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Theories that describe karst systems are often limited to conceptual models. However, engineering projects
within complex karst systems demand the development of tools that allow site-specific descriptions of the
hydrogeologic settings and calibrating the processes of karst evolution.
Subsidence of a river dam and an adjacent highway, both constructed on gypsum-containing rock, southeast
of Basel, Switzerland, required remedial construction measures. A monitoring network was set up, to
safeguard surface and subsurface water resources during the construction measures.
The primary project goal was to develop tools that enable a continuous characterization of the groundwater
flow regime and that facilitate the evaluation of the long-term performance of the infrastructures.
Investigative methods included high-resolution 3D hydrogeological modeling, and the integration of
geological, hydrometrical and hydrogeophysical field data of varying quality. Particular focus was placed on
the hydraulic behavior of the complex conduit system.
Results help to understand the evolution of distinct karst features and zones of preferential flow. The location
of fracture zones and parts of the old meandering river course, playing a major role in the karst evolution
process, could be identified. Together with the hydrometrical investigations and hydrogeological modeling,
the evolution of the karst system and its dynamics can be interpreted in relation to the groundwater flow
regime.
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1. Introduction

The need for upgrading and developing transportation infrastruc-
tures in urban areas often requires construction measures under
difficult geotechnical and hydrogeological conditions, while main-
taining the entire operation of city life. It is often the case that
infrastructure development and the associated changes in land-use
consider only the benefits of an improved infrastructure, and planning
largely takes the pragmatic form of engineering for short-term
economic objectives. To maintain the rapid pace of city life while
ensuring that safety standards are met on the construction site,
geotechnical measures such as cement injections for subsurface
stabilization are commonly used. Such measures may lead to adverse
effects on groundwater flow regimes with regard to quantity and
quality of water resources. Furthermore, the change in water fluxes
can also have negative impacts on existent adjacent infrastructures.
As a consequence water resources, especially in urban areas, are under
increasing pressure. They are subject to ongoing adaptations under
changing boundary conditions. Within the investigation area, multi-
ple interests with regard to surface and subsurface water use and
protection challenge the aims of water engineering and protection
schemes. Interests include (1) the use of hydropower from a small
hydro-electric power plant, especially with a view to future energy
demands; (2) the protection of the existent infrastructure from
potential further subsidence, including the river dam and an adjacent
highway; (3) flood protection issues; as well as (4) safeguarding
surface and subsurface water protection measures.

Existing legal frameworks for groundwater protection usually
focus on the local monitoring of a set of parameters instead of on
understanding the fundamental processes and long-term changes.
Therefore, the implementation of sustainability concepts during
engineering projects is a key objective of urban hydrogeology. Such
concepts should include innovative approaches that take into account
the complexity of the system and facilitate the adequate quantifica-
tion of the site-specific aspects, as well as of the consequences of
cumulative effects at a larger scale. Such approaches can be sum-
marized as adaptive groundwater management concepts as outlined
by Eiswirth et al. (2003), Fatta et al. (2002), Pahl-Wostl et al. (2005),
Pahl-Wostl (2006), Epting et al. (2007, 2008). However, these
concepts have rarely been applied successfully in urban planning.

Infrastructures that are constructed on soluble geologic formations
are prone to subsidence (Gutiérrez, 1996; Lamont-Black et al., 2002).
Especially when found within gypsum-bearing formations, karst
features develop much more rapidly than in carbonate formations.
While the characterization and modeling of flow in heterogeneous
and fractured media has been investigated intensively, there are no
urban environments, Engineering Geology (2009),
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well-developed long-term hydrogeological research sites for gypsum
karst. This case study documents the integration of investigative
methods in the context of the planning and construction phases of the
upgrade of a subsided highway. The main goal of the engineering part
of the project was to prevent further subsidence of the highway. At
the beginning of the project, system knowledge was limited to purely
conceptual models and sparse accurate groundwater observation
data. Subsequently, to safeguard surface and subsurface water
resources during the construction measures, a monitoring network
was set up. A principal focus of this project was the recognition of the
current stage of the groundwater flow regime within the rapidly
developing gypsum karst. This included a more fundamental
understanding of the rock-groundwater interactions. The presented
approach included the integration and continuous adaptation of field
measurements and modeling techniques. The establishment of a
groundwater monitoring system together with a series of non-
invasive ERT profiles made it possible to integrate not only point-, but
also spatial and temporal information into hydrogeological models.

Geophysical methods can result in a more comprehensive and
detailed site characterization than could be achieved by drilling
alone, especially in complex environments such as karst areas and at
unstable sites, where invasive techniques, such as drillings, cannot
be performed (Gabbani et al., 2000; Lapenna et al., 2000; Sretenovic
et al., 2000; Yaramanci and Kiewer, 2000, Fenning et al., 2000). A
number of geophysical techniques may potentially be applicable to
investigations of geological structures near the surface. They are based
on physical contrasts between the target and the surrounding media.
Each method has limitations in depth of exploration and resolution,
depending on the settings. Among others, Dahlin (1996), Donner
(1997), Pellerin (2002), Khalil (2006), and Loke and Barker (1996)
describe various Electrical Resistivity Tomography (ERT) applications
for environmental sciences and hydrological questions. Geophysical
mapping with ERT has been successful for investigating and map-
ping features in karst terrains (e.g. Šumanovac and Weisser, 2001;
McGrath et al., 2002; van Schoor, 2002; Kaufmann and Romanov,
2009), exploring shallow subsurface cavities and voids (El-Qady et al.,
2005; Leucci and De Giorgi, 2005; Soupios et al., 2007) within com-
plex geological areas (Griffiths and Barker, 1993; El-Hussain et al.,
2000), and in urban areas (e.g. Wise´n et al., 2000). Furthermore,
numerous ERT investigations focus on dam leakage (e.g. Al-Saigh
et al., 1994) and buried paleochannels (Baines et al., 2002; Maillet
et al., 2005).

ERT measurements were performed on several days, taking into
account different hydraulic and geotechnical boundary conditions at
low, average and high river discharge before and after construction
measures. The non-uniqueness is well known in the inversion of ERT
data. The use of different geophysical methods results in more
accurate definition and interpretation of anomalies. However, Ground
Penetrating Radar (GPR) surveys failed due to major background
noises. To consolidate the interpretation, ERT results are interpreted
together with: (1) lithostratigraphic profiles from borehole logs;
(2) geological information on piling measures and locations with
supplementary cement injection; and (3) the national geological map
(Bitterli-Brunner et al., 1984; Bitterli-Brunner and Fischer, 1989).
Subsequently, observed features are interpreted together with the
hydraulics and water budgets derived from high resolution 3D
hydrogeological models as well as a morphological analysis of the
interface of weathered and non-weathered rock.

As karst aquifers are extremely heterogeneous and hydraulic con-
ductivities can span many orders of magnitude, modeling ground-
water flow in karst environments poses an enormous challenge.
Results often are highly uncertain because of the complexity of
flow paths and lack of site-specific information. Quinn et al. (2006)
summarized the various modeling approaches for simulating flow
in karst environments. In the appendix these include: (1) models
using equivalent porous medium in which flow is governed by
Please cite this article as: Epting, J., et al., Integrated investigations of kar
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Darcy's law (Anderson and Woessner, 1992); (2) models in which
the preferred flow paths are simulated with a very high hydraulic
conductivity relative to the surrounding matrix material (double
porosity); (e.g. Teutsch, 1989; Mace, 1995; Eisenlohr et al., 1997;
Josnin et al., 2000); (3) “black-box” approaches in which functions
are developed to reproduce input and output system responses
(recharge and flow at discharge springs; e.g. Dreiss, 1989a,b), as
well as “global” approaches which include the hydrological dy-
namics of the conduit and the diffuse flow system (Butscher and
Huggenberger, 2008); (4) fracture network simulations in which
individual factures are mapped and then studied (Long et al., 1982;
Long and Billaux, 1987); and (5) open channel equivalents
(Thrailkill et al., 1991). However, for realistic simulation of ground-
water flow in karst systems (drain network and matrix), numerical
models that represent double continuum media typical of karst
aquifers have to be developed (Kovacs, 2003).

