication 

by waterworks). A rain spillway basin located within the catch-

ment at a distance of approximately 9 km from the spring is 

supposed to be the most important source for contamination (Fig. 

1). As a consequence of heavy rain events, this artificial reservoir 

for combined wastewater occasionally overflows. During an 

average overflow event the basin, which has a volume of 6,500 
3m , releases wastewater volumes in the order of several thou-

sand cubic metres into a dry valley (Harthauser Tal) in the karst 

region where infiltration is quite rapid.  In this study the influence 

of wastewater inflow into the groundwater system was assessed 

by analysing the spring water for the number of faecal indicator 

bacteria, turbidity, and for concentrations of organic matter, major 

ions and organophosphates, that are typical for wastewater.__
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The dominating land cover around the rain spillway basin 

is forest, especially in the upper course of the dry valley, where-

as the area at a distance of 3 to 6 km to the spring is mainly 

used for agriculture, both for grassland and grain growing. 

Grazing plays a minor role. The aquifer system of the Gal-

lusquelle is formed in the Upper Jurassic carbonate rocks of 

the Swabian Alb, where the calcareous marls and the lime-

stones of the Oxford 1 and 2 form mainly the aquifer base. The 

main aquifer, which is unconfined, is represented by the 80 to 

170 m thick layer of micritic limestones of the Kimmeridgian 

2/3 (ki2/3) and in the southeastern section by the marls of the 

Kimmeridgian 1. Near the northwestern boundary also the 

Oxford 2 layer contributes to the aquifer. At the catchment sur-

face, the ki 2/3 and - in former submarine depressions and 

within the Hohenzollerngraben zone - the Tithonian, the youn-

gest jurassic formation, crop out. The Hohenzollerngraben is 

a major fault zone within the catchment with direction north-

west-southeast and throws between 70 and 100 m. Karstifi-

cation within the fault zone is similarly developed as in the sur-

rounding area, but storage is assumed to be higher due to the 

lowering of the ki2/3 layer. The aforementioned Harthauser Tal 

dry valley in its upper course runs within the boundaries of the 

graben structure (Fig. 1). The elevation of the water table de-

creases significantly in a distance of approximately 6 km from 

the spring (Fig. 2) Southeast of this inclination a highly karsti-

fied zone was documented, which is probably due to litholo-

gical heterogeneity (Sauter, 1992).

Flow velocities in the conduit system were determined in 

various tracer experiments with injection into sinkholes dis-

tributed over the whole area (Gwinner, 1973, Merkel, 1991, 

Sauter, 1992, Birk et al., 2005). Merkel (1991) for instance 
-1reported a high maximum tracer velocity of 160 m h  for an 

experiment with injection near the town of Bitz (Fig. 1). Where 

surface runoff can easily reach the conduit system, also bio-

logical and chemical contaminants can be transported quickly. 

Thus, even at distances of many kilometres from the spring, 

groundwater residence times may be below the limit (50 days 

in Germany, 60 days in Austria) that classifies an area as ground-

water protection zone. From a practical point of view, however, 

it is not feasible to assign protection zones covering tens of 

square kilometres.

Changes in discharge and water quality of the Gallusquelle 

were monitored over five months focussing on responses to 

heavy rain events and overflows of the rain spillway basin Bitz 

(RSpB). To this end, a multi-parameter probe system was used 

for online measurement of water level, electrical conductivity, 

turbidity, and water temperature. Water level measurements 

were converted to discharge values using a stage-discharge 

relationship developed by the local water authority. In addition to 

the automatically recorded data, pH was measured with a hand 

held meter, and alkalinity was determined by pH titration (methyl 

red method) on site. Precipitation and air temperature data were 

provided by a private meteorological station located in Bitz.

____________________--

_______________--___________________

___

2. Materials and Methods

Water samples were taken at the Gallusquelle for analysis 

of microbiological parameters, content of total and dissolved 

organic carbon (TOC and DOC), and of major ions, respectively. 

Samples were collected once a week during dry periods; after 

the overflow events the sampling frequency was increased up 

to four samples per day. Additional water samples were collec-

ted occasionally at the rain spillway basin. The samples for 

DOC/TOC and ion analysis were collected and stored at 4 °C 

until they were analysed. DOC and TOC were determined with 

a high temperature TOC Analyser (Elementar Analysensys-

tem GmbH). For the ion analysis samples were filtered and 

then measured with a standard ion chromatograph (DX-120, 

Dionex). Samples for analysis of organophosphates (only last 

overflow event) were collected in 2 l-glass bottles (Schott). 

