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Abstract. This paper describes two groundwater models
simulating a well capture zone in a heterogeneous aquifer
located near an infiltrating river. A deterministic, large-
scaled groundwater model (1.8 ¥ 1.2 km) is used to sim-
ulate the average behavior of groundwater flow and ad-
vective transport. It is also used to assign the boundary
conditions for a small-scaled groundwater model (550 ¥
400 m) which relies on stochastically generated aquifer
properties based on site-specific drill core and georadar
data. The small-scaled groundwater model is used to in-
clude the large subsurface heterogeneity at the location of
interest. The stochastic approach in the small-scaled
groundwater model does not lead to a clearly defined well
capture zone, but to a plane representation of the proba-
bility of a certain surface location belonging to the well
capture zone. The models were applied to a study site,
which is located in an area of artificial groundwater
recharge and production, in Lange Erlen near Basel,
Northwestern Switzerland. The groundwater at this site
contributes to the city’s drinking water supply, and the site
serves as a recreational area to the population of Basel.
The river is channelized, but there are initiatives to restore
the riverbank to more natural conditions. However, they
conflict with the requirements of groundwater protection,
especially during flood events. Therefore, a river section
of 600 m in the vicinity of an unused and disconnected
drinking water well was restored to study changes in the
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groundwater flow regime depending on hydrologic varia-
tions, water supply operation data, progress of river
restoration, and subsurface heterogeneity. The results of
the groundwater models are compared with data from
two tracer experiments using Uranine and the natural
Radon isotope Rn-222, and with physical, chemical, and
microbiological data sampled in monitoring wells be-
tween the river and the drinking water well. The ground-
water models document significant variations regarding
the dimension of the well capture zone depending on
changing boundary conditions and the variability of 
the hydraulic aquifer properties. The knowledge of the
subsurface heterogeneity is important to evaluate trans-
port times and distances of microorganisms from the 
infiltrating river or the riverbank to the drinking water
well. The data from the monitoring wells show that
chemical and microbiological processes predominantly
occur in the hyporheic interstitial zone and the riverbank
within a range of a few meters up to a few 10s of 
meters from the river. The methods presented here can be
used to define and evaluate groundwater protection
zones in heterogeneous aquifers associated with in-
filtration from rivers under changing boundary condi-
tions, and under the uncertainty of subsurface hetero-
geneity. Furthermore, they allow one to study the site-
specific operational alternatives associated with river
restoration. 
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Introduction

The fluvial deposits of river valleys are commonly im-
portant groundwater aquifers for municipal water sup-
plies. In Switzerland, approximately 42% of the total
drinking water demand, which is about 1.1 billion
m3/year, is covered by pumped groundwater. These
groundwater aquifers are recharged by precipitation and
river infiltration, but the relative contributions have not
been examined in detail. Many of the river valleys are rel-
atively narrow; so wells for water supply systems are
commonly located near rivers.

In densely populated areas where public open space
may be used as recreational areas as well as groundwater
protection areas with activity restrictions, numerical
methods for comparative assessment of different opera-
tional alternatives become a valuable tool. Groundwater
models play an important role in decision-making
processes (Reichert and Pahl, 1999), especially in the
context of better characterization of parameter distribu-
tions and prediction of dynamic behavior of a given sys-
tem. Groundwater models are helpful tools to define well
capture zones based on hydrogeological and water supply
operation data (e.g., Kinzelbach et al., 1992; Lerner,
1992). They allow one to study the sensitivity of the ob-
served system with respect to changing parameters and
conditions. However, groundwater models which do not
consider site-specific geological information might not
be acceptable for site-specific risk estimation of changing
groundwater quality.

Vassolo et al. (1998), van Leeuwen et al. (1998), and
others applied stochastic methods to cope with signifi-
cant subsurface heterogeneity. The major advantage of
the stochastic approach is its ability to account for uncer-
tainty in the distribution of hydraulic aquifer parameters.
In addition, stochastic methods can be used to check tech-
nical and operational measures on aquifers, to evaluate
their effectiveness, or to evaluate measures for remedia-
tion of pollution (e.g., Rauber et al., 1998).

Model accuracy is strongly dependant on both the
quantity and the quality of available data (Kinzelbach and
Rausch, 1995). Data used in groundwater models may be
divided into two basic types: “hard data” and “soft data”
(Poeter and McKenna, 1995). Hard data (e.g., outcrop
data, in some cases drill core data) can be directly ob-
tained and examined. There is uncertainty in hard data,
but it is considered small enough to be ignored. Soft data
(e.g., georadar data) are less precise, thus greater uncer-
tainties are associated with the soft data values. The prob-
lem of adequately modeling subsurface parameter distri-
butions becomes more difficult with increasing hetero-

geneity and thereby increasing uncertainty with respect
to the spatial variability of available data. The technique
used to model subsurface structures in a site-specific
problem should be chosen based on properties under 
consideration (e. g., lithofacies, hydraulic conductivity,
porosity), available knowledge of the subsurface, and
causes of uncertainty (Ayyub and Gupta, 1997; Weiss-
mann et al., 1999). Considering these aspects, calcula-
tion, uncertainty estimation, and assessment of opera-
tional alternatives can be separated, the discussion in de-
cision-making processes can be de-emotionalized, and
discrepancies can be identified (Reichert and Pahl,
1999). A groundwater model based on geological data
has accomplished its task, if the solution is robust, geo-
logically and hydrologically reasonable, and if the actual
parameter values differ only within a limited range from
those of the model (Kinzelbach and Rausch, 1995).

Agricultural use of the floodplain, river corrections,
and intensive hydroelectric power generation have de-
prived most Swiss perialpine rivers of their natural char-
acter. Excavation and the construction of dams and steps
have resulted in deeper and narrower river channels with
no connection to the adjacent floodplain. Therefore, these
rivers often function primarily as conduits for precipita-
tion runoff and overflow sewage, rather than as a natural
aquatic biosphere. Different recent initiatives concentrate
on restoring at least part of the original biodiversity of
former floodplains. According to new legislation in
Switzerland, the groundwater shall be protected by pre-
vention of water pollution and implementation of well
capture zones, and the ecological value of rivers shall 
be increased (Gewässerschutzgesetz, 1991). In many
densely populated areas, these ideas lead to conflicting
opinions about the best use of public open space. 

The protection zones legally established are coupled
with the licensed extraction volume of groundwater.
Most of the existing protection zones legally delineated,
however, are not based on the analysis of the dynamic
character of the river-groundwater interaction nor on the
influence of subsurface heterogeneity. The well capture
zone is defined as the area from which about 90% of the
maximum extracted groundwater originates, assuming 
a low groundwater table (Gewässerschutzverordnung,
1998). This definition is valid only for time-independent
systems. For most groundwater systems, however, tem-
poral dynamics should be considered, especially if a spe-
cific well capture zone is not the only one in the ground-
water-bearing formation. In this case, different individual
well capture zones mutually compete and influence each
other. If the groundwater is polluted by chemicals or par-
ticles which are not sufficiently reduced or adsorbed
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(e.g., hormone effective and endocrine substances, gaso-
line additives, microorganisms), or if there is a danger of
pollution by such substances, the delineation of well cap-
ture zones is of public interest (Gewässerschutzverord-
nung, 1998). 