The 3D hydrogeological model presented in this paper includes a
deterministic finite difference approach which takes into account an
equivalent porousmedium forweathered andnon-weathered rock, and
a coupling of the system with drains that represent the conduit
component of flow (mixed-flow in karst settings; Quinn and Tomasko,
2000; Quinn et al., 2006). To enhance model certainty the following
procedure was applied: (1) calibration of the groundwater model and
comparisonof observedandcalculatedheads innumerousgroundwater
observation wells; (2) inverse modeling, including parameter estima-
tion and sensitivity analysis; and (3) scenario development, including
drains and different extensions of the weathered rock. Subsequently
with the calibratedhydrogeologicalmodel scenarios couldbedeveloped
to evaluate different hydraulic and geotechnical boundary conditions.

2. Settings

2.1. Investigation area and construction measures

The area of investigation is located along the Birs River southeast of
Basel, Switzerland (Fig. 1). The hydrology is strongly affected by a
man-made river dam and the use of hydropower from a small hydro-
electric power plant. The dam in its current dimension was
constructed in the 1890's (Golder, 1984). However, documentation
of man-made impacts in this region, including the deviation of water
for early manufacturing purpose in Basel, goes back as far as the 11th
century (Fechter, 1856).

The height difference to the base level downstream of the dam is
7.3 m. As there is sufficient water supplied by the Birs River, the height
of the impoundedwater upstream of the dam is practically constant at
266.2 m a.s.l. The river-groundwater interaction is dominated by the
hydraulic river head and variations of riverbed conductance upstream
of the dam during flood events. Upstream of the dam, river water
infiltrates into the highly permeable fluvial gravels and into the
weathered bedrock, follows the hydraulic gradient around and
beneath the dam and exfiltrates downstream into the river. These
processes enhance karstification in the soluble units of the “Gipskeu-
per” and result in an extended weathering zone within the bedrock as
well as in the development of preferential flow within voids and
conduits. As a consequence, subsidence of the dam and the highway
has been observed over the last 30 years (Figs. 2 and 3).

To prevent further subsidence, construction measures were
carried out in two major project phases in 2006 and 2007. The
highway was supported by 166 piles and by a sealing pile wall,
consisting of approximately 300 piles (Fig. 1), to prevent infiltrating
river water from circulating around the dam and beneath the
foundation of the highway. Piles extended down to the non-
weathered rock at a depth of 20 to 25 m. Caves encountered when
the piles were being installed were filled with a total of 168.2 m3 of
supplementary cement, in order to plug all existing underground
water channels and stabilize the ground beneath. To safeguard surface
st phenomena in urban environments, Engineering Geology (2009),
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Fig. 1. Investigation area in the urban agglomeration of Basel.
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and subsurface water resources during the construction measures an
observation network was set up.

2.2. Geology and hydrogeology

The stratigraphic column includes the lithological sequences for the
geological and hydrogeological modeling and extends from the
Quaternary river gravels to the Gipskeuper sequence (Fig. 4). Quater-
nary gravels, silty flood deposits, as well as artificial fillings beneath the
highway overlie the Triassic and Jurassic strata on the right side of the
river. On the map in Fig. 4, the Quaternary sequence has been removed,
and the complex pattern of lithological changes in some parts of the
investigation area is illustrated. These sequences consist of marls and
clays (Obere Bunte Mergel), dolomites (Gansinger Dolomit) and
sandstones, marls (Schilfsandstein/Untere Bunte Mergel) and, for
most of the investigation area, of Gipskeuper. Gipskeuper is made up
of a series of evaporite layers and intercalations ofmarls. The lithological
term “Gipskeuper” as used in this paper generally includes the mineral
“gypsum” and also refers to “anhydrite”, which, in the deeper
Please cite this article as: Epting, J., et al., Integrated investigations of kar
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subsurface, is the more common, anhydrous form of calcium sulfate.
In its non-weathered appearance the Gipskeuper is characterized
as being rather low permeable. Hydraulic conductivities for these
sediments, as tested in borehole and modeling studies in northern
Switzerland, were between 1E−14 ms−1 and 1E−07 ms−1 (Nagra,
2002). However, with its weathered appearance, Gipskeuper can be
considered as aheterogeneous (karstified)aquifer. Areasbelow thedam
and the highway are strongly weathered due to gypsum dissolution in
the Gipskeuper rock and are loosened over several meters of thickness.

The investigation area is characterized by the Eastern Rhinegraben
Master fault accompanied by an intense tectonic segmentation into
compartments (Schmassmann, 1972). The Triassic strata dip at an
angle of approximately 45° to theWest and are subdivided by a series
of NNE–SSW normal faults. Fracture zones are associated with rock
weakness and can locally increase permeability within sequences,
resulting in an enhanced groundwater leakage and the development
of paths for preferential flow (Tectono-karstic voids).

Borehole data suggest that the occurrence of caves, and conse-
quently the development of conduits, is concentrated at the base of
st phenomena in urban environments, Engineering Geology (2009),
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Fig. 2. Investigation area (a perspective is given in Fig. 1).
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the weathered Gipskeuper (lixiviation front), where most of the voids
and solution cavities were encountered. The majority of the
encountered caves contain clay, gravel and calcite fillings. During
Fig. 3. River dam at low river discharge (9 m³s−1; 16.06.2006). Note, as evidence for th
(a perspective is given in Fig. 1).

Please cite this article as: Epting, J., et al., Integrated investigations of kar
doi:10.1016/j.enggeo.2009.08.013
episodic floods, these fillings can be flushed partially and subse-
quently more aggressive water can enter the system, giving evidence
that the development of conduits occurs in response to the flooding of
e subsidence of the dam structure, that the crest is only overflowed on its left side

st phenomena in urban environments, Engineering Geology (2009),
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Fig. 4. Geological, tectonic map with removed Quaternary sequence (modified after unpublished data, Pfirter 1973), as well as lithostratigraphy, hydrostratigraphy, modeled
geological units (modified after Bitterli-Brunner and Fischer, 1989, Gürler et al. 1987, Pearson et al. 1991, Spottke et al. 2005) and longitudinal cross section. Expression of regional
geological formations: Obstusus Tone — clay; Arietenkalk, Rhät — limestone; Untere and Obere Bunge Mergel — greyish to reddish marls and clays; Gansinger Dolomit— Dolomite;
Schilfsandstein — sandstone; Gipskeuper — gypsum Keuper.

5J. Epting et al. / Engineering Geology xxx (2009) xxx–xxx

ARTICLE IN PRESS
passages. The map also shows the course of the Birs River in the year
1798 compared to the situation in the year 1983. The river was
straightened in the 19th century and cut into the Triassic bedrock,
resulting in a narrow couloir.

3. Methods

3.1. Conceptual approach

Fig. 5 illustrates the conceptual approach proposed for practical
urban hydrogeological applications. The principal approach includes
local investigations in the context of regional urban landscape
development and consists of the following iterative procedures:
(1) delineation of the investigation area, including an inventory of all
relevant environmental and anthropogenic/geotechnical boundary
conditions for the specific area of the engineering project, as well
as adjacent zones of possible interferences or negative impacts;
(2) definition of system profiles that describe the system before,
during and after the completion of engineering projects, whereas the
concluding profile comprises the general goals for the desired future
development of the system; profiles allow decision-makers to see
the impact of past and present modification patterns of the system;
(3) system analysis, including the documentation of the current
Please cite this article as: Epting, J., et al., Integrated investigations of kar
doi:10.1016/j.enggeo.2009.08.013
system profile as well as stationary or non-stationary processes;
(4) definition of milestones, which represent moments in a project
when available knowledge is evaluated with respect to decisions and
based on previously defined criteria, i.e., the minimization of
qualitative or quantitative changes of surface and subsurface waters,
safeguarding water quality measures during water engineering
projects, as well as the development of technical solutions that
guarantee sustainable development of surface and subsurface waters;
and finally, (5) the formulation of goals for a sustainable develop-
ment, including sustainable use of surface and subsurface water
resources, long-term improvement of water quality, and taking into
account long-term impact of geotechnical measures and future
changes in usage. Whereas goals focus on a long-term sustainable
development after the completion of engineering projects, milestones
center on surface and subsurface water protection and geotechnical
issues during engineering measures. An overall goal of the present
case study is a better understanding of the long-term behavior of the
surface subsurface flow system (surface water, shallow groundwater
and karst system). The conceptual approach (conceptualization)
incorporates the different geological, hydrogeological and engineer-
ing information as well as the determination of the relevant
parameters and is accomplished by combining instruments that
facilitate the adequate identification of the influences of the various
st phenomena in urban environments, Engineering Geology (2009),
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Fig. 5. Conceptual approach for practical urban hydrogeological applications.
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single impacts on the complete system. The core elements of this
adaptive procedure include the integration and combination of
different investigative methods such as the setting up of monitoring
systems (e.g. hydrometrical and geophysical) and numerical ground-
water modeling. The developed tools allow the relevant processes to
be monitored and can have a predictive character. Together with the
development of scenarios, possible future impacts and remedial
strategies can be defined and evaluated.