Within two days they were shipped to the laboratory, where 

the organophosphates were extracted within 24 h using a li-

quidliquid extraction method. The samples were quantified 

by using large volume injection-GC-MS. The analytical me-

thod is described by Andresen et al. (2004) and Meyer and 

Bester (2004).

As a measure for water quality, four different microbiological 

parameters were quantified:

a.

b.

c.

d.

For the determination of the parameters “a” and “b” the plate 

count method according to German Drinking Water Ordinance 

was applied. Coliform bacteria and E. coli (parameters “c” and 

“d”) were detected and enumerated with Chromocult® Coliform 

Agar (CCA).

The proportion of overflow water in the spring water was esti-

mated using a mass balance approach suggested by Dreiss 

(1989). It is based on two flow components, here assumed as 

_______-_______________________________

__________________________-_

_______________________________________--

Figure 1: Location of the study area and of the rain spillway basin 

(RSpB) within the Gallusquelle spring catchment (modified from Birk et al., 

2005).

Total number of bacteria that form colonies at 20°C

Total number of bacteria that form colonies at 36°C

Number of coliform bacteria

Number of Escherichia coli.

_-_____

__-____

_______-__________________

________--________________-
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3. Results and Discussion

3.1 Artificial Groundwater Tracing

3.2 Spring Response to Overflow

In addition to the data obtained from the investigations de-

scribed in the previous section, results from a tracer test con-

ducted in the dry valley (Harthauser Tal) that drains the overflow 

of the rain spillway basin were available. The results from this 

artificial groundwater tracing experiment are presented in the 

following section, as they demonstrate that there is a fast trans-

port pathway between the location of the rain spillway basin and 

the karst spring. Next, results from the investigations conducted 

in this study are presented.

Water contamination at the Gallusquelle was observed already 

in the 1960s. By that time the Harthauser Tal valley in its upper 

course was used as release trench for wastewater of the 

community of Bitz. To find out whether a hydraulic connection 

was existent between the infiltration area in the valley and the 

Gallusquelle, a tracer test was carried out by the Geological 

State Office of Baden-Württemberg in 1963 (Kiberler, 1963). 

Uranin (10 kg) was injected into a creek that infiltrated into the 

ground with a seepage rate of 3 l/s. The major amount of the tra-

cer was detected at the Gallusquelle, except a small proportion 

found in the Ahlenbergquelle (Veringendorf), approximately 4.5 

km south of the Gallusquelle. Fig. 3 shows the resulting tracer 

breakthrough at the Gallusquelle. The relatively low discharge 
-1during the experiment contributed to a flow velocity of 32 m h  

(dominant tracer velocity), which is low compared to other tracer 

tests in the catchment (Merkel, 1991). The low total tracer re-

covery may also be caused by this factor.

During a summer period of five months, five overflow events 

were observed. Each heavier rainfall event with distinct changes 

in the spring chemistry and biology was also associated to an 

overflow of the rain spillway basin. Hence, no data of a spring 

response to storm events without overflow is available. This 

paper focuses on event #2, which was analysed in most detail. 

Heinz (2006) additionally provides information about the other 

events. The overflow event #2 resulted from a technical failure 

at the rain spillway basin. Thus, it occurred after a relatively 

_________-___________________

_________________

Figure 3: Tracer breakthrough curve and mass recovery of the tracer test conducted near Bitz in 1963.

the background flow Q  and the flow from the rain spillway basin b

Q , thus neglecting the remaining event flow:ofl _____________

______________________

___________-_______________________________

____________-

(1)

3 -1where Q  = spring discharge [L T ], C  =  measured concentra-s s

-3tion of compound during event response [ML ], C  =  background b

-3concentration of compound [ML ], C  =  measured concentra-ofl

-3tion of compound in overflow water [ML ]. With  Q = Q + Q  s b ofl

equation (1) can be solved yielding

(2)

The total volume of overflow water for one event is then esti-

mated by

(3)

3where V  =  total volume of overflow water [L ].ofl

Figure 2: Geological structure of the Gallusquelle aquifer and topogra-

phical heights. RSpB = Rain spillway basin; ki2/3 mass. Ls. = Kimmeridge 2/3 

massive limestones, ki1 marly Ls. = Kimmeridge 1 marly limestones, ox2 Ls. 