The main focus of this paper is to define and evaluate
groundwater protection zones in heterogeneous aquifers
associated with infiltration from rivers under changing
boundary conditions, and under the uncertainty of sub-
surface heterogeneity. For such cases, methods presented
here represent helpful tools for risk estimation of chang-
ing groundwater quality and quality management of wa-
ter supplies, and for site-specific evaluation of opera-
tional alternatives for river restoration.

This paper starts with a description of the study site.
Then deterministic and stochastic modeling of a well cap-
ture zone is presented depending on hydrologic varia-
tions, water supply operation data, progress of river
restoration, and subsurface heterogeneity, including the
generation of distributions of hydrogeological properties.
This paper concludes with the comparison of results from
groundwater models with two tracer experiments using
Uranine and the natural Radon isotope, Rn-222, and also
with physical, chemical, and microbiological data, sam-
pled in monitoring wells between the river and the drink-
ing water well. 

Site description 

The Lange Erlen serves as recreational area for the popu-
lation of the city of Basel, as groundwater resource pro-
viding a significant portion of the city’s drinking water
(45’000 m3/day). This water supply system extends over
more than 4 km along the river Wiese as shown in Fig-
ure 1. The study site, at the lower end of the water supply
area, is located in the ancient confluence of the main river
Rhine (with flow to the Northwest) and its tributary
Wiese (with flow to the Southwest). 

The aquifer is artificially recharged with treated sur-
face water (fast filtration) from the river Rhine. The wa-
ter from the river Wiese or its artificial channels is not
used to recharge the aquifer, because during the last 40
years its water was of poorer microbiological quality than
Rhine water. Meanwhile, the chemical and microbiologi-
cal water quality of the river Wiese has improved.

The unconfined aquifer consists of Quaternary un-
consolidated coarse alluvial deposits. Tertiary marls un-
derlie these gravels and are considered impermeable for
the purposes of the model. The aquifer thickness varies
between 13 and 18 meters. The lower 80% of the aquifer
consists of Rhine gravel (primarily limestone) and the up-
per 20% of the aquifer consists of Wiese gravel (primar-
ily silicates and limestone; Zechner et al., 1995). This
may be explained by reworking of the Wiese gravel by the

river Rhine under landscape-shaping conditions, whereby
the top sequence of Wiese gravel will be preserved until
the next shift of the active channel area of the river Rhine.

The average discharge of the river Rhine over the last
110 years is 1’052 m3/s and is, therefore, around 90 times
larger than the average discharge of the tributary Wiese
with 11.4 m3/s over the last 68 years (Bundesamt für
Wasser und Geologie, 2001). The river Wiese has been
channelized during the last century. Two dams at dis-
tances of 55–60 m protect the adjacent plain from flood-
ing. The cross-section is double trapeziform, the actual
river width is 20 m. Elevation change in the riverbed is
achieved with incremental step heights of about 0.1 m,
and the average slope is about 4.5‰. 

The riverbed mobilizes during floods. It was observed
that an increase of the infiltration of river water into
groundwater pollutes drinking water wells located near
the rivers, especially during flood events. Therefore, river
restoration conflicts with the safety requirements of the
groundwater protection zones.

The riverbed within the study site has been restored
because of its function as a recreational area. The restored
section consists of two parts with a total length of ap-

Aquat. Sci. Vol. 65, 2003 Overview Article 113

Figure 1. Simplified geological overview of Basel area in North-
western Switzerland and location of study site – at the lower end of
the city’s water supply area Lange Erlen – within the ancient con-
fluence of main river Rhine and its tributary Wiese.



proximately 600 m and includes 10 block ramps, 28
groynes, and 4 gravel bars. The weight of the built-in rock
blocks was 3’180 tons; however, the volume of these
blocks is smaller than that of the concrete material re-
moved. Gravel was only redistributed, and no additional
gravel material was supplied. Figure 2 shows the river
Wiese before and after restoration operation. The restora-
tion in part 2 is far enough downstream that it has no in-
fluence on any well capture zone. 

For groundwater monitoring, 11 new boreholes were
drilled along hypothetical groundwater flow paths be-
tween the river Wiese and drinking water well 13, which
is located at a distance of about 120 m from the river and
is no longer used for water supply. Nine of the new bore-
holes are grouped in clusters of three boreholes each as
shown in Figure 3. The boreholes have been drilled to
specified aquifer depths. Monitoring wells 1458, 1472,
1473, and 1475 sample the aquifer about 1–2 m below
the average groundwater table; monitoring wells 1459,
1461, 1462, and 1476 sample the middle part of the
aquifer; and monitoring wells 1460, 1474, and 1477 sam-
ple the aquifer a few meters above the relatively imper-
meable Tertiary marls. Five drill cores covering the whole
aquifer thickness have been described sedimentologi-

cally. These cores were used to calibrate the 14 vertical
georadar reflection sections which were recorded in the
vicinity of drinking water well 13 to characterize the sub-
surface heterogeneity. 

The question of whether and how river restoration
might negatively affect groundwater quality were the ob-
jects of an accompanying investigation program. The
field experiments as well as the regular and flood-event
specific measurements are shown in Table 1.

Aquifer and groundwater modeling

Groundwater flow and coupled advective transport were
simulated with two different models using Processing
Modflow (PMWIN) from Chiang and Kinzelbach (2001).
Figure 4 shows the situation. The following sub-section
describes the deterministic, large-scaled groundwater
model which was used to simulate average groundwater
flow and advective transport and allows one to define
boundary conditions for telescoped model areas. Then,
the small-scaled groundwater model is described which
relies on stochastically generated aquifer properties
based on site-specific drill core and georadar data.
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Figure 2. Part of the river Wiese before and after restoration operation: (a) plan view and (b) photo of straightened and artificially stepped
river; (c) plan view and (d) photo of restored river with improved lengthwise and crosswise connectivity through the replacement of steps
with block ramps and concrete material with gravelled riparian zones. In the photos, the flood protection dams are located within the woods. 



Aquat. Sci. Vol. 65, 2003 Overview Article 115

Figure 3. Plan view of study site and vertical geological section: (a) traces of georadar sections (gs) and drinking water wells; (b) moni-
toring wells, partially grouped in clusters, sampling the upper, middle, and lower part of the aquifer; (c) vertical geological section (verti-
cally enlarged by a factor of 3) along monitoring wells showing the subsurface heterogeneity within the capture zone of drinking water 
well 13. 

Table 1. Investigation program accompanying the river restoration within the capture zone of drinking water well 13. 