3.2. Data sources and hydrometrical investigations

Multiple data sourceswere available: (1) lithostratigraphic profiles
from borehole logs; (2) continuous groundwater measurements;
(3) coarse geological information on piling measures and locations
with supplementary cement injection; (4) dye tracer tests; and (5) the
national geological map. A total of 24 vertical boreholeswere drilled in
several investigation phases from 1993 to 2007 (Fig. 1, Table 1). Most
boreholes were developed as observation wells for groundwater or
subsidence measurements. In total, 12 observation wells were fitted
with automatic data loggers for monitoring the physical parameters,
hydraulic head, temperature and electric conductivity. Additional
lithostratigraphic information could be derived from reports made
during the installation of the piles. Hydraulic links and flow velocities
within the investigation area were investigated by a dye tracer test
in 1996.

3.3. Electric Resistivity Tomography (ERT)

ERT surveys were performed using a resistivity meter and 42
electrodes (Advanced Geosciences, Inc. (AGI), Sting/Swift R1 resistiv-
ity meter). Reynolds (1997) summarizes the strengths and weak-
nesses of the commonly used electrode arrangements (arrays) for ERT
(Wenner, Schlumberger and dipole–dipole). The Wenner setup was
chosen because of the high signal strength within areas where major
background noise is expected. Within the investigated area various
lines and subsurface installations (electric, gas and water) are
documented that might influence the measurements. However, a
disadvantage of the Wenner setup is the poor resolution of vertical
Please cite this article as: Epting, J., et al., Integrated investigations of kar
doi:10.1016/j.enggeo.2009.08.013
changes in the subsurface. An electrode spacing of 5 m for all
measurements resulted in profile lines of 205 m and a maximum
prospecting depth of around 30 m. Reaching this depth allowed the
entire thickness of the weathering zone to be investigated, as
documented by the boreholes and the depth of the subsurface
structures of the dam. For post-processing and data interpretation, the
inversion program RES2DINV (Loke, 2007) was applied. It automat-
ically determines the 2D resistivity models, topographically corrected,
of the subsurface by inverting the data obtained from electrical
imaging (Griffiths and Barker, 1993). A robust inversion was used
because it is more suitable for detecting and sharpening linear
features such as faults and contacts within complex geological
settings of karst regions. Inversion parameters were kept constant
in order to render the various measurements comparable. The topog-
raphy, information of subsurface structures, and the lithostratigraphic
information from boreholes in the vicinity of the profile line were
integrated into the ERT profiles. Additionally, information on locations
where supplementary cement was injected during the installation of
piles could be considered for the validation of the interpreted karst
features.

On the one hand, measurements were taken under different
hydrologic boundary conditions, assuming that areas of preferential
flow are water saturated to a varying degree at low, average or high
river discharge. At high river discharge the hydraulic gradient from
up- to downstream of the dam rises and the colmatage of the riverbed
opens, making it possible for more surface water to infiltrate into the
groundwater system upstream of the dam. On the other hand, in order
to analyze the change in system behavior, measurements were carried
out both before and after construction measures.

The first and second measurements were performed before the
construction measures on April 3rd and May 18th, 2007 at river
discharges of 27 and 51 m3s−1, respectively. The third and fourth
measurements took place after completion of the construction
measures on March 26th and April 2nd, 2008 at river discharges of
15 and 26 m3s−1, respectively. The first three measurements are on
the same profile line using the exact same electrode locations, the
final measurement comprises the river bank upstream of the dam
within the investigation area (Fig. 1).
st phenomena in urban environments, Engineering Geology (2009),
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Table 1
Compilation of borehole information.

OW Monitoring Filter section in Status From (m a.s.l.) To (m a.s.l.) Difference

1 Inclinometer Gipskeuper Void (filled) 259.48 257.18 2.30
2 – Fluvial gravels and Gipskeuper Connection sealed – – –

3 Head, T, EC Fluvial gravels and Gipskeuper (separate) Connection unclear, siphon mechanism – – –

4 Head, T, EC Fluvial gravels and Gipskeuper Void, connection 250.92 248.62 2.30
5 – Gipskeuper Void (filled), connection sealed 254.20 251.50 2.70
6 – – Void (filled), connection sealed 253.60 252.80 0.80
7 Head, T, EC Gipskeuper – – – –

8 – – Sealed – – –

9 Head, T, EC Fluvial gravels and Gipskeuper Void (filled), connection 257.05 256.25 0.80
10 Head, T, EC Fluvial gravels and Gipskeuper Connection, siphon mechanism – – –

11 – – Sealed – – –

12 Head, T, EC Fluvial gravels Siphon mechanism – – –

13 Head, T, EC Fluvial gravels and Gipskeuper Connection unclear, siphon mechanism – – –

14 Head Artificial fillings and Gipskeuper Connection unclear, siphon mechanism – – –

15 – – Sealed – – –

16 Head Unweathered rock Dry – – –

17 – – Sealed – – –

18 Head Slope clay to Obere Bunte Mergel – – – –

19 Inclinometer – – – – –

20 Head, T, EC Weathered Gipskeuper Void 252.17 250.77 1.40
Void 249.87 249.57 0.30

21 Head Artificial fillings, Schilfsandstein, Gipskeuper Connection – – –

66 – – – – – –

69 – – – – – –

72 – – – – – –
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3.4. 3D geological and hydrogeological modeling

3D geological and hydrogeological simulations were performed
using the Groundwater Modeling System GMS v6.0 (Environmental
Modeling Systems Inc., 2006), together with the 3D finite difference
code MODFLOW (Harbaugh et al., 2000). To construct 3D geological
structures the “solid modeling” approach was employed where
volumetric layers represent hydrostratigraphic sequences (Lemon
and Jones, 2003; Epting et al., 2009; Fig. 6).

The grid for the 3D groundwater model was automatically
generated from the solid model geometry (Jones et al., 2002).
Hydraulic properties and their sensitivity were determined by a
combination of manual and automated parameter estimation proce-
dures, which are based on numerical optimization algorithms within
the nonlinear regression code PEST (Doherty, 1994). Results of
model calibration are discussed in detail in Epting et al. (2009). The
horizontal discretisation of the grid is regular (5 by 5 m). Hydraulic
boundary conditions of the simulations were defined as follows
(Fig. 6): (1) the northern and southern boundaries were defined as
specified head (Dirichlet), corresponding to available groundwater
head measurements in the local Quaternary aquifer; (2) the eastern
boundary was defined as specified flow (Neumann) with an assumed
inflow from the adjacent catchment of 10 ls−1; (3) the western
boundary was chosen as no-flow boundary, according to the abun-
dance of comparatively impermeable geological sequences (see
above); (3) the Birs River was simulated as general head boundary
(GHB) condition (Cauchy), where infiltration and exfiltration are
calculated in proportion to the difference between river level and
hydraulic groundwater head, and a conductance of the riverbed; and
(4) average recharge was assumed at 3E−0.8 ms−1 (areal precipita-
tion 946 mma−1). Modeling the complex flow using a finite-
difference approach, with drain networks, representing the conduit
component of flow, was approached by introducing the conduits
using the drain feature within MODFLOW (Quinn et al., 2006). In
order to investigate the effect of drain features, two drains were
introduced that correspond to information obtained from the 1996
dye tracer test and the location of fracture joints (Figs. 1 and 4).
The setup of a transport model with the data from the 1996 dye tracer
test indicates that the resulting breakthrough with primary and
secondary maximum in some of the observation wells can be
Please cite this article as: Epting, J., et al., Integrated investigations of kar
doi:10.1016/j.enggeo.2009.08.013
simulated adequately only with two drains. Drains were introduced
in model layer 4 corresponding to information obtained from the
boreholes, indicating that voids were generally encountered at the
bottom of the weathering zone. To ensure active flow in the drains,
the drain elevation was chosen using values of nearby groundwater
head measurements. The conductance values of the drains were
optimized by model calibration.