= Oxford2 limestones (aquifer base); assumed flexure in approx. 6 km NW 

of the Gallusquelle due to subsurface faulting (modified from Sauter, 1992).

weak recharge event, which caused 

only a slight increase in discharge 

at the karst spring. As a conse-

quence, physicochemical changes 

observed at the spring can be ex-

pected to be mainly caused by the 

sewage infiltration near the rain 

spillway basin. It should be noted 

that the precipitation data of one 

meteorological station cannot re-

present the recharge conditions of 

the whole catchment. Additionally, 

the daily amount of precipitation 

does not show the intensity of the 

storm events, which has a strong 
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influence the overflow behaviour of the rain spillway basin. 

However the data can give an indication, where the strongest 

responses have to be expected.

The rain event causing the overflow on July 25 (Fig. 4) was the 

first significant event after a two-month period of low ground-

water recharge. Spring discharge shows an increase which is 

only a slight deflection from the continuously decreasing limb 

that began after event #1, suggesting a low recharge proportion 

for this event. As a consequence, water temperature did not 

change as observed after the other events, where temperature 

decreased significantly by 0.1 to 0.2 K. The rise in discharge 

began immediately after the overflow, and 24 h later the maxi-

________________________

____________________________________

3.2.1 Changes in Discharge and Physicochemi-

cal Parameters

mum was reached. Electrical con-

ductivity initially showed a signi-

ficant increase. Following Williams 

(1983) this suggests that there is 

a large proportion of subcutaneous 

water preceding the event water, 

which is represented by the relati-

vely low depletion of electrical con-

ductivity. Turbidity showed two small 

peaks approximately 12 and 48 h af-

ter the overflow, each followed by a 

complete decrease to background 

level. Both signals arrived before 

theelectrical conductivity started to 

increase, i.e. before the subcutan-

eous water reached the spring. Fol-

lowing Sauter (1992) these peaks 

are supposed to represent parti-

culate matter from the aquifer itself, 

resuspended due to higher energy 

of the transport water. The major tur-

bidity peak is observed along with 

the depletion of electrical conducti-

vity, suggesting that it consists of 

particulate matter brought into the 

aquifer with the infiltrating event wa-

ter. The following rain events (July 

29 and August 2) were not strong 

enough to cause an overflow, and 

recharge over the whole catchment 

was evidently not enough to cause 

a spring response.

For overflow event #2, the other 

overflow events, and the artificial 

tracer test, the dominant flow ve-

locity of the infiltrated wastewater 

was calculated based on the time 

interval between the overflow / in-

jection and the maximum contami-

nation / tracer concentration. It was

found that velocity and discharge correlated well, following a 

linear relationship. This suggests that the cross-sections of flow 

are approximately equal in either case, thus supporting the 

assumption of an identical contamination source, i.e. the rain 

spillway basin.

Although event #2 shows relatively small changes in dis-

charge and physicochemical parameters, the response of the 

microbiological parameters at the karst spring is significant and 

its magnitude similar to that of the other events. A likely explana-

tion for this observation is that discharge and physicochemical 

parameters represent the areal infiltration of event water, i.e. re-

charge, which is relatively low for event #2, whereas the micro-

biological parameters are a better indicator of sewage infiltration

_________--____________________________

3.2.2 Microbiological Parameters

Figure 4: Rainfall, discharge, and physicochemical parameters from 23-Jul to 9-Aug-05 (overflow 

event #2); (a) precipitation in Bitz, (b) spring discharge, (c) electrical conductivity, (d) water temperature, 

(e) turbidity at Gallusquelle spring. Dashed line indicates time of overflow. Daily fluctuations in spring 

discharge are due to water abstraction by the waterworks at night._________________________________
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the standard deviation for the counted numbers on each plate 

the increase is significant and might be caused by the rain vents 

that occurred after the overflow (Fig. 4a). The source could be 

the input of new environmentally adapted bacteria, e.g. via sink-

holes, or remobilised germs from the aquifer. Turbidity did not os-

cillate like the number of colonies suggesting a fraction of free 

bacteria that do not significantly contribute to turbidity.

At maximum the E. coli concentration reached almost 10,000 

CFU/ 100 ml (Fig. 4d), with the highest value measured 8 h be-

fore the peak in the total number of colonies, but the concen-

tration stayed at a high level during the breakthrough of turbi-

dity and total number of coloniesat 20 °C and 36 °C, so there is 

no significant difference in transport behaviour. The continuous 

____-_

Figure 5: Organic carbon and microbiological parameters from 23-Jul to 9-Aug-05 (overflow event 

#2); (a) concentration of total and dissolved organic carbon, (b) no. of colonies at 20 and 36°C, (c) total 

coliformic bacteria, (d) E. coli, (e) turbidity at Gallusquelle. Dashed line indicates time point of overflow; 

CFU = colony forming unit._____________________________________________________________

from the rain spillway basin. The highest values of microbio-

logical parameters were measured along with the highest tur-

bidity values and the depletion of electrical conductivity (Fig. 5). 