Investigation program Before river restoration After river restoration 

regularly event-specific regularly event-specific
sampling sampling sampling sampling
(weekly) (daily) (weekly) (daily) 

Artificial tracer experiment: Uranine X X 

Natural tracer experiment: Radon-222 X 

Physical and chemical measurements: 
DOC, O2, pH, Ca, HCO3, Temperature, 
Electrical conductivity, NH4, NO2, NO3, 
PO4, SO4, Cl, Turbidity X X X X 

Microbiological measurements: 
Heterotrophic plate counts, 
Escherichia coli, Enterococcus X X X X 



Calibration and results of the large-scaled 
groundwater model
The large-scaled, two-layer finite-difference groundwater
model has a total of 39’032 cells and covers an area of
1’800 ¥ 1’200 m. The cell size varies from 5 ¥ 5 m,
within the zone of river restoration, to 20 ¥ 20 m. The
model is divided in two layers having a thickness of ap-
proximately 4–8 m and homogeneous hydraulic param-
eters. Model boundary conditions are of the first type
(fixed head boundary) along the Eastern and Western
side, and of the third type (leakage boundary) along the
river Wiese. The Northern and Southern sides are speci-
fied as no flow boundaries. The topography of the aquifer
bottom (Tertiary marls) is interpolated from the top lev-
els of the bedrock. The available data are based on the
drill core descriptions and georadar recordings. 

The data-sensitive parameters of the steady-state,
large-scaled groundwater model – the hydraulic conduc-
tivity of the two model layers and the leakage factor 
(Chiang and Kinzelbach, 2001) of the riverbed – are cal-
ibrated with data from December 9, 1998. The data are
based on 69 groundwater head measurements, 4 river

stages, and corresponding pumping and recharge rates.
Solutions of the groundwater flow equation match the
field head data with a mean squared deviation of 0.14 m2.
The calibrated hydraulic conductivity is 5.75 E-3 m/s for
both the upper and lower layer. The leakage factor of the
river Wiese is 1 E-6 /s.

Figure 5 shows simulations of the capture zone of
drinking water well 13 that was approximately deter-
mined by particle tracking for conditions before and after
river restoration as well as for low river discharge, and
moderate and high floods. Figure 5a represents the cali-
brated groundwater model. In Figure 5b–f predictions
under changed boundary conditions are given. The well
capture zone is strongly influenced by changing river dis-
charge and the structure of the riverbed. River restoration
is simulated by increasing the leakage factor by a factor
of 10 and 100, respectively, within the restored river
channel, assuming moderate and strong increase of the
hydraulic conductivity of the riverbed. The leakage factor
of the artificially built gravel bars was not increased. The
modeled infiltration of river water within the well cap-
ture zone varies between < 0.02 m3/m2/d (Fig. 5a) and
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Figure 4. Situation of the large-scaled, homogeneous groundwater model and the small-scaled groundwater model, which relies on sto-
chastically generated aquifer properties. OW: open-framework gravel, OW/BM: open-framework/bimodal gravel couplets, GG: gray
gravel, BG: brown gravel, GG/BG-horizontal: alternating gray and brown gravel, horizontally layered, GG/BG-inclined: alternating gray
and brown gravel, inclined, SG: silty gravel, SA: sand, SI: silt.
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>3.06 m3/m2/d (Fig. 5f). Particularly at high flood events,
the model results show a short travel time between the
riverbed and the drinking water well 13. 

Based on the large-scaled, homogeneous model re-
sults, the average groundwater residence time between
the river Wiese and drinking water well 13 varies between
20 (Fig. 5a) and 5 days (Fig. 5f). In general, it is expected
that in restored rivers, mobilization of the riverbed does
not occur at the same time nor to the same extent as be-
fore river restoration. Therefore, particularly during flood
events, the permeability of the riverbed will vary consid-
erably because of both the higher discharge dynamics in
restored rivers compared to channelized rivers and the
temporal variability of zones with higher infiltration.

Generation of aquifer properties and results 
of the small-scaled groundwater model
At Basel about 3000 drill-core descriptions from Basel
are stored in a data base (Noack, 1993; Noack, 1997).
This is a comprehensive source of information for site
characterizations. For the generation of aquifer properties
at the small scale, a combined sedimentological and geo-
statistical approach was chosen. The sedimentological
approach is based on observations in unweathered out-
crops and fluvio-dynamic interpretations of processes in
a braided river system (Siegenthaler and Huggenberger,
1993; Jussel et al., 1994) and allows a lithofacies-based
interpretation of drill core and georadar data to provide
conditioning data for the stochastic aquifer simulation
(Regli et al., 2002). The geostatistical approach matches
the sedimentary structures based on the conditioning data
and the spatial correlation of the data values (e.g.,
Deutsch and Journel, 1998). The aquifer properties are
then integrated into the small-scaled groundwater model
for steady-state flow and coupled advective transport
simulation. Observed groundwater heads are used to re-
strict the choice of aquifer realizations to those yielding
acceptable simulated groundwater heads at the observa-
tion points.

Sedimentological and geophysical analysis of the
Rhine/Wiese aquifer. As noted above the lithology of the
Rhine and Wiese sediments is easily distinguished be-
cause the sediments are from different source areas which
have distinct geological units. Within these two strati-
graphic units a number of sedimentary structures are rec-
ognized that were generated by sedimentary processes in
the braided fluvial system. Lithofacies associated with
the sedimentary structures at this location include (Regli
et al., 2002): open-framework gravel (OW), open-frame-
work/bimodal gravel couplets (OW/BM), gray gravel
(GG), brown gravel (BG), alternating gray and brown
gravel layers (GG/BG), horizontally layered or inclined,
silty gravel (SG), sand lenses (SA), and silt lenses (SI).

The principal relationship of the lithofacies types and the
sedimentary processes which form these structure types
are described in Siegenthaler and Huggenberger (1993).

The boreholes and georadar investigations (Fig. 3)
were made to delineate the main sedimentary structures
as described above. The total length of the georadar sec-
tions is 3’040 m. The three-step method presented in
Regli et al. (2002) was used to interpret the sedimento-
logical and geophysical data. In the first step, the site-
specific lithofacies scheme to classify sedimentary struc-
ture types is established based on outcrop data. In the sec-
ond step, the probability that a drill core layer description
represents a certain sedimentary structure type is esti-
mated. In the last step, drill core layers and correspond-
ing radarfacies types are related.

This lithofacies-based interpretation of drill core and
georadar data respects differences in data uncertainty and
provides structure-type probabilities for points along
boreholes and for grid nodes with arbitrary mesh sizes
along georadar sections. The sampled data from the geo-
radar sections at this location are given for grid nodes
separated by 5 ¥ 1 m. 