4. Discussion of results

4.1. Data sources and hydrometrical investigations

The primary purpose for drilling boreholes was to find significant
permeable zones within the underlying bedrock and already
developed voids. Although the probability of encountering voids is
fairly low and relies on a hit-or-miss approach, in total 7 voids, with
diameters ranging from 0.3 to 2.7 m, were detected at a depth of 15 to
18 m (Table 1). The data suggest that the vertical extension of the
weathered Gipskeuper ranges from 2.2 to 14.8 m. Additionally, in the
1990's several boreholes left a stratigraphic connection and hydrau-
lically connected aquifers. The connection is documented by drill-core
protocols and was recently confirmed by geochemical and hydraulic
data.

Fig. 7 shows examples of hydrographs that characterize the
hydrological settings. In most observation wells considerable reac-
tions of the groundwater heads and the electric conductivities during
the construction works can be observed (e.g. OW3, 4 and 20). It is
worth mentioning that the investigation period is characterized by
the 300-year flood of August 9th 2007. After the flood event some
groundwater heads remain for approximately 4 months on a higher
level until they fall back to their original level (e.g. OW20), others
continue on the higher level (e.g. OW12 and 13). In December 2007
the groundwater head in OW3 drops by about 1.8 m and remains on
this lower level, clearly illustrating the effect of the pile wall that was
completed approximately 10 days before. Measured electric conduc-
tivities range between approximately 500 and 2500 μS cm−1. On the
one hand, low electric conductivities are in the range of measured
values for river water (450–500 μS cm−1) indicating short residence
times (“younger water”) within the system after water infiltrated
from the river. On the other hand, high electric conductivities indicate
st phenomena in urban environments, Engineering Geology (2009),
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Fig. 6. Left: 3D geological model with locations of cross sections (see Fig. 4 for longitudinal cross section A–A′ and Fig. 14 for transversal cross section B–B′). Right: conceptual 3D
groundwater model setup with hydraulic boundary conditions.
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longer residence times of water (“olderwater”) within the system and
higher solution contents (electrolytes). During the construction
measures a mixing of water components can be observed, thereby
“older water” mixes with “younger water” (e.g. OW9) or vice versa
(e.g. OW3). In the course of the construction measures, formerly high
electric conductivities measured in OW7 and 13 fall to a lower level,
indicating that injections of supplementary cement during the
installation of piles and the filling of encountered caves resulted in a
disconnection of these observation wells from the conduit system.

Surprisingly, analysis revealed that the progression of some of the
hydrographs could be explained by a siphon mechanism according to
the hydrological characteristics of the river stage. This mechanism
generally is observed in underground rhythmic springs (ebb and flow
springs, intermittent springs) that belong to the group of springs
which appear exclusively in karstified terrains (e.g. Bögli, 1980).
Bonacci and Bojanić (1991) give an overview of the presence of such
springs and the corresponding authors who describe it. In Fig. 8, the
operation of the siphonmechanism is illustrated schematically. When
the water level in the cave raises above level A, all the water in the
cave from level A to level B suddenly flows out. This emptying is
effected according to the siphon mechanism. When the water level
falls below level B, outflow ceases until water level A is reached again.
When the water level is above level A, and when the inflows are
greater than the maximum capacity of the siphon, then the siphon
mechanism is interrupted and the hydrograph rises according to the
hydraulic pressure head in the river. Three magnitudes of floods can
be distinguished: (a) moderate flood events causing no initiation of
the siphon mechanism and slightly raised river infiltration upstream
of the dam; (b) medium flood events causing an initiation of the
siphon mechanism and raised river infiltration upstream of the dam,
and (c) elevated flood events causing a flooding of the entire siphon
system resulting in an interruption of the mechanism and overall high
river infiltration upstream of the dam. Furthermore, the emptying of
the siphon karst structures is associated with an outflow of
mineralized waters and sediment load. Subsequently, less mineral-
ized, more aggressive water can enter the system.
Please cite this article as: Epting, J., et al., Integrated investigations of kar
doi:10.1016/j.enggeo.2009.08.013
The strong reactions of measured groundwater heads and electric
conductivities as well as the observed siphonmechanism indicate that
the karst system is already well developed, whereas various cave or
conduit systems are either connected in series or are configured in a
somewhat independent, parallel way.

Additional lithostratigraphic information could be derived from
reports made during the installation of the piles. Based on the
lithostratigraphic information of the boreholes, relatively precise
cross sections of the investigation area could be constructed (Fig. 4).

Hydraulic links within the investigation area were confirmed
by the 1996 dye tracer test (Cantonal Archive Basel, unpublished
reports). The direction of the hydraulic links corresponds with
the main directions of joints within the investigation area (Fig. 4).
The dye was injected in OW3 and sampled in OW2, 4 and 5 (Fig. 1).
Highest concentrations and a second maximum, representing a
further preferential pathway, were observed in OW5, which is
nearest to the injection well. Measurements in the other observa-
tion wells resulted in lower concentration values indicating that
they are influenced by infiltrating river water to a certain degree.
Maximal groundwater flow velocities range from 85 to 111 md−1,
values typical for conduits within well-developed mature karst
systems. Measured groundwater flow velocities allow the approx-
imate hydraulic conductivities to be calculated for the conduit
flow system using the equation v=(K/n)(∂h/∂l), where v is the
groundwater velocity, n is the porosity of the conduit, K is the
conductivity of the conduit, and ∂h/∂l is the hydraulic gradient
between the observation well where the tracer was injected and
the observation wells used for sampling. The porosity of the con-
duit will be influenced by the sediments in the conduits (fillings
of voids, see above) and the variations in the size and shape
of the conduit. Since these details are not known for the study
area, (1) a maximum porosity value of 1 was assumed for air-filled
voids; and (2) the effect of fillings in the conduits was considered
by attributing a porosity value of 0.5 (Table 2). This results in
approximate hydraulic conductivities for the conduit system
ranging between 3.5E−02 and 4.7E−02 ms−1 for an assumed
st phenomena in urban environments, Engineering Geology (2009),
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Fig. 7. Top: examples of measured groundwater heads; bottom: examples of measured electric conductivities; A–D: dates of geophysical surveys (see Fig. 1 for location of
observation wells).
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porosity of 1, and between 1.7E−02 and 2.4E−02 ms−1 for a po-
rosity value of 0.5.

4.2. Electric Resistivity Tomography (ERT)

The occurrence of the following ERT anomalies is anticipated and
used in these interpretations: (a) different hydrologic boundary con-
ditions result in variable water-saturated areas of preferential flow at
Please cite this article as: Epting, J., et al., Integrated investigations of kar
doi:10.1016/j.enggeo.2009.08.013
low, average or high river discharge; at high river discharge the
hydraulic gradient from up- to downstream of the dam rises and
the colmatage of the riverbed opens, enabling more surface water
to infiltrate into the groundwater system upstream of the dam;
(b) drainage features of karst features such as voids, conduits,
fractures and fault zones generally result in a resistivity increase if
these are filled with air (near-infinite electrical resistance), and a
decrease if they are filled with clay and water, providing there is a
st phenomena in urban environments, Engineering Geology (2009),
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Fig. 8. Detailed view of measured groundwater heads (see Fig. 7) and schematic illustration of the siphon mechanism.
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resistivity contrast with the surrounding rock. Although clay content
will decrease resistivities more than water, in real exploration their
influence cannot be determined due to the shape of the features
and the fact that the degree of the filling is, most of the time, un-
known; and (c) resistivity contrasts between various sedimentolog-
ical sequences and their degree of weathering.

The interpretation of the ERT surveys focuses on the description
of distinct geological and hydrogeological features in correlation
with river discharge, and (1) shallow subsurface flow; (2) ground-
water flow around the dam, as well as (3) groundwater flow beneath
the dam; (4) locations of voids and conduits; (5) delineation of the
weathering horizon within the Gipskeuper; (6) areas where solution
appeared in the vicinity of faults and fracture zones; and (7) locations
of buried paleochannels.

For all measurement values for the calculated RMS error values are
less than 5 %, indicating that themeasurements were undisturbed and
that the resistivity models are plausible (Donner, 1997).