Subsequently, the recovery of bacterial concentrations to back-

ground values developed in a different way than e.g. electrical 

conductivity: Within 12 h after the peak the number of colonies 

depleted by 60-70% and E. coli by 75%, but over the next ten 

days the decrease was slow. Turbidity also showed a rapid 

depletion forming a symmetrical peak in the upper part and then 

a decrease sustained over the next six days (until August 5). The 

curve for the total number of colony-forming bacteria resembles 

the turbidity curve until August 3. Afterwards some single ele-

vated numbers of colonies were measured. Taking into account

and slow decrease following the 

sharp initial drop can be considered 

as the steady retardation by the 

aquifer. In the case of enteric bac-

teria in the environment this means 

die off. A particular concentration 

pattern is shown by the curve of the 

total coliform bacteria (Fig. 5c). Until 

the major peak it resembles the 

curve of the number of colonies at 

36 °C and of E. coli, whereas the 

falling limb is interrupted by three 

intermediate maxima, decreasing 

one by one, with all concentrations 

above 2,000 CFU/100 ml. Metho-

dological irregularities can be ex-

cluded as a reason (no correlation 

with sampling time / time lag until la-

boratory analysis / sample volume) 

and the changes significantly ex-

ceed the standard deviations of the 

concentrations of total coliforms. 

Therefore different explanations 

with regard to ecological or hydro-

geological factors were attempted: 

(a) Coliform bacteria contain one or 

more groups of bacteria able to pro-

liferate after the input to the aquifer, 

at least during the first period. This 

happens batch-wise, so that after 

the major breakthrough “new” bac-

teria get discharged. The conditions 

in sewage contaminated groundwa-

ter might benefit their growth. (b) 

Different transport pathways in the 

conduit, i.e. the fast flow system, 

exist that are used by the coliforms. 

The bulk of bacteria is discharged 

via the most direct pathway whereas 

smaller portions arrive later at the 

spring because of the longer dis-

tance of their transport pathway. 

Birgit HEINZ, Steffen BIRK, Rudolf LIEDL, Tobias GEYER, Kristina L. STRAUB, Kai BESTER & Andreas KAPPLER
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Figure 6: Estimated proportion of overflow water in total spring water for the breakthrough curve of 

event #2 based on a mass balance of sodium and chloride, respectively, measured in samples of the spring 

water and once of the filled rain spillway basin.____-_________________________________________

Besides a spatial partitioning mechanism there could also be a 

qualitative separation of bacterial groups due to their size or cell 

surface properties (charge, affinity to aggregate), resulting in ad-

sorption on the solid phase of the aquifer system. Since longer 

residence times benefit retardation cell numbers are depleted 

with time. (c) The latter process plays a role for the following: 

Water of new recharge events remobilises fractions of coliform 

bacteria that got adsorbed somewhere on the transport path-

way. The high load of nutrients made them able to survive for 

a certain period. They get discharged until the aquifer is more 

or less “cleaned”. No corresponding signals in spring discharge 

support this assumption. For both (b) and (c) is valid: As there 

is little known about special size or affinity to aggregation with-

in the coliform bacteria this does not explain why the effect is 

limited to this group of bacteria. However, the irregularities in 

the spring response could be an effect of a combination of 

the described processes.

Under hygienic aspects, event #2 played an important role 

because of a disproportionately high input of sewage. The limit of 

100 CFU/ml in terms of drinking water requirements for the total 

number of bacteria at 20°C and 36° C was exceeded by two 

orders of magnitude. At the end of the measuring period (15 d 

after overflow) the concentration oscillated around the limit 

value. High levels of pollution by E. coli and total coliforms, even 

in terms of raw water, were determined during more than 10 

days, including the peak concentration of E. coli of almost 8,000 

CFU/100 ml. At the end of the measuring period the concen-

tration of E. coli and total coliforms still indicated too high levels 

of faecal contamination.

The measurements of the content of total (TOC) and dissolved 

organic carbon (DOC) apparently had some problems, because 

DOC yielded sometimes higher values than TOC. Since both 

values were analysed from two different water samples (filtered 

for DOC, unfiltered for TOC), the sampling mode could be one 

source of error. Also the storage period (3 days to 10 weeks) 

before the measurements could influence the results due to 

microbial degradation of organic material. If the DOC values of 

July 27 and August 4 are neglected, a broad peak parallel to 

____________-_________________

___________-___________________

3.2.3 Organic Matter, Major Ions, and Or-

ganophosphates

the breakthrough of turbidity and 

bacteria appears (Fig. 5a). This is 

plausible because bacteria cells as 

well as a certain fraction of turbidity 

contribute to the organic content of 

the water.