Stochastic generation of aquifer properties. GEOSSAV
(Geostatistical Environment fOr Subsurface Simulation
And Visualization) is a tool for the integration of hard
and soft data into the 3D stochastic simulation and visu-
alization of distributions of geological structures and hy-
drogeological properties in the subsurface (Regli et al.,
submitted). GEOSSAV was used to generate the sedi-
mentary structures and the hydraulic aquifer properties in
the vicinity of drinking water well 13, which are inte-
grated into the small-scaled (550 ¥ 400 ¥ 22 m), 11-layer
finite-difference groundwater flow and advective trans-
port model. GEOSSAV, as an interface to selected geo-
statistical programs from the Geostatistical Software 
LIBrary, GSLIB (Deutsch and Journel, 1998), can be
used for data analysis, variogram computation of regu-
larly or irregularly spaced data, and sequential indicator
simulation of subsurface heterogeneities. The simulations
can be visualized by 3D rendering and slicing perpendic-
ular to the main coordinate axis. The data can be exported
into regular grid-based groundwater simulation systems
(e.g., GMS (Environmental Modeling Systems Inc.,
2002); PMWIN (Chiang and Kinzelbach, 2001)).

The variogram computation is based on the drill core
and georadar data described above. The variography was
run separately for the lower part (Rhine gravel) and the
upper part (Wiese gravel) of the aquifer. The indicator
transform (Deutsch and Journel, 1998) at grid node loca-
tions is set to 1 for the structure types with the greatest
probability values, or is set to 0 otherwise. Experimental
indicator variograms are calculated for various directions
(azimuth, dip, plunge). The resulting variogram informa-
tion for the nine sedimentary structure types identified 
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in the study site is given in Table 2. Azimuth, dip, plunge,
and the ranges corresponding to maximum and minimum
horizontal and vertical distances of spatial correlation
characterize the geometric anisotropy of the sedimentary
structure types (Deutsch and Journel, 1998). The initial
probability density functions (Deutsch and Journel,
1998) are based on the data density representing a spe-
cific structure type. The values written in italics are esti-
mated because the corresponding structure types never
have the greatest probabilities and, thus, the indicator
transform always would be set to 0 by default for these
structure types. 

The main outcome of the variogram analysis is the
orientation of the sedimentary structure types represent-
ing the main flow direction of the river Rhine in the lower
part of the aquifer and the tributary Wiese in the upper
part of the aquifer. The relatively large ranges of spatial
correlation of a few meters up to a few 10s of meters for
the different sedimentary structure types (Table 2) may be
significantly influenced by the resolution of the georadar
system and the density of the sampled data taken from the
georadar sections. The sedimentary structures of the
Rhine gravel are modeled as geostatistical structures that
are horizontally around 20% and vertically around 45%
larger than the structures of the Wiese gravel.

The aquifer is simulated by sequential indicator sim-
ulation (Deutsch and Journel, 1998). The sequential indi-
cator simulation principle allows conditioning by includ-
ing all data available within the neighbourhood of a
model cell, including the original data and all previously
simulated values. The steps in the sequential indicator
simulation are as follows: In the first step, a grid network
and coordinate system is established. In the second step,

the existing data is assigned to the nearest grid node. If
there is multiple data available, only the closest data is as-
signed to the nearest grid node. In the third step, a random
path through all grid nodes is determined. For a node in
the random path: (1) the nearby data and previously sim-
ulated grid nodes are searched, and (2) the conditional
distribution is estimated by indicator kriging (Deutsch
and Journel, 1998). From this distribution (3) a simulated
lithofacies is randomly drawn and set as hard data. Then
the next node in the random path is selected and the steps
(1) – (3) are repeated. This way, the simulation grid is
built up sequentially. In the last step, the results are
checked. The data and the global proportions (random
function hypothesis: limited deviations of the input and
output probability density functions of the sedimentary
structure types) have to be honored, and the orientations
and sizes of the sedimentary structures have to be in ac-
cordance with the observed sedimentary structures. 

In Figure 4 one realization of the sequential indicator
simulation is shown with separate realizations for the
lower and the upper parts of the aquifer. The regular
model grid of the lower part is defined by 110 ¥ 80 ¥ 10
cells and of the upper part by 110 ¥ 80 ¥ 1 cells. The cell
sizes of the lower part are 5 ¥ 5 ¥ 1.5 m and of the upper
part 5 ¥ 5 ¥ 7 m. However, the saturated thickness of the
topmost layer is about 1–2 m. 

A total of ten combinations of sedimentary structure-
type distributions were simulated, each called an aquifer
realization. The resulting probability density functions of
the sedimentary structure types deviate less than ±10%
from the initial probability density functions. For deter-
mining statistical moments and their confidence limits 
by a Monte Carlo type modeling more than 100 or 1000
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Table 2. Variogram information of Rhine and Wiese gravel used for the sequential indicator simulation to define the geometric anisotropy
of the sedimentary structure types: OW: open-framework gravel, OW/BM: open-framework/bimodal gravel couplets, GG: gray gravel, BG:
brown gravel, GG/BG-horizontal: alternating gray and brown gravel, horizontally layered, GG/BG-inclined: alternating gray and brown
gravel, inclined, SG: silty gravel, SA: sand, SI: silt. The values written in italics are estimates; the isotropic nugget constant of the 
sedimentary structure types are 0; the variogram models of the sedimentary structure types are exponential; the dip and plunge of the 
sedimentary structures are 0.

Sedimentary structure type OW OW/BM GG BG GG/BG GG/BG SG SA SI
Variogram parameter horizontal inclined

Probability density function 0.02 0.05 0.16 0.05 0.50 0.05 0.02 0.14 0.01
Sill 0.13 0.12 0.18 0.115 0.13 0.13 0.045 0.18 0.13
Azimuth [°] 240 240 240 240 240 240 270 200 240
Max. horiz. range [m] 3 24 60 34 50 7 14 50 3
Min. horiz. range [m] 1.5 18 24 24 18 3 18 16 1.5
Vertical range [m] 0.5 4 6 5 6 1 4 3 0.5

Probability density function 0.02 0.06 0.12 0.05 0.50 0.05 0.03 0.16 0.01
Sill 0.1 0.095 0.155 0.055 0.1 0.1 0.04 0.17 0.1
Azimuth [°] 310 320 315 300 310 310 300 300 310
Max. horiz. range [m] 5 54 60 40 70 8 30 60 5
Min. horiz. range [m] 2 22 19 22 30 4 17 22 2
Vertical range [m] 1 10 5 11 10 2 10 8 1 
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realizations are needed. However, to qualitatively exam-
ine the effects of subsurface heterogeneity in this bound-
ary condition dominated model (changes in river dis-
charge and permeability of riverbed), a smaller number of
aquifer realizations already produces the main trends of
groundwater flow and transport behavior. 

The changes in orientation and ranges of the sedi-
mentary structures, caused by the above-mentioned inter-
actions of the two rivers over time, are recognized and in-
cluded in the model by partitioning the aquifer vertically
into two hydrostratigraphic units. The generated sedi-
mentary structures are characterized by randomly select-
ing hydraulic conductivity and porosity values given 
by means and variances in Jussel et al. (1994) and Rauber
et al. (1998). Then, files with the distributions of 
the hydraulic parameters are generated and exported 
into PMWIN (Chiang and Kinzelbach, 2001) to per-
form steady-state groundwater flow and transport simu-
lations. 