4.2.1. Shallow subsurface flow
The top layer of all inversion models shows a very heterogeneous

resistivitydistribution (Fig. 9). This heterogeneity is the result of shallow
subsurface installations, the numerous anthropogenic interferences in
the past, and root penetration of the riverine vegetation. The second
measurement at high river discharge before the construction measures
resulted in lower resistivity values downstream of the dam indicating
the infiltration of rainwater following preferential flow paths in the
shallow subsurface (Fig. 9B). However, these regions are mainly above
the zone of the weathered Gipskeuper and consequently are not
considered in the interpretation of karst features.

4.2.2. Groundwater flow around the dam
The inversion model of the first measurement at average river

discharge before the construction measures shows two distinct
Table 2
Results of dye tracer test and interpretation.

Distance
l

Time
t

Velocity
v

Head
h

Hydraulic
gradient
∂h/∂l

Conductivity
K

n=1 n=0.5

(m) (h) (mh−1) (md−1) (m) (–) (ms−1)

OW 3 Injection
OW 2 124 26.8 4.6 111 3.3 2.7E−02 4.7E−02 2.4E−02
OW 4 116 32.8 3.5 85 3.3 2.8E−02 3.5E−02 1.7E−02
OW 5 112 26.8 4.2 100 3.3 2.9E−02 4.0E−02 2.0E−02
Birs R. 137 32.8 4.2 100 – – – –

Please cite this article as: Epting, J., et al., Integrated investigations of kar
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zones with rather low resistivity values between 10 and 30 Ωm
(Fig. 9A). The first zone lies between 60 and 108 m and is most
pronounced at a depth of 15 m. The second zone lies between 10 and
20 m at a depth of approximately 10 to 20 m. These zones are
interpreted as contributing to preferential groundwater flow around
the dam. Low resistivity values result from water with high solution
contents within water-saturated clays. Particularly within these
zones, theweathering process resulted in the removal of gypsum and
the remains of the clay component. These zones become expanded
during the second measurement at high river discharge before
the construction measures are carried out, suggesting larger areas
participating in the flow processes or higher contents of electrolytes
in the groundwater (Fig. 9B). The inversion model of the third
measurement at low river discharge after completion of the con-
struction measures generally shows lower resistivities in vicinity of
the dam indicating that after the 300-year flood of August 9th 2007
(Fig. 7) existing flow paths in the vicinity of the damwere flushed or
new ones generated (Fig. 9C). Whereas the resistivity distribution
downstream of the dam of the third measurement is comparable
to the first measurement, resistivities upstream of the dam are
generally higher than for the first two measurements. After the
construction of the pile wall upstream of the dam, less river water
can infiltrate into the groundwater system, resulting in areas with
lowerwater saturation behind the pile wall. This finding is supported
by groundwater level measurements in observation well OW3
behind the pile wall (Fig. 7). Profile 1 in Fig. 10 presents a conceptual
model for the first two measurements. Regions with resistivities
under 30 Ωm are highlighted. This limiting value was adopted from
Schön (1983), who assigned resistivity values higher than 30 Ωm to
the rocks of the Keuper sequence with medium water saturation. At
high river discharge the low resistivity zone upstream of the dam
extends vertically by about 2.5 m to the surface. An evaluation using
geological information derived from boreholes and reports made
during the installation of the piles indicate that the zone is in the
transition zone between the weathered and non-weathered Gips-
keuper. At high river discharge, the low resistivity zone down-
stream of the dam extends vertically by about 10 m to the
surface. Noticeably high resistivity values in the vicinity of the dam
are explained by the high hydraulic gradient in this region. At
the beginning of flood events, “old water” with long residence times
within the groundwater system and high solution content (electro-
lytes) is flushed, resulting in a zone with relatively high resistivity
values caused by “younger water” infiltrated from the river.
Depending on the distance to the profile line, locations with supple-
mentary cement injections were included in the conceptual
geological models. Green- and red-colored bars indicate supplementary
st phenomena in urban environments, Engineering Geology (2009),
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Fig. 9. ERT results illustrated together with lithostratigraphic information on boreholes. White framing indicates the dam structure and documented subsurface installations. A:
Profile 1 at average river discharge before construction measures (03.04.07). B: Profile 1 at high river discharge before construction measures (18.05.07). C: Profile 1 at low river
discharge after construction measures (26.03.08). D: Profile 2 at average river discharge after construction measures (02.04.08).
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cement injections of 2.4 to 15.5 m3. They are related to the conduit
system downstream of the dam and correlate with the interpreta-
tions of the resistivity models. The red-colored bar with supplemen-
tary cement injections of 5 m3 lies directly on the profile line at 80 m
and correlates with the local minima of the second resistivity model,
indicating pronounced water flow in this area. The blue-colored bars
upstream of the dam are located at a 10–30 m distance to the pro-
Please cite this article as: Epting, J., et al., Integrated investigations of kar
doi:10.1016/j.enggeo.2009.08.013
file line. They represent the more distant flow around the damwhich
cannot be correlated with the resistivity models (cf. Fig. 14). In
Profile 2 (Fig. 10) three distinct zones with resistivities under 30 Ωm
are highlighted. The two larger zones are interpreted to contribute
to the more distant flow around the dam. Low resistivity values
again result from water with high solution contents within water-
saturated clays. Particularly within these zones the weathering
st phenomena in urban environments, Engineering Geology (2009),
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Fig. 10. Conceptual models with interpretation of ERT measurements.
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process resulted in a removal of gypsum and remains of the clay
component. Results are confirmed by the course of the bedrock
surface that was interpolated based on geological information
derived from boreholes and reports made during the installation of
the piles.

4.2.3. Groundwater flow beneath the dam
The inversion models of the first two measurements before the

construction measures show very high resistivities above 200 Ωm in
the central part where subsurface structures of the dam are located, as
well as in areas of documented subsurface installations (Fig. 9AB). In
these areas strong resistivity contrasts can be observed. However, for
the second measurement this zone of high resistivity values does not
reach as deep as for the first measurement. This decrease in resistivity
indicates elevated undercurrent below the dam during flood events
and confirms the assumptions that also beneath the dam, zones
within the Gipskeuper exist that already are weathered and
contribute to flow processes. Results are illustrated in the conceptual
model of Profile 1 (Fig. 10). Regions with resistivities under 140 Ωm
are highlighted. This limiting value was adopted from Schön (1983)
assuming that resistivity values above 140 Ωm are not typical for
rocks of the Keuper sequence. Additionally, in the inversion model of
the third measurement conducted after the construction measures, a
region with elevated resistivities can be observed in the central part
where subsurface structures of the dam are located.
Please cite this article as: Epting, J., et al., Integrated investigations of kar
doi:10.1016/j.enggeo.2009.08.013
4.2.4. Voids and conduits
In the inversion models of the first two measurements between 35

and70 mandwithin depth of 5 to 15 m, relatively high resistivity values
between 140 and 200Ωmcan be observed (Fig. 9AB). It is assumed that
this zone is part of the conduit systemas at a depthof 11 to 13.6 ma void
was encountered during the installation of borehole OW20, which lies
directlyon theprofile line. At average riverdischarge the conduit system
is only partially water saturated. At higher river discharge maximum
resistivity values within this zonemigrate towards the void. The zone is
not distinct in the inversion model of the third measurement (Fig. 9C);
this can be explained by the injection of supplementary cement during
the installation of the piles, the filling of encountered caves and
consequently an interruption in the conduit system. The extension of a
second zone with relatively high resistivity values between 140 and
200Ωm in the vicinity of borehole OW4differs considerably for thefirst
three measurements. A void was encountered in borehole OW4, which
lies directly on the profile line at a depth of 14.6 to 16.9 m. Although
the zone with relatively high resistivity values is not at the same depth
as the encountered void, a conduit system could have developed
since the installation of the borehole in 1995, due to the heteroge-
neity within the weathered Gipskeuper. During flood events the zone
with relatively high resistivity values during the first measurement
becomes more saturated, resulting in a reduction of resistivity
values during the second measurement. Consequently, these conduit
systems are related to the flow processes around the dam. Some of the
st phenomena in urban environments, Engineering Geology (2009),
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green- and red-colored bars indicating supplementary cement injec-
tions of 2.4 to 15.5 m3 can be directly related to the zones with high
resistivity values (Fig. 10, Profile 1). Between 80 and 85 mon Profile 2 at
a depthof 2.5 to 5 m, a zonewith low resistivity values under 10Ωmcan
be observed (Fig. 9D). At this location a water pipe is documented that
crosses the ERT profile perpendicularly. The detection of the water pipe
provides an indication of sensitivities that can be expected from such
anthropogenic features.

