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1 INTRODUCTION 
 
The disposal of liquid wastes on land areas for sub-
surface water purification is a widely used practice. 
However land suitability can differ considerably de-
pending upon the existence of macropores that may 
have a negative influence on the cleaning potential 
of the ground (Bouma et al., 1983). 

In the karst areas of the Fränkische Alb (Northern 
Bavaria), surface waters that could receive the efflu-
ent of sewage treatment plants are few and often dis-
tant from villages. Therefore the disposal of pre-
treated domestic sewage water on surface soils is not 
uncommon in the area. At the site of investigation in 
Hiltpoltstein large amounts of sewage water (up to 
100 mm per day) have been sprinkled on an area of 
approximately 3 hectars for about 30 years. Here ju-
rassic karst limestones that contain considerable 
groundwater resources are covered by unsatu-
rated/partly saturated sandy-silty loams. The investi-
gations were conducted in order to determine the 
protective function of the covering layer with respect 
to the underlying aquifer. 

2 MATERIALS AND METHODS 

2.1 Experimental buildup 
An observation shaft, 3.5 m deep with a diameter of 
1.5 m was built in the center of the irrigated area. 
Suction cups and lysimeters were installed at posi-
tions from 25 cm to 3.5 m deep in the ground sur-
rounding the observation shaft and the infiltrated soil 
water was collected inside the observation shaft for 
qualitative analysis and measurement of the chemi-
cal and biological parameters. 

2.2 Soils 

A detailed profile was taken at the site of the obser-
vation shaft down to a depth of 3.5 m. The sediments 
are sandy-silty loams (texture: 7 - 25 % clay, 27 - 45 
% silt, 31 - 52 % sand and 4 - 15 % gravel), which 
were formed by the weathering of cretaceous sand-
stones (Schaufuß, 1989). Occasionally boulders are 
embedded. The slope of the terrain varies between 
app. 5° – 10°. The soil profile at the site is probably 
thickened by processes of solifluction. 
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2.3 Tracer experiments 

The fluorescent tracers uranine and amidorodhamine 
were used for the tracer experiments. Uranine was 
applied in spring 1999 by an even spraying of 10 l of 
a solution of 30 g/l on 10 m2 of the soil surface, di-
rectly above the lysimeters.  

In a second experiment in winter 1999/2000 3 kg 
amidorhodamine were added to the sewage storage 
tank (content: 90 m3) before sprinkling (concentra-
tion: 0,03 g/l) and irrigated by the sprinkler system. 
Tracer concentrations of percolated water gained 
from suction cups and lysimeters at different depths 
was determined by a Hitachi fluorescence spectro-
photometer F3000 with a detection limit of 1⋅10-9 
g/l. 

2.4 Coloring experiment 
In order to detect the streamlines of transport, at the 
end of the tracer experiments the soil was irrigated 
with 20 mm of water colored with “Brilliant Blue” 
(an intensive dyer normally used for coloring of 
food). After 24 hours the site was excavated down to 
1.5 m depth. Pathways of transport could be deter-
mined by visual inspection of the walls of the exca-
vated ditch. 

2.5 Modeling 
The dual porosity finite difference simulation pro-
gram FLOTRA (Wagner et al., 1997), which is 
based on the mobile-immobile concept (Van 
Genuchten & Wierenga, 1989) was used to calculate 
the tracer experiments. Water flow in the unsaturated 
zone is calculated according to the Richards-
equation. The mobile-immobile concept takes into 
account stagnating water contents by two differential 
equations for solute concentrations in the mobile and 
immobile domain, which are coupled by a mass 
transfer term. Thus the program calculates a solute 
concentration cm (g/m3) in the mobile water fraction 
θm and a solute concentration cim in the immobile 
water fraction θim. The corresponding equations for 
transient conditions and a non-sorbing solute are: 
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where Dm = hydrodynamic dispersion coefficient 
(m2/s), q = convection term (m/s), α = solute ex-
change parameter between mobile and immobile wa-
ter contents of the soil (s-1) and S = source/sink 
(g/(m3s)). 

For simulation of the tracer experiments, weather 
data were used from a nearby climatic measuring 
station belonging to the Agrarian Meteorological 
Measuring Net of Bavaria. For the water input func-
tion precipitation and irrigated sewage were added 
on a daily basis. Actual evapotranspiration (Etp) was 
calculated by a modified approach of Haude (1955). 
Depth dependent hydraulic parameters of the soil 
were determined by pedotransfer functions from 
measured textural parameters following an approach 
of Campbell (1985). The soil was represented by 
compartments with a thickness of 5 cm each. 
 

 

3 RESULTS 
 

In table 1 important parameters for the two tracer 
experiments are listed. Despite different input rates, 
in both experiments a rather similar pattern of tracer 
infiltration was observed: travel times of the tracer to 
the different depths are nearly identical with a simi-
lar high amount of macropore flow. Also, observed 
tracer breakthrough curves were similar in both 
cases. As the frequency of the measurements was 
higher in the second experiment (amidorodhamine), 
only this experiment is shown in the following re-
sults.  
  