Results of the small-scaled groundwater model. For each
aquifer realization, a flow model computation was per-
formed and the capture zone for drinking water well 13
was approximately defined by particle tracking. By su-
perposition of all capture zones produced, a probability
distribution is obtained that describes the probability of a
certain surface location belonging to the capture zone.
This probability is given by the fraction of capture zones
among all realizations containing the location. 

Figure 6 shows probability distributions of the capture
zone of drinking water well 13 for conditions before and
after river restoration as well as for low river discharge,
moderate and high floods. Figure 6a represents the cali-
brated groundwater model. The average of the mean
squared deviations of observed versus calculated heads
over the 10 flow simulations is 0.10 m2. In Figure 6b–f,
predictions under changed boundary conditions are
given, with each probability distribution representing the
result of 10 flow and advective transport simulations. 

The probability distribution of the well capture zone
is strongly influenced not only by changing river dis-
charge and riverbed structure, but also by subsurface het-
erogeneity. Preferential flow paths can be detected to
some extent. In particular, zones along the riverbank with
increased infiltration rates of river water can be recog-
nized. River restoration is simulated by increasing the
leakage factor by a factor of 10 and 100, respectively,
within the restored river channel, assuming moderate and
strong increase of the hydraulic conductivity of the
riverbed. The leakage factor of the artificially built gravel
bars was not increased.

The small-scaled groundwater model produces prob-
able well capture zones depending on the uncertainty of
the available data representing sedimentary structure
types and the variability of hydraulic conductivity and

porosity values for each. The groundwater residence
times vary between 1 and 20 days.

Comparison of model results with field data

Tracer experiments
A first tracer experiment with Uranine was run before
river restoration (March 9 – July 3, 1998) during a mod-
erate flood event to determine the stretch of riverbed
which should be restored such that no upstream well cap-
ture zone would be influenced. The results are also used
to determine the sampling frequency for event-specific
physical, chemical, and microbiological measurements.
The tracer was released into the groundwater between 
the river Wiese and the right main flood protection dam.
The tracer experiment is described in Huggenberger and
Regli (1998).

A second tracer experiment with Uranine was run af-
ter river restoration (December 13–30, 1999) during a
moderate flood event to determine the river-groundwater
interaction and groundwater residence times between the
river Wiese and drinking water well 13. The tracer was re-
leased into the river slightly upstream of the restored river
section. Uranine has a retardation factor in sandy gravel
of 1.2 and its detection limit is 0.002 ppb (Schudel et al.,
2002). To enhance the lateral mixing of the tracer in the
river, 10 kg Uranine dissolved in 40 liters of water was
evenly distributed over the entire cross-section of the
river. The river discharge averaged 39.6 m3/s during the
Uranine release. The groundwater extraction rate at
drinking water well 13 was constant at 0.046 m3/s.

The breakthrough curves at monitoring wells 1461,
1472, 1474, 1475, 1476, 1477, 30, 1459, and 1460
(grouped according to distance from the river) are shown
in Figure 7a–c. They document a relatively slow vertical
mixing of the aquifer. The breakthrough of the tracer is
delayed and has a decreased peak concentration with in-
creasing depth. The breakthrough curve of monitoring
well 1477 is influenced by the second flood event from
December 18 to 21, which followed the first flood event
on December 13, 1999. The breakthrough of wells 1475
and 1476 in the upper part of the aquifer occurred before
the second flood event.

The breakthrough curve at drinking water well 13
(Fig.7d) shows minimum (approximate), dominant, aver-
age, and maximum (approximate) groundwater residence
times of 28 h (1.2 d), 103 h (4.3 d), 123 h (5.1 d), and 
400 h (16.7 d), respectively. These residence times indi-
cate the existence of fast flow paths as predicted by sim-
ulations of the small-scaled groundwater model. The
maximum tracer concentration in drinking water well 13
was 0.04 ppb and the dilution rate was 1:3’500. The re-
covery of 1.2 g of the tracer in drinking water well 13 doc-
uments infiltration of river water within the well capture
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zone which amounts to approximately 5 l/s/(area), where
the area represents this part of river section which is part
of the well capture zone. It corresponds to approximately
10% of the extracted groundwater in drinking water 
well 13. 

In comparison to the results from the large-scaled
groundwater model (Fig. 5), the average groundwater res-
idence time of 5.1 d – determined with the Uranine tracer
experiment – supports the interpretation of a total mobi-
lization of the riverbed as occuring under natural condi-
tions during moderate to high river discharge or immedi-
ately after river restoration. However, the infiltration rate
of river water of 5 l/s/(area) indicates no to moderate mo-
bilization of the riverbed. 

The river-groundwater transition zone is character-
ized by mixing of river water and groundwater and by
changing groundwater residence times (Brunke and
Gonser, 1997). Using the natural tracer Radon, the Radon
water age can be determined. The theory and the limita-
tions of this method are described by Hoehn and von
Gunten (1989). Several authors have demonstrated the
use of the dissolved Radon isotope Rn-222 for the deter-
mination of the average groundwater residence time
(e.g., Hoehn, 2001; Dehnert et al., 1999; Hoehn and von

Gunten, 1989). The cited authors assumed plug-flow con-
ditions without mixing of river water and groundwater.
The overall error attributed to uncertainties in sampling,
measurement method, and counting statistics is estimated
to be in the order of ±20% (Hoehn and von Gunten,
1989).

During the second Uranine tracer experiment, the
groundwater as well as the river water was sampled for
Rn-222. The Rn-222 activities are shown in Figure 8. The
measurements in the river Wiese show low values during
the experiment. The monitoring well 1472 near the river
Wiese, which samples the upper part of the aquifer, shows
a rapid increase in Rn-222 activity after the first smaller
flood event on December 13, 1999, followed by a rapid
decrease in Rn-222 activity at the beginning of the second
larger flood event from December 18 to 21, 1999, and a
renewed increase in Rn-222 activity at the end of the sec-
ond flood event. The increase in Rn-222 activity after the
first flood event is probably caused by the inclusion of
zones with increased Rn-222 production such as iron hy-
droxide and manganese oxide precipitations on gravel
surfaces. The decrease in Rn-222 activity may be caused
by the dilution due to high infiltration of river water. Such
biogeochemical changes in groundwater-infiltration sys-
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Figure 7. Breakthrough curves of Uranine in (a) monitoring wells 1472, 1461, 1474, located 12 meters from the river, (b) monitoring wells
1475, 1476, 1477, located 30 meters from the river, (c) monitoring wells 30, 1459, 1460, located 84 meters from the river, – samples were
taken in the upper (1472, 1475, 30), middle (1461, 1476, 1459), and lower (1474, 1477, 1460) part of the aquifer, and (d) drinking water
well 13, located 124 meters from the river, – samples were taken in the lower part of the aquifer. The moderate flood was 39.6 m3/s. Note
variable concentration scales in (a) – (d). See Figure 3 for well location information.



tems are described for column experiments by von Gun-
ten and Zobrist (1993) and for field experiments by von
Gunten et al. (1991). The Rn-222 activity of well 1474
shows a similar shape, except for the initial increase of
Rn-222 activity after the first flood event. 