4.2.5. Delineation of the weathering horizon within the Gipskeuper
Results of the ERT measurements could not be used for detecting

sharp boundaries between weathered and non-weathered zones, as
could be derived from the detailed information on boreholes and the
reports made during the installation of the piles for Profile 1. This is
evidence that the extension of weathered and non-weathered
Gipskeuper is strongly heterogeneous and not sharply separated.
However, between 85 and 185 m on Profile 2 at depths of 10 to
12.5 m, resistivity values >140 Ωm indicate the surface of non-
weathered rocks. This is confirmed by the lithostratigraphic informa-
tion from OW12, 13 and 14 and the piling installations.

4.2.6. Faults and fracture zones
The investigation area is characterized by an intense tectonic

segmentation into compartments. Both ERT profiles proceed parallel
Fig. 11. Visualization of hydraulic heads and particle tracks in model layer 2 (0.1 m resol
measures (07.02.06). Right: Groundwater flow regime at average river discharge after c
Gipskeuper upstream of the dam is indicated by two colors.

Please cite this article as: Epting, J., et al., Integrated investigations of kar
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to the Eastern RhinegrabenMaster fault (Fig. 4). Between 70 and 85 m
on Profile 2, ERTmeasurements resulted in a distinct vertical structure
with resistivity values above 120 Ωm. The location of this structure
correlates with the location of displaced tear faults on the geological
map. The dip direction of the fault is indicated at 20 to 30° North.

4.2.7. Buried paleochannels
In Profile 2 between 140 and 175 m, ERTmeasurements resulted in

resistivity values above 140 Ωm. In this region an abandoned river
course from 1798 is documented (Fig. 4). The explanation for the
rather high resistivity values could be the existence of coarse fluvial
gravel with high porosities that were deposited in the abandoned
main channel bed and that are not water saturated.

4.3. 3D geological and hydrogeological modeling

Fig. 11 shows hydraulic heads and flow paths illustrated by particle
tracks in layer 2 for the extended steady state groundwater model
with drains at average discharge before and after the construction
measures. Note the bulge of the weathered Gipskeuper to the South of
the modeling domain which can be explained by the abandoned
riverbed (Fig. 4). It is assumed that in earlier times, increased solution
took place beneath the abandoned riverbed resulting in the bulge of
weathered Gipskeuper. Fig. 12 illustrates the divergence of measured
ution). Left: Groundwater flow regime at average river discharge before construction
onstruction measures (15.01.08). The covering water layer on top of the weathered

st phenomena in urban environments, Engineering Geology (2009),
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Fig. 12. Results from model calibration. Shown are measured versus calculated hydraulic heads within the investigation area (see Fig. 1 for locations).
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and calibrated groundwater heads at the observation wells ranging
between 0.14 and 2.38 m; one observation well falls dry. For the
simulation after the construction measures, the sealing pile wall was
integrated into the model layers 1 to 4 and its hydraulic conductivity
calibrated by minimizing the divergence between observed and
calculated heads in OW3, resulting in 1.0E−09 ms−1. The ground-
water flow regimes for both model scenarios clearly show the
influence of the dam structure. Backwater can be observed in front
of the sealing pile wall, towards the river. The effect of the drains is
striking, as they focus on the flow paths. The gradient in the non-
weathered rock is steeper than in the weathered Gipskeuper and the
Quaternary cover. In Table 3, water budgets across model boundaries
and through defined cross sections are summarized for the steady
state groundwater model. Calculated water budgets indicate that
model outflow through the GHB downstream of the dam is slightly
higher thanmodel inflow through the GHB upstream of the dam. Flow
through the drains ranges between 5.0 and 6.1 ls−1. Flow through
Zone 1 is higher than flow through Zones 2 and 3. The effect of the
sealing pile wall is clearly visible for the simulation after the
construction measures. Residual flow through the sealing pile wall
reaches 1.8 ls−1.

4.4. Integration of the investigative methods

Fig. 13 shows the integration of information from the ERT mea-
surements along the two profiles and the results of the groundwater
model at average discharge before the construction measures. The 2D
cross sections illustrate the vertical hydraulic heads together with
interpreted features resulting from the ERT measurements, as well as
water budgets across the longitudinal cross section (Figs. 4 and 6). The
Table 3
Water budgets (in ls−1) across model boundaries and defined zones of the cross section
(see Fig. 6 for location of boundaries and Fig. 14 for location of zones for water budgets).

Before construction
measures

After construction
measures

IN OUT IN OUT

1. Kind, Dirichlet 0.5 2.2 0.4 2.6
3. Kind, Cauchy 10.2 13.4 7.8 11.6
Drains 0.0 6.1 0.0 5.0
ZONE 1 5.6 5.4 5.7 5.7
ZONE 2 2.0 2.1 1.3 1.3
ZONE 3 1.6 1.7 1.3 1.4

Please cite this article as: Epting, J., et al., Integrated investigations of kar
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influence of the various lithostratigraphic sequences on the hydraulic
head distribution is clearly evident as they refract the groundwater
head isolines. The hydraulic gradient is the highest in the vicinity of
the dam structure. From about 200 to 30 m in the lower part, the
gradient of illustrated vertical hydraulic heads gradually orients more
towards the surface. Here regions with considerably low resistivities
were measured and preferential groundwater flow is assumed. Water
budgets are highest in the Quaternary, beneath the dam, in the
vicinity of the drains, and at the interface of weathered and non-
weathered rock. The two zones with relatively high resistivity values
north of the dam, which were interpreted to be part of the conduit
system (Figs. 9 and 10), correspond with high water budget zones.
The region with relatively low water budgets in the shallow
subsurface between 30 and 65 m can be explained by model cells
that fall dry during the simulation.

Fig. 14 illustrates schematically the complexity of subsurface flow
around and beneath the dam. The highest hydraulic gradient is
observed and permanent flow occurs in the vicinity of the dam (blue);
in this region most voids were encountered and ERT measurements
resulted in fairly low resistivity values. Regions further away from the
dam contribute to flow processes mainly during flood events (light
blue). The delineation of this region follows the abandoned river
channels, and is delimited by the occurrence of more resistant rocks to
the east (cf. Fig. 4). Figures 4 and 14 show several longitudinal and
transversal cross sections illustrating the depressions in the bedrock
surface. The transverse cross section shows the channel of the
abandoned bending river to the east. The longitudinal cross section
in Figs. 4 and 14 illustrate the progression of cascades parallel to the
current river course, whereas the cross section C–C′ derives from
morphological analysis of the interface of weathered and non-
weathered rock. Initially the surface morphology was shaped by the
bending river course consisting of an asymmetric progression of
cascades. This morphology was modified subsequently by artificial
fillings to facilitate the construction of the river dam and the highway.
Today the former cascading system is limited to one single hydraulic
step of 7.3 m created by the river dam. It is assumed that these
depressions form cascading subsurface conduit systems. This is
confirmed by groundwater head measurements that indicate two
dominant groundwater levels up- and downstream of the dam
(Fig. 7). Such settings would explain the functioning of the described
siphon mechanism, whereas the various system elements communi-
cate via phreatic loops. The hydrogeological regime is still very much
influenced by the subsurface morphology, especially in regions
beneath the highway, whereas most enlargements occur along
st phenomena in urban environments, Engineering Geology (2009),
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Fig. 14. Schematic illustration of flow around and beneath the river dam in the weathered Gipskeuper, transverse cross section (B–B′) with defined regions for water budgets and
longitudinal cross section (C–C′, vertical magnification: 20) illustrating the succession of cascades and an assumed ancient river level parallel to the current river course in relation to
the present hydraulics up- and downstream of the river dam.
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connected conduits that lie along a direct path between recharge and
discharge locations and cascade along a hydraulic gradient.

5. Conclusions

The integration of monitoring data with field experiments as well
as modeling and scenario techniques facilitated the determination of
the relevant parameters governing the gypsum karst system and an
understanding of the fundamental governing processes. The devel-
oped process-oriented tools significantly support the optimization of
(1) future karst investigation methods; (2) observation networks
with a predictive character for adaptive surface and subsurface water
as well as subsidence monitoring, and (3) future remedial measures,
including the determination of locations where excessive grout
material is required. The cost of setting up the described monitoring
system, including a series of ERT profiles and integrated hydrogeo-
logical modeling, is relatively low compared to the total cost of the
engineering project.