Details about major ion concen-

trations measured during event #2 

as well as the other events can be 

found in Heinz (2006). Due to the 

dilution effect of the event water 

calcium, magnesium, and bicarbo-

nate show depletions along with 

the depletion of electrical conduc-

___________________--

tivity and the major turbidity peak. In contrast, sodium and chlo-

ride show a positive deviation from their background level during 

the turbidity breakthrough. Assuming that these ions originate 

from the overflow of the rain spillway basin, the total volume of 

overflow water discharged at the spring can be estimated by 

mass balance calculations (e.g. Dreiss, 1989).

Applying this mass balance to the measured concentrations 

of sodium and chloride over the event #2 period yields a maxi-

mum proportion of 45% of overflow water in the total spring water 

along with the contamination peak, which was parallel to the 

peak in the concentrations of sodium and chloride. Although 

this number might be an overestimate, it supports the as-

sumption derived from the discharge, turbidity and microbio-

logical data, that the water quality changes were mainly a 

response to the overflow. Evaluating the sodium concentra-
3tions yields a total volume of overflow water of 13,000 m , while 

3the chloride concentrations suggest a volume of 73,400 m . A 
3comparison with a volume estimate (approximately 23,000 m  

per overflow) derived from statistical values about the rain spil-
 lway basin shows that the estimation provides reasonable 

results, particularly when the calculation is based on the so-

dium (Fig. 6).

The difference between the volume estimates resulting from 

sodium and chloride concentrations is probably due to cation 

exchange processes reducing the sodium concentrations. How-

ever, there might also be additional sources for chloride. In fact, 

the existence of other sources for sodium cannot be excluded 

as well. Thus, it was attempted to identify other, more specific 

anthropogenic contaminants that could be expected to be pre-

sent in the sewage from the rain spillway basin. To this end, 

certain synthetic organic compounds, i.e. organophosphates, 

which are mostly used as flame retardants, plasticisers and lub-

ricants, were quantified around event #5 both in the rain spillway

basin and in the spring water. Although the measurements for 

the Gallusquelle samples yielded very low values, a dependency 

on the event response was observed, particularly for some com-

pounds, e.g. TCPP (tris-(2-chloro-, 1-methyl-ethyl)-phosphate), 

TnBP (tri-n-butylphosphate) and TCEP (tris-(2-chloroethyl)-

phosphate). The date of the highest values corresponds to the

E. coli maximum, indicating the waste water origin of both para-

meters. Details can be found in Heinz (2006).

___-_________

__________________-_____________________

______________
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4. Conclusions

Acknowledgements

Five overflow events of different intensity with their conse-

quences at the spring were followed within a period of five 

months. Each event resulted in a considerable deterioration of 

the spring water quality, demonstrated by increases in both tur-

bidity and in concentrations of bacteria indicating faecal conta-

mination. This paper has focused on event #2, which resulted 

from a technical failure after a relatively weak recharge event. 

Thus, spring response is probably mainly caused by the sewage 

infiltration near the rain spillway basin. The total number of bac-
3 4teria showed maxima in the range of 10  to 10  CFU/ml exceeding 

the drinking water limit (100 CFU/ml) by one to two orders of 

magnitude. The number of coliform bacteria showed the stron-

gest deviations from background concentrations (approx. 17 

CFU/100 ml), which had been determined during the dry period 

before overflow event #2. Also the concentration of E. coli, which 

indicates faecal contamination by humans or endothermic ani-

mals, rose considerably after overflow events (background ap-

prox. 1 CFU/100 ml). The maxima for both parameters were 

about three to four orders of magnitude higher than the back-

ground. Since the German Drinking Water Ordinance requires 

the absence of coliform bacteria and E. coli in a water sample 

of 100 ml, hygienic standards were missed by far. The results 

demonstrate the severe effects of spring water contamination 

caused by the overflow of the rain spillway basin. To avoid such 

unfavourable conditions, the waterworks are able to stop water 

abstraction for a short time. However, elevated concentrations of 

contamination parameters were observed over periods ranging 

from several days to more than two weeks. Thus a more careful 

water treatment, e.g. by enhanced ozonation, has to be extended 

over a longer period resulting in higher treatment costs.
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