The Rn-222 activity of the monitoring wells 1476,
1477, and 30, and of drinking water well 13 varies be-
tween 7 and 15 Bq/l. The relative shape of the Rn-222 ac-
tivity curves of these wells shows a decrease in Rn-222
activity after the first flood event and an increase in Rn-
222 activity after the second flood event. However, the
changes in Rn-222 activity are not significant, the values
of the single wells vary within an error of ±20%. There-
fore, these values do not allow further interpretation. 

Assuming a steady-state Rn-222 activity of 19 Bq/l,
measured in monitoring well 171 (Fig. 3a), the Radon wa-
ter age for the extracted groundwater in drinking water
well 13 is 4.2–7.5 days (101–180 h). Note that the aver-
age residence time for Uranine of 5.1 d falls within this
range. Compared to the results from the groundwater
models, the dominant time-to-peak and the average
groundwater residence times could be accurately deter-
mined with Rn-222 measurements.

Physical and chemical data
The river-groundwater transition zone is characterized by
microbiologically mediated redox processes such as aer-
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Figure 8. Activities of Rn-222 from December 13 to 28, 1999, in the river Wiese, monitoring wells 1472 and 1474, located 12 meters from
the river, monitoring wells 1476 and 1477, located 30 meters from the river, monitoring well 30, located 70 meters from the river, and drink-
ing water well 13 located 124 meters from the river. The error bars are ±20%.
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Nov 09, 98 River Wiese 7.9 8.08 4.36 104 1.46 82 2.9 36 4.6 0.005 0.076 6.4 0.020 9.7
Nov 09, 98 Well 1474 9.9 8.74 3.34 81 0.96 100 2.5 50 4.2 0.030 0.159 6.1 0.020 14.0
Nov 09, 98 Well 1477 13.5 8.28 3.56 39 0.62 176 5.5 91 5.7 0.014 0.206 12.0 0.010 24.9
Nov 09, 98 Well 1460 13.6 8.23 0.57 29 0.62 191 6.2 107 6.0 0.010 0.231 13.4 0.020 26.8
Nov 09, 98 Well 13 13.4 8.05 0.07 67 0.68 183 3.9 98 5.5 n.p. 0.178 9.3 <0.009 27.6

Dez 01, 98 River Wiese 4.2 7.90 1.44 101 1.08 135 9.0 53 6.0 0.016 0.091 10.3 0.030 26.8
Dez 01, 98 Well 1474 6.5 8.58 3.95 89 0.70 136 6.7 59 5.8 0.010 0.159 10.1 <0.009 19.3
Dez 01, 98 Well 1477 10.1 8.41 1.37 58 0.57 160 4.3 83 5.2 <0.01 0.235 9.6 n.p. 22.6
Dez 01, 98 Well 1460 13.5 8.29 0.62 43 0.51 175 5.1 91 5.6 <0.01 0.250 11.3 n.p. 25.9
Dez 01, 98 Well 13 12.8 8.10 0.05 76 0.52 170 4.2 91 5.6 n.p. 0.205 9.7 n.p. 26.8

Jan 19, 99 River Wiese 4.9 7.87 2.11 101 1.36 116 6.6 49 5.3 0.024 0.062 9.0 0.052 14.2
Jan 19, 99 Well 1474 5.6 8.61 2.37 83 0.76 134 9.0 58 5.8 n.p. 0.163 9.1 <0.009 18.5
Jan 19, 99 Well 1477 5.6 8.53 1.05 83 0.59 140 6.5 68 5.6 n.p. 0.225 8.9 n.p. 20.3
Jan 19, 99 Well 1460 11.6 8.40 0.29 80 0.49 150 5.9 77 5.6 n.p. 0.238 9.3 n.p. 22.1
Jan 19, 99 Well 13 10.2 8.18 0.13 87 0.52 163 6.8 83 5.9 n.p. 0.178 9.3 n.p. 25.0

Feb 16, 99 River Wiese 1.8 7.94 1.20 101 1.17 122 7.6 51 5.8 0.035 0.098 10.2 0.089 14.9
Feb 16, 99 Well 1474 3.6 8.57 3.32 95 0.82 138 8.2 62 6.2 n.p. 0.133 10.2 <0.009 19.5
Feb 16, 99 Well 1477 6.5 8.60 6.47 89 0.82 136 8.2 63 5.8 n.p. 0.202 8.8 <0.009 20.3
Feb 16, 99 Well 1460 7.9 8.49 0.13 91 0.63 143 7.8 68 5.9 n.p. 0.196 8.9 <0.009 20.5
Feb 16, 99 Well 13 9.8 8.26 0.12 84 0.57 180 7.4 94 6.3 n.p. 0.181 10.7 <0.009 29.0

Mrz 16, 99 River Wiese 6.2 7.78 1.80 102 1.02 75 4.8 29 3.9 0.006 0.034 5.3 0.031 7.9
Mrz 16, 99 Well 1474 5.9 8.77 1.09 97 0.84 99 5.3 44 4.3 n.p. 0.165 5.9 <0.009 12.9
Mrz 16, 99 Well 1477 5.9 8.62 0.20 106 0.67 136 9.2 58 5.8 n.p. 0.229 8.3 n.p. 18.5
Mrz 16, 99 Well 1460 6.5 8.56 0.21 110 0.71 136 8.4 59 5.9 n.p. 0.241 8.1 n.p. 18.9
Mrz 16, 99 Well 13 6.8 8.16 0.10 114 0.75 163 7.1 79 6.7 n.p. 0.166 9.2 n.p. 26.2

Apr 20, 99 River Wiese 5.5 8.30 8.17 103 1.83 108 5.9 45 4.4 0.013 0.072 7.4 0.020 14.4
Apr 20, 99 Well 1474 7.5 8.71 0.69 85 0.94 118 5.4 51 4.5 n.p. 0.167 7.4 <0.009 16.8
Apr 20, 99 Well 1477 6.7 8.69 0.20 80 0.51 116 5.3 54 4.6 n.p. 0.282 6.8 <0.009 16.3
Apr 20, 99 Well 1460 6.6 8.66 0.22 82 0.52 116 5.2 54 4.6 n.p. 0.294 6.7 <0.009 16.7
Apr 20, 99 Well 13 7.7 8.23 0.13 86 0.49 170 6.0 82 6.1 n.p. 0.198 9.0 <0.009 26.5