Since the construction of the dam the hydraulic gradient within
the investigation area has been increased, resulting in accelerated
karst evolution. Several distinct geological and hydrogeological
features of different hydraulic and geotechnical boundary conditions
could be interpreted, suggesting that the karst system is already in a
well-developed, mature state. The interaction of these features
resulted in the observed subsidence of the dam and the highway.

Flow processes around and beneath the dam are accelerated at
high river discharge, whereas extended regions are water saturated
and contribute to flow processes and preferential flow in the conduit
system. The analysis of groundwater measurements, the setup of a 3D
Please cite this article as: Epting, J., et al., Integrated investigations of kar
doi:10.1016/j.enggeo.2009.08.013
hydrogeological model, and the development of scenarios for
different hydraulic and geotechnical boundary conditions contributed
greatly to a better understanding of the interrelationship of the
various observed features.

Protection schemes and geotechnical investigations that are
necessary for engineering projects often provide “windows of
opportunity”, that is the opportunity possibility to change perceptions
concerning the sustainable development of water resources, and to
coordinate future measures. Generally speaking, protection concepts
basically have a monitoring character, while collected data corre-
spond to historiography. Therefore, the expansion of current pro-
tection concepts by means of process-based approaches is of great
importance.

Acknowledgements

The authors would like to thank Susan Braun-Clarke, Christoph
Butscher, and the anonymous reviewers for providing valuable com-
ments on the manuscript, as well as Ralph Henz from PNP (Pfirter,
Nyfeler & Partner) and Hanspeter Keller from the IWB (Industrielle
Werke Basel) for their excellent collaboration. Financial support from
the FAG (Freiwillige Akademische Gesellschaft Basel) is also gratefully
acknowledged.

References

Al-Saigh, N.H., Mohammed, Z.S., Dahham, M.S., 1994. Detection of water leakage from
dams by self-potential method. Engineering Geology 37, 115–121.

Anderson, M.P., Woessner, W.W., 1992. Applied groundwater modeling: simulation of
flow and advective transport. Academic Press, Inc., New York.
st phenomena in urban environments, Engineering Geology (2009),

http://dx.doi.org/10.1016/j.enggeo.2009.08.013


17J. Epting et al. / Engineering Geology xxx (2009) xxx–xxx

ARTICLE IN PRESS
Baines, D., Smith, D.G., Froese, D.G., Bauman, P., Nimeck, G., 2002. Electrical Resistivity
Ground Imaging (ERGI): a new tool for mapping the lithology and geometry of
channel-belts and valley-fills. Sedimentology 49, 441–449.

Bitterli-Brunner, P., Fischer, H., 1989. Explanations map Blat Arlesheim 1067 (in
German). Geological Atlas of Switzerland.

Bitterli-Brunner, P., Fischer, H., Herzog, P., 1984. Geologic map Blatt Arlesheim 1067,
Geological Atlas of Switzerland (in German).

Bögli, A., 1980. Karst hydrology and physical speleology. Springer Verlag, Berlin.
Bonacci, O., Bojanić, D., 1991. Rhythmic karst springs. Hydrological Sciences Journal 36

(1), 35–47.
Butscher, C., Huggenberger, P., 2008. Intrinsic vulnerability assessment in karst areas: a

numerical modeling approach. Water Resources Research 44 (3), W03408.
Dahlin, T., 1996. 2D resistivity surveying for environmental and engineering appli-

cations. First Break 14 (7), 275–283.
Doherty, J., 1994. PEST model-independent parameter estimation. Watermark Com-

puting, Corinda, Australia.
Donner, F., 1997. Modern measurement and evaluation procedures for resistivity

geoelectrics, with application examples (in German). Zeitschrift für angewandte
Geologie 42/3.

Dreiss, S.J., 1989a. Regional scale transport in a karst aquifer: 1. Component separation
of spring flow hydrographs. Water Resources Research 25 (1), 117–125.

Dreiss, S.J., 1989b. Regional scale transport in a karst aquifer: 2. Linear systems and time
moment analysis. Water Resources Research 25 (1), 126–134.

Eisenlohr, L., Bouzelboudjen, M., Kiraly, L., Rossier, Y., 1997. Numerical versus statis-
tical modeling of natural response of a karst hydrogeological system. Journal of
Hydrology 202, 244–262.

Eiswirth, M., Hötzl, H., Cronin, A., Morris, B., Veselič, M., Bufler, R., Burn, S., Dillon, P.,
2003. Assessing and improving sustainability of urban water resources and
systems. RMZ, Materials and Geoenvironment 50, 117–120.

El-Hussain, I., Holbrook, J., Sneed, C., 2000. Integrated geophysical and geological methods
to delineate buried paleochannels in the New Madrid seismic zone of southeastern
Missouri. Proceedings for SAGEEP 2000, Washington D.C, pp. 253–262.

El-Qady, G., Hafez, M., Abdalla, M.A., Ushijima, K., 2005. Imaging subsurface cavities
using geoelectric tomography and ground-penetrating radar. Journal of Cave and
Karst Studies 67 (3), 174–181.

Environmental Modeling Systems Inc.: GMS, groundwater modeling system v6.0, 2006.
http://www.ems-i.com.

Epting, J., Regli, C., Huggenberger, P., 2007. Groundwater protection in urban areas
incorporating adaptive groundwater monitoring and management. In: Pahl-Wostl,
C., Kabat, P., Möltgen, J. (Eds.), Adaptive and integrated water management, coping
with complexity and uncertainty. Springer. XIV.

Epting, J., Huggenberger, P., Rauber, M., 2008. Integrated methods and scenario
development in urban groundwater management, and protection during tunnel
road construction; a case study of urban hydrogeology in the city of Basel,
Switzerland. Hydrogeology Journal 16, 575–591.

Epting, J., Romanov, D., Huggenberger, P., Kaufmann, G., 2009. Integrating field and
numerical modeling methods for applied urban karst hydrogeology. Hydrology and
Earth System Sciences 13, 1163–1184.

Fatta, D., Naoum, D., Loizidou, M., 2002. Integrated environmental monitoring and
simulation system for use as a management decision support tool in urban areas.
Journal of Environmental Management 64, 333–343.

Fechter, D., 1856. Topography with the consideration of the cultural and conventional
history (in German). Basel in the 14th century.

Fenning, P.J., Brown, A.J., Nind, D., 2000. Geophysical surveys across a ground
subsidence feature. Proceedings for SAGEEP 2000, Washington D.C, pp. 857–866.

Gabbani, G., Lavorini, G., Pacini, L., 2000. Geophysical and geotechnical investigation of
an areal landslide in the Tuscan Northern Apennines (Italy) with an extensive
consolidation design. Proceedings for the EEGS-ES 2000 Annual Meeting, Bochum,
Germany.

Golder, E., 1984. 100 years Birswuhr Neue Welt (in German). Published by:
Baudepartement Basel-Stadt, Tiefbauamt.

Griffiths, D.H., Barker, R.D., 1993. Two-dimensional resistivity imaging andmodelling in
areas of complex geology. Journal of Applied Geophysics 29, 211–226.

Gürler, B., Hauber, L., Schwander, M., 1987. Geology of the surrounding area of Basel
with suggestions usage options of geothermal energy (in German). Beitrag zur
Geologischen Karte der Schweiz.

Gutiérrez, F., 1996. Gypsum karstification induced subsidence: effects on alluvial
systems and derived geohazards (Calatayud Graben, Iberian Range, Spain).
Geomorphology 16, 277–293.

Harbaugh, A.W., Banta, E.R., Hill, M.C., McDonald, M.G., 2000. MODFLOW-2000, the U.S.
geological survey modular ground-water model — user guide to modularization
concepts and the ground-water flow process. Open-File Report 00-92U.S.
Geological Survey, Reston, Virginia.

Jones, N.L., Budge, T.J., Lemon, A.M., Zundel, A.K., 2002. Generating MODFLOW grids
from boundary representation solid models. Ground Water 40 (2), 194–200.

Josnin, J.-Y., Pistre, S., Drogue, C., 2000. Modélisation d'un système karstique complexe
(basin de St. Chaptes, Gard, France): un outil de synthèse des données géologiques
et hydrogéologiques. Canadian Journal of Earth Sciences 37, 1425–1445.