Table 1.  Data of tracer experiments in Hiltpoltstein. _________________________________________________ 
                 Uranine      Amidorhodamine _________________________________________________ 
Tracer input (date)     12.04.1999  8.11.1999 
Observation time (days)   57     105   
Tracer input con- 
entration (g/l)       30     0.03      
Tracer input amount  
(g/m2)         30     0.4 
Average daily  
precipitation (mm/d)    21.1    13.4 
First detection of tracer   
in 3.5 m dept       <70 h   <70 h  _________________________________________________ 
 
 

In figure 1, a comparison of observed tracer 
breakthrough curves are given for the 2 lysimeters 
L4 and L9 in 1 and 2.5 m depth respectively as are 
the results calculated with the optimized simulation 
program. Results of the other lysimeters at the same 
depth were quite close to L4 and L9 and are only 
omitted for readability. Tracer breakthrough curves 
show a rapid first appearance of the tracer in both 
depths and a very gradual decrease of tracer concen-
trations vs. time i.e. a distinct tailing. Lower tracer 
concentrations in the deeper lysimeter L9 are attrib-
uted to partly saturated conditions in the soil be-
tween 1 and 2.5 m depth and therefore a lateral flow 
component. 



 

 
Figure 1. Measured and simulated tracer breakthrough (ami-
dorhodamine) at lysimeters in 1 m (L4) and 2.5 m (L9) depth 
vs. total observation time. 

 
The best fit to observations was achieved with the 

simulation model, when the mobile water content 
was set to a rather low value corresponding to water 
content at field capacity (3,16 m pressure head) and 
dispersion length was set to a rather high value of 
1.5 m (around 1/3 of calculated profile depth of 4 
m). While the general pattern of tracer breakthrough 
is well met by the model simulations, a closer look 
at breakthrough curves during the first 2 days after 
tracer input (figure 2) shows, that travel times of the 
tracer are relatively well met for 1 m depth but 
clearly underestimated for 2.5 m depth. At 3.5 m 
depth, the first appearance of the tracer was meas-
ured between 24 and 70 hours after tracer input vs. 
48 hours calculated. 

 
Figure 2. Measured and simulated tracer breakthrough (ami-
dorhodamine) at lysimeters in 1 m (L4) and 2.5 m (L9) depth 
during the first 2 days after tracer input. 

 
The reason for this discrepancy was shown by the 

coloring experiment. From visual inspection, it could 
be seen, that the 20 mm of irrigated colored water 
had percolated to a depth of around 5 to 10 cm 
within the soil matrix, but a considerable part of the 
irrigated water had bypassed the soil matrix through 
deep reaching vertical earth worm holes and through 

root channels, with the first pathway prevailing. As 
could be seen, the soil water had radially infiltrated 
several millimeters into the soil matrix  surrounding 
the macropores and would percolate further from 
here through the soil matrix. Fig. 3 shows the princi-
ple of the observed flow scheme. 

 

 
 
Figure 3. Basic flow schemes detected after irrigation of 20 mm 
water colored with Brilliant Blue (not to scale). 

 
As to the quantities of water flows, figure 4 

shows the summed up tracer recovery of the lysime-
ters L5 and L6 in 1.3 m depth vs. observation time 
and results of the model simulation.  

  
Figure 4. Summed up tracer recovery (amidorhodamine) meas-
ured and simulated at lysimeters L5 and L6 in 1.3 m depth vs. 
total observation time. 

 
As can be seen, the model predicts well the gen-

eral behavior, especially long term tailing and quan-
tities are also relatively well met, but still underpre-
dicts the rapid first appearance of tracer. 24 hours 
after tracer input, already 52 % of total tracer recov-
ery at the lysimeter L5 have bypassed the lysimeter, 
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while only 6.4 % of total tracer recovery at lysimeter 
L6 have bypassed this lysimeter after the same time. 
These rapid flow components are mostly attributed 
to macropore flow. This shows, that the lysimeter L5 
received a much larger portion of macropore flow, 
which also explains the higher input rate of tracer at 
that lysimeter. The different measured quantities of 
the two lysimeters are therefore attributed to a het-
erogeneous flow scheme due to soil structure. Ac-
cording to the simulation, only 1 % of the total input 
has arrived at 1.3 m depth after 24 hours. This also 
shows the weakness of the model with respect to 
macropore flow prediction. 

4 DISCUSSION AND CONCLUSIONS 

The tracer and coloring experiments at the sewage 
sprinkler site showed, that a considerable part of the 
irrigated water infiltrated quickly into greater depth 
by bypass flow through a macropore flow system.  

This is attributed to the following reasons: 
-very high precipitation rates, each sprinkling 
event simulating a storm event which activates the 
macropore flow system 
-no soil treatment like tillage i.e. preferred path-
ways build up and persist for a long time 
-plants at the site form deep reaching roots 
(mainly stinging nettle) 
The applied dual porosity model was not fully ca-

pable of representing the observed tracer break-
through curves. In our view a realistic model for the 
transport mechanisms at the site needs to take into 
account 3 different domains: (1) a rapid flow along 
discrete soil structures; here: worm holes and root 
channels, (2) matrix flow in the mobile domain, and 
(3) storage in the immobile domain. At the present 
stage, the program accounts for domain 2 and 3 only. 
The rapid initial breakthrough of the tracer took 
place in domain 1, while domain 2 and 3 cause the 
long-term tailing, which is well represented by the 
calculations. A problem is, that the input parameters 
of such an extended model depend on structural 
properties of the soil, which are much less available 
than textural parameters. Therefore the calibration 
and validation of such a model remains a challenge 
for the future. 

The high amount of macropore flow at the inves-
tigated site has adverse effects on the cleaning poten-
tial of the ground and therefore the practice of sprin-
kling of sewage could have a negative influence on 
the water quality of the underlying aquifer. This was 
also shown by a high biological activity in the infil-
trated water through all observation depths.  

In order to improve the protective function of the 
soil cover at the site, i.e. reduce macropore flow and 

increase travel times, we suggest the following 
measures: 

-reduce soil structure by homogenization of the 
soil through regular tillage 
-reduce loading rates to infiltration capacity of 
matrix pore system, e.g. by a different sprinkler 
system that allows for finer irrigation rates. 
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