Jun 22, 99 River Wiese 14.1 8.12 0.13 67 0.76 160 5.9 79 5.4 n.p. 0.163 11.4 n.p. 21.6
Jun 22, 99 Well 1477 12.3 8.52 0.13 64 0.67 149 5.7 72 5.5 n.p. 0.247 11.0 n.p. 18.3
Jun 22, 99 Well 1460 10.7 8.49 0.08 61 0.63 144 5.4 70 5.3 n.p. 0.254 10.2 0.010 18.9
Jun 22, 99 Well 13 12.6 8.12 0.10 69 0.65 167 5.7 86 5.4 n.p. 0.192 11.1 n.p. 25.9

Sep 21, 99 River Wiese 14.0 8.09 1.29 96 1.95 237 14.7 86 8.9 0.043 0.086 28.6 0.040 26.2
Sep 21, 99 Well 1474 17.5 7.98 0.17 35 0.66 238 10.9 104 7.5 n.p. 0.083 23.8 0.240 32.4
Sep 21, 99 Well 1477 16.3 8.24 0.16 33 0.52 217 9.7 96 7.4 n.p. 0.194 19.8 0.010 31.9
Sep 21, 99 Well 1460 15.9 8.21 0.11 35 0.52 221 9.8 97 7.3 n.p. 0.193 20.1 n.p. 32.5
Sep 21, 99 Well 13 16.0 7.89 0.07 54 0.52 252 9.8 118 7.1 n.p. 0.128 20.5 n.p. 39.2

Dez 07, 99 River Wiese 3.9 8.00 3.65 94 1.34 102 5.5 41 5.2 <0.01 0.074 7.6 0.015 13.0
Dez 07, 99 Well 1474 4.6 8.42 0.69 79 1.17 152 8.3 66 6.4 n.p. 0.167 9.1 <0.009 20.0
Dez 07, 99 Well 1477 9.1 8.31 0.94 78 0.83 197 8.3 91 6.9 n.p. 0.207 14.8 <0.009 28.7
Dez 07, 99 Well 1460 10.2 8.24 0.09 77 0.57 198 8.1 90 6.9 n.p. 0.231 14.7 <0.009 32.2
Dez 07, 99 Well 13 11.9 8.19 0.10 81 0.51 315 7.6 103 6.8 n.p. 0.171 14.2 <0.009 31.6
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Table 3. Data of physical and chemical parameters sampled in the river Wiese, the monitoring wells 1474, 1477, 1460, and drinking 
water well 13, before, during, and after river restoration; n.p.: below detection limit. 
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obic respiration, denitrification, manganoxide reduction,
etc. These riverbank-filtration processes are extensively
described in von Gunten et al. (1991) and Sigg and
Stumm (1996). 

Water samples were taken in the river Wiese, in mon-
itoring wells 1474, 1477, 1460, and in drinking water well
13 before, during, and after the river restoration of part 1
(18 different measurement times from November 1998
until December 1999). The water was analyzed for tem-
perature, pH, turbidity, oxygen saturation, dissolved or-
ganic carbon, electrical conductivity, chloride, hydrogen-
carbonate, ammonium, nitrite, nitrate, phosphate, sulfate,
and calcium. Table 3 shows some data before, during, and
after river restoration. 

The measured concentrations in the river Wiese are
subject to large fluctuations and, due to the time delay of
the signals, they cannot be directly correlated with the
concurrently measured concentrations in the monitoring
wells 1474, 1477, 1460, and in drinking water well 13.
The data in Table 3 show that no significant changes in
substance concentrations are noticeable before and after
river restoration. 

During the aerobic degradation of organic carbon,
bacteria are using oxygen as a means for oxidization. The
groundwater between the river Wiese and drinking water
well 13 is mostly in an oxidizing condition. The carbon
dioxide produced dissolves in the groundwater and reacts
with the rock-forming minerals, e.g., carbonates and sil-
icates. The weathering processes are responsible for the
concentration of the main components calcium, magne-
sium, bicarbonate, sulfate, and silicic acid in the ground-
water. Sodium, potassium, and chloride are probably con-
trolled through these geochemical processes as well. The
concentration of nitrate in the groundwater is primarily
dependant on the mineralisation of organic nitrogen and
secondarily on the nitrification of ammonium. The nitrate
does not pose a public-health problem for the groundwa-
ter at this location. The phosphate concentration in the
groundwater, however, is relatively high and may be at-
tributed to agricultural use of fertilizers within the catch-
ment area.

Additional biweekly temperature measurements show
a clear horizontal layering of the groundwater, which re-
mains virtually unchanged up to drinking water well 13
during the winter and summer months. Through the
groundwater extraction a vertical mixing eventually takes
place. The rather large temperature differences between
winter and summer amount to 16 °C near the river Wiese
and to 7 °C near the drinking water well 13. They support
the modeling and tracer experiment results that a signifi-
cant amount of groundwater recharge by the river Wiese
occurs. The horizontal temperature distribution indicates
the existence of preferential flow paths. 

The physical and chemical data show that the chemi-
cal processes associated with infiltration of river water

into the groundwater system predominantly occur in 
the hyporheic interstitial zone and in the riverbank within
a range of a few meters up to a few 10s of meters from the
river. 

Microbiological data
The microbiological data from the groundwater of drink-
ing water well 13 in Figure 9a–c document peak concen-
trations of microorganisms during flood events. The high-
est concentration in the river water is 3’000’000 cfu/ml
(cfu: colony-forming unit) for heterotrophic plate counts,
10’600 cfu/100 ml for Escherichia coli, and 2’600 cfu/
100 ml for Enterococcus. The concentration of micro-
organisms in drinking water well 13 increased during
restoration activities (February 3 – June 8, 1999) and
moderate flood events (river discharge >40 m3/s) due to
dredging and increase in permeability of the riverbed
(179 cfu/ml for heterotrophic plate counts, 41 cfu/100 ml
for Escherichia coli, 7 cfu/100 ml for Enterococcus). This
represents a deterioration in groundwater quality. After
completion of the river restoration, the concentration of
microorganisms increased during flood events due to an
increase in permeability of the riverbed (232 cfu/ml for
heterotrophic plate counts, 11 cfu/100 ml for Escherichia
coli, 7 cfu/100 ml for Enterococcus). However, for low
and average river discharges, the concentration of 
microorganisms is comparable to that before river
restoration. The delay of the flow peak in the river com-
pared to the measured peak concentration of microorgan-
isms in the drinking water well 13 amounts only to 1–2
days (24–48 h).

Figure 9d–f shows average, minimum, and maximum
concentrations of microorganisms along a hypothetical
flow path between the river Wiese and drinking water
well 13. The microorganisms predominantly occur in the
hyporheic interstitial and within a few to a few 10 s of
meters of the riverbank. A few microorganisms are able to
reach drinking water well 13 by following the fast flow
paths with larger and more pervious pores. The filtering
effect along the fast flow paths is insufficient to retain
these microorganisms.