Kaufmann, G., Romanov, D., 2009. Geophysical investigation of a sink in the northern
Harz foreland (North Germany). Environmental Geology 58 (2), 401–405.

Khalil, M.H., 2006. Geoelectric resistivity sounding for delineating salt water intrusion
in the Abu Zanima area, west Sinai, Egypt. Journal of Geophysics and Engineering 3,
243–251.
Please cite this article as: Epting, J., et al., Integrated investigations of kar
doi:10.1016/j.enggeo.2009.08.013
Kovacs, A., 2003. Geometry and hydraulic parameters of karst aquifers: A hydrody-
namic modeling approach.; Thèse de Doctorat, CHYN, Univ de Neuchâtel.

Lamont-Black, J., Younger, P.L., Forth, R.A., Cooper, A.H., Bonniface, J.P., 2002. A decision-
logic framework for investigating subsidence problems potentially attributable to
gypsum karstification. Engineering Geology 65 (2–3), 205–215.

Lapenna, V., Perrone, A., Pietro, L., Piscitelli, S., Rizzo, E., Sdao, F., 2000. 2D resistivity and
3D self-potential tomographies in the study of the Giarrossa landslide (southern
Italy). Proceedings for the EEGS-ES 2000 Annual Meeting, Bochum, Germany.

Lemon, A.M., Jones, N.L., 2003. Building solid models from boreholes and user-defined
cross-sections. Computers & Geosciences 29 (5), 547–555.

Leucci, G., De Giorgi, L., 2005. Integrated geophysical surveys to assess the structural
conditions of a karstic cave of archaeological importance. Natural Hazards and
Earth System Sciences 5, 17–22.

Loke, M.H., 2007. Res2dinv Software User`s Manual, Version 3.57. Geotomo Software,
Penang, Malysia, p. 86.

Loke, M.H., Barker, R.D., 1996. Rapid least-squares inversion of apparent resistivity
pseudosections using a quasi-Newtonmethod. Geophysical Prospecting 44, 131–152.

Long, J.C.S., Billaux, D.M., 1987. From field data to fracture network modeling: an example
incorporating spatial structure. Water Resources Research 23 (7), 1201–1216.

Long, J.C.S., Remer, J.S., Wilson, C.R., Witherspoon, P.A., 1982. Porous media equivalents
for networks of discontinuous fractures. Water Resources Research 18 (3),
645–658.

Mace, R.E., 1995. Geostatistical description of hydraulic properties in karst aquifers: a case
study in the EdwardsAquifer. Proceedings, International SymposiumonGroundwater
Management. American Society of Civil Engineers, New York, pp. 193–198.

Maillet, G., Rizzo, E., Revil, A., Vella, C., 2005. High resolution electrical resistivity
tomography (ERT) in a transition zone environment: application for detailed
internal architecture and infilling processes study of a Rhône River paleo-channel.
Marine Geophysical Researches 26, 317–328.

McGrath, R.J., Styles, P., Thomas, E., Neale, S., 2002. Integrated high-resolution
geophysical investigations as potential tools for water resource investigations in
karst terrain. Environmental Geology 42, 552–557.

Nagra, 2002. Project Opalinuston: syntheses of geoscientific investigation results (in
German). NTB 02–03.

Pahl-Wostl, C., Möltgen, J., Sendzimir, J., Kabat, P., 2005. New methods for adaptive
water management under uncertainty — the NeWater project. Paper in EWRA
conference proceedings 2005, Menton, France.

Pahl-Wostl, C., 2006. Newsletter No. 1. http://www.newater.info. Cited June 2006.
Pearson, F.J., Balderer, W., Loosli, H.H., Lehmann, B.E., Matter, A., Peters, T.,

Schmassmann, H., Gautschi, A., 1991. Applied isotope hydrogeology—a case study
in northern Switzerland. Elsevier.

Pellerin, L., 2002. Applications of electrical and electromagnetic methods for
environmental and geotechnical investigations. Surveys in Geophysics 23,
101–132.

Pfirter, U., 1973. Geologie und Morphologie des Birstals von St. Jakob bis Münchenstein.
Diplomarbeit Geologisch-Paläontologisches Institut, Universität Basel. (in German).

Quinn, J., Tomasko, D., 2000. A numerical approach to simulating mixed flow in karst
aquifers. In: Sasowsky, I., Wicks, C. (Eds.), Groundwater Flow and Contaminant
Transport in Carbonate Aquifers. A.A. Balkema, Rotterdam, Holland, pp. 147–156.

Quinn, J.J., Tomasko, D., Kuiper, J.A., 2006. Modeling complex flow in a karst aquifer.
Sedimentary Geology 184 (3–4), 343–351.

Reynolds, J.M., 1997. An Introduction to Applied and Environmental Geophysics. Wiley,
New York.

Schmassmann, H., 1972. Baselbieter and western Aargauer Tafeljura (in German). In:
Jäckli, H., Kempf, T. (Eds.), Erläuterungen zum Blatt Bözberg-Beromünster:
Hydrogeologische Karte der Schweiz, vol. 1, pp. 93–100.

Schön, J., 1983. Petrophysicsk (in German). Physikalische Eigenschaften von Gesteinen
und Mineralen. Enke, Stuttgart.

Soupios, P., Papadopoulos, I., Kouli, M., Georgaki, I., Vallianatos, F., Kokkinou, E., 2007.
Investigation of waste disposal areas using electrical methods: a case study from
Chania, Crete, Greece. Environmental Geology 51.

Spottke, I., Zechner, E., Huggenberger, P., 2005. The southeastern border of the Upper
Rhine Graben: a 3D geological model and its importance for tectonics and
groundwater flow. International Journal of Earth Sciences 94, 580–593.

Sretenovic, B., Lokin, P., Sretenovic, N., Djordjevic, M., Kisin, S., 2000. Some possibilities
of electrical scanning method in landslides exploration. Proceedings for the EEGS-
ES 2000 Annual Meeting, Bochum, Germany.

Šumanovac, F., Weisser, M., 2001. Evaluation of resistivity and seismic methods for
hydrogeological mapping in karst terrains. Journal of Applied Geophysics 47, 13–28.

Teutsch, G., 1989. Groundwater models in karstified terrains: two practical examples
from the Swabian Alb (S. Germany). Proceedings, Solving Ground Water Problems
with Models. International Ground Water Modeling Center, Indianapolis, Indiana,
pp. 929–953.

Thrailkill, J., Sullivan, S.B., Gouzie, D.R., 1991. Flow parameters in a shallow conduit-flow
carbonate aquifer, Inner 350 J.J. Quinn et al./Sedimentary Geology 184 (2006) 343–
351 Bluegrass Karst Region, Kentucky, USA. Journal of Hydrology 129, 87–108.

van Schoor, M., 2002. Detection of sinkholes using 2D electrical resistivity imaging.
Journal of Applied Geophysics 50 (4), 393–399.

Wise´n, R., Bjelm, L., Dahlin, T., 2000. Resistivity imaging as a preinvestigation method
in urban environments. Proceedings EEGS-ES 6th Meeting, CH05.

Yaramanci, U., Kiewer, M., 2000. Geoelectrical characterisation of the Opalinus clay
formation in the underground rock laboratory ‘Mont Terri’. Mont Terri Project,
Technical Note 99-27, ED-C Experiment. Technische Universität Berlin.
st phenomena in urban environments, Engineering Geology (2009),

http://www.ems-i.com
http://www.newater.info
http://dx.doi.org/10.1016/j.enggeo.2009.08.013

	Integrated investigations of karst phenomena in urban environments
	Introduction
	Settings
	Investigation area and construction measures
	Geology and hydrogeology

	Methods
	Conceptual approach
	Data sources and hydrometrical investigations
	Electric Resistivity Tomography (ERT)
	3D geological and hydrogeological modeling

	Discussion of results
	Data sources and hydrometrical investigations
	Electric Resistivity Tomography (ERT)
	Shallow subsurface flow
	Groundwater flow around the dam
	Groundwater flow beneath the dam
	Voids and conduits
	Delineation of the weathering horizon within the Gipskeuper
	Faults and fracture zones
	Buried paleochannels

	3D geological and hydrogeological modeling
	Integration of the investigative methods

	Conclusions
	Acknowledgements
	References