The fast flow paths in the study site occur primarily
in open-framework gravel (OW, OW/BM). The occur-
rence frequency and size of open-framework gravel de-
posits strongly determine the variance and the correla-
tion length of the hydraulic conductivity. Transport ex-
periments by Rehmann et al. (1999) show that the
breakthrough of microorganisms is dependant on the
variance of hydraulic conductivity within the aquifer.
Thus, in heterogeneous systems the breakthrough of 
microorganisms occurs faster than that of conservative
tracers. In the case of the Rhine and Wiese gravels, the
hydraulic conductivity varies over four orders of magni-
tude (Jussel et al., 1994; Regli et al., 2002) and the 
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correlation length of the highly permeable structure type
OW/BM is 36 m for Rhine gravel and 16 m for Wiese
gravel (Table 2). 

Observations at the study site confirmed the assump-
tion that the reduction in concentration of microorgan-
isms in the groundwater is dependant on the river dis-
charge and the concentration of microorganisms in the
river water, the filtering effect of the riverbed and the
riverbank, the operation of drinking water well 13, the
subsurface heterogeneitiy regarding permeability (filter-
ing effect of the aquifer), and the biogeochemical condi-
tions of the groundwater (Huggenberger, 2003).

Discussion and conclusions

The investigations demonstrate that well capture zones in
the vicinity of infiltrating rivers might drastically change
in size and orientation with respect to changing river in-

filtration, e.g., during high flow conditions. In order to
accurately assess well capture zones, it is important to un-
derstand the boundary conditions and the influence of
subsurface heterogeneity. In particular, the knowledge of
highly permeable zones may help to define groundwater
protection zones but also to define river sections where
the structure of the riverbed and the riverbank can be re-
stored to more natural conditions. 

The use of stochastic methods is an effective and ob-
jective way to generate distributions of aquifer properties
based on site-specific geological data of different quality.
The integration of such distributions into groundwater
flow and transport models is needed to determine well
capture zones, taking into account data uncertainty. To
manage the integration of hard and soft data into the sto-
chastic simulation and visualization of the subsurface the
software tool GEOSSAV (Regli et al., submitted) was
used, which has been successfully tested and demon-
strated with field experiments. 
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Figure 9. Concentrations of microorganisms measured in drinking water well 13 (left column) and along a hypothetical flow path – river
Wiese, monitoring wells 1474, 1477, 1460, and drinking water well 13 – (right column) from November 1998 until December 1999: (a, d)
Heterotrophic plate counts; (b, e) Escherichia coli; (c, f ) Enterococcus. The groundwater extraction at drinking water well 13 amounts to
0.0 m3/s in November 1998, 0.06 m3/s from November 1998 until October 1999, and thereafter 0.046 m3/s; cfu: colony-forming units; gray
rectangel: time of restoration activities. Number of measurements (right column): 36 in river Wiese, 17 in monitoring well 1474, 19 in mon-
itoring well 1477, 20 in monitoring well 1460, and 75 in drinking water well 13.



The results of the stochastic aquifer generation for the
Lange Erlen study site include orientations of the sedi-
mentary structure types representing the main flow direc-
tions of the river Rhine in the lower part of the aquifer and
the tributary Wiese in the upper part of the aquifer. The
spatial correlations of the sedimentary structure types of
the Rhine gravel are horizontally around 20% and verti-
cally around 45% larger than those of the Wiese gravel. In
each aquifer realization, the initial probability density
functions of the sedimentary structure types deviate less
than ±10% from those which result in the probabilistic
models.

The large-scaled, homogeneous groundwater model
produced different possible well capture zones depending
on changing boundary conditions (e.g., river discharge,
riverbed structure). The runs with the small-scaled
groundwater model show that the geometry of the well
capture zone is strongly influenced not only by changing
river discharge and riverbed structure, but also by subsur-
face heterogeneity. The stochastic approach in the small-
scaled groundwater model does not lead to a clearly de-
fined well capture zone, but to a plane representation of
the probability of a certain surface location belonging to
the capture zone, reflecting the uncertainty of the avail-
able data representing sedimentary structure types and
the variability of their hydraulic conductivity and poros-
ity values. This model takes into account the identified
sedimentary structures and the statistical properties of the
aquifer. As the number of aquifer realizations is relatively
small, the results have a more qualitative character. How-
ever, they clearly illustrate the relative contribution of
boundary fluxes and subsurface heterogeneity to changes
in the well capture zone. 

With the large-scaled, homogeneous groundwater
model, the average groundwater residence time were de-
termined and vary between 5 and 20 days depending on
the boundary conditions. In comparison to the model re-
sults, the average groundwater residence time of 5.1 d
(determined with the Uranine tracer experiment) is con-
sistent with a flux boundary of an unclogged riverbed as
occuring under natural conditions during moderate to
high river discharge or immediately after river restora-
tion. However, the corresponding river water infiltration
at a rate of 5 l/s/(area) is more consistent with the model
results when assuming no to moderate mobilization of the
riverbed. 

The physical and chemical data show that the chemi-
cal processes associated with infiltration of river water
into the groundwater system predominantly occur in the
hyporheic interstitial zone and in the riverbank within a
range of a few meters up to a few 10 s of meters from the
river. During the observation period of one year, signifi-
cant changes in groundwater chemistry could not be 
detected.

The breakthrough of microorganisms during moder-
ate and high flow conditions is dependant on the concen-
tration of microorganisms in the river, the variance of the
hydraulic conductivity within the aquifer, and the corre-
lation length of the highly permeable structure types. The
fast breakthrough occurrence of microorganisms and
Uranine within 1–2 days in drinking water well 13 is in
accordance with the sedimentological and geostatistical
analysis of the aquifer.

The microbiological groundwater quality in the drink-
ing water wells near the river Wiese is below drinking wa-
ter standards during moderate and high flood events. Due
to the frequency of flood events of about 10–12 times per
year, it may not be possible to maintain operational secu-
rity for groundwater extraction near the infiltrating river.

The concept of well capture zones as a planning in-
strument to prevent groundwater pollution in the vicinity
of wells is not effective enough for drinking water wells
with a significant amount of river water infiltration. Re-
sults from this study indicate that as long as the water
quality in the river is not adequately controlled to avoid
significant impacts on the operation of drinking water
wells near the river, the concept of well capture zones
proposed in Switzerland should be more rigorous. How-
ever, if these aspects are taken into account (e.g., opera-
tion of water supply according to river discharge and river
water quality), it should be possible to perform river
restorations within capture zones of wells which will still
allow extracted groundwater to meet drinking water stan-
dards. As a consequence for conflicting situations in
groundwater protection and river restoration, the under-
standing of the dynamics of the well capture zones at dif-
ferent flow conditions and the influence of subsurface
heterogeneity between the river and the wells are basic re-
quirements for a sustainable management of groundwater
resources including the needs of river ecology.
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