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Abstract A 3D geological model of the area east of
Basel on the southeastern border of the Upper Rhine
Graben, consisting of 47 faults and six stratigraphic
horizons relevant for groundwater flow, was developed
using borehole data, geological maps, geological cross
sections, and outcrop data. This model provides new
insight into the discussions about the kinematics of the
area between the southeastern border of the Upper
Rhine Graben and the Tabular Jura east of Basel. A 3D
analysis showed that both thin-skinned and thick-skin-
ned tectonic elements occur in the modeled area and that
the Anticline and a series of narrow graben structures
developed simultaneously during an extensional stress-
field varying from E-W to SSE-NNW, which lasted
from the Middle Eocene to Late Oligocene. In a new
approach the faults and horizons of the 3D geological
model were transferred into discrete elements with dis-
tributed hydrogeological properties in order to simulate
the 3D groundwater flow regime within the modeled
aquifers. A three-layer approach with a horizontal reg-
ularly spaced grid combined with an irregular property
distribution of transmissivity in depth permitted the
piezometric head of the steady-state model to be auto-
matically calibrated to corresponding measurements
using more than 200 piezometers. Groundwater model-
ing results demonstrated that large-scale industrial
pumping affected the groundwater flow field in the
Upper Muschelkalk aquifer at distances of up to 2 km
to the south. The results of this research will act as the
basis for further model developments, including salt
dissolution and solute transport in the area, and may
ultimately help to provide predictions for widespread
land subsidence risks.
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Introduction

Numerical simulation of groundwater flow has become a
common hydrogeological tool to investigate a variety of
geological settings. The reliability of these models lar-
gely depends on the capacity to predict the role of geo-
logical structures which control groundwater flow.
Combined deterministic and stochastic techniques have
been successfully applied to hydrogeological parame-
terization of unconsolidated sediments (e.g. Jussel et al.
1994; Regli et al. 2004). However, groundwater flow
modeling in fissured and karstic aquifers is typically
approached using deterministic methods for aquifer
parameterization, especially in regional scale studies
(e.g. D’Agnese et al. 1999; Kovacs 2003; Zechner and
Frielinsdorf 2004). Geological discontinuities such as
stratigraphic horizons and faults play a key role in
controlling groundwater flow within fissured and karstic
aquifers. Commonly used graphical user interfaces for
groundwater simulation, such as GMS (2004), offer only
limited possibilities for mapping geological settings with
more complex tectonic structures. This is because (1)
geological and geophysical data from different sources
cannot be adequately imported and compared, (2) 3D
structures such as faults and faulted stratigraphic hori-
zons are very difficult to model accurately, (3) the con-
sistency of a geological model of faulted horizons cannot
be thoroughly reviewed, and (4) automated discretiza-
tion of hydrogeological properties in such a setting is
often not manageable by the graphical user interface.
This study investigated an 8§ km by 8 km geologically
complex area located at the southeastern border of the
Upper Rhine Graben in the northwestern part of Swit-
zerland to the east of Basel (Fig. 1). The area is underlain
by Triassic and Jurassic strata that dip gently to the
southeast and are subdivided by a series of NNE-SSW



striking horst and graben structures overlain by Quater-
nary sediments. A number of authors have proposed dif-
ferent tectonic models for the area implying different
kinematic scenarios regarding the Southeastern Rhine
Graben, most of which are based on incomplete data sets.
The main differences between these models relates to the
geometry and depth of the major fault zones and the rel-
ative age of the different tectonic structures. Most models
explain only a part of the kinematic history by using 2D
cross sections and focus on selected phenomena. None of
the proposed models make use of 3D data or combine data
to 3D objects such as stratigraphic horizons and faults.

The study site (Fig. 2) is part of an urbanized area
that is currently experiencing large changes in industrial,
commercial and transportation activities, including the
recent construction of a tunnel for a more efficient
north-south pan-European railway connection. More-
over, groundwater quality has been impacted by con-
tamination that has occurred as a result of chemical
spills and the deposition of hazardous waste. The Qua-
ternary gravel aquifer is used for a regional drinking
water supply in combination with an artificial ground-
water recharge system, which was designed in order to
maintain hydraulic gradients toward areas of potential
risk. Apart from the public water supply system, large
quantities of groundwater are abstracted for industrial
purposes. Any potential change in this hydraulically
complex system will result in impacts to groundwater
quality and/or quantities for the existing users on the
Swiss and also on the German part of the Rhine valley,
immediately adjacent to this area. The regional
groundwater system includes two main aquifers, the
Quaternary Rhine gravel and the underlying karstified
Triassic Upper Muschelkalk. The highly transient flow
field is strongly influenced by the river groundwater
interactions along the River Rhine, the structure of the
complex aquifer-aquitard system and the groundwater
production for water supply and industry. Knowledge of
the connectivity between surficial and deeper aquifers is
fundamental for understanding the regional and local
scale groundwater flow pattern in this area.

In this study we present a new approach of inte-
grating geological data into a hydrogeological model.
Firstly, in order to integrate as much of the existing
geologic information as possible, we constructed a 3D
geological model of the area, which is based on the
existing geological information (borehole descriptions,
geological maps, geological cross-sections) that is con-
sistent with the regional geological setting. The geolog-
ical 3D model was constructed using a software package
capable of modeling complex geological objects (GO-
CAD; Geological Objects Computer Aided Design). The
model includes 47 faults and four faulted horizons in
order to derive structural maps of the main aquifers-
aquitards boundaries. Secondly, we integrated the faul-
ted horizons of the 3D geological model into the
groundwater modeling software package GMS (2004)
and simulated the groundwater flow within the main
relevant aquifers using a finite difference approach.
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The results of the research presented herein form a
base for further model development, which will help to
focus on the causes of the subsurface salt dissolution,
and ultimately provide predictions on land subsidence
risks in the area. In addition, the regional scale
groundwater model can be used as a decision tool for
sustainable groundwater management in the Muttenz-
Pratteln area (Fig. 2). The 3D geological model pre-
sented herein also acts as an excellent platform for
evaluating the impact of future infrastructural develop-
ments and will be applicable for any 3D data queries
regarding different aspects of the geology of the area.

Geological setting

The Muttenz-Pratteln area (Fig. 2) is situated to the east
of the southeastern border of the Upper Rhine Graben
within the Dinkelberg Block. This block forms part of
the Tabular Jura and is influenced by the Rhine-Bresse
Transfer Zone (Fig. 1). The Rhine-Bresse Transfer Zone
strikes E-W, has a complex composition and diffuse
borders. The fracture zone is 40 km wide and partially
transfers the dilation from the Rhine graben into the
Bresse graben (Laubscher 1971).

The Dinkelberg Block is bounded by the Rhine Val-
ley Flexure, the Kandern Fault, the Werratal Fault and
the Zeiningen Fault (Fig. 2). The block boundary is
poorly defined to the south. Within the block, the
Maulburg and Rheinfelden Faults act as boundaries to
the Dinkelberg Graben. The entire Dinkelberg Block is
characterized by a set of NNE-SSW striking narrow
graben structures that have unknown shape and
depth. In the southern part of the Dinkelberg Block, the
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Fig. 1 Regional overview with working area (modified after Thury
et al. 1994)
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Fig. 2 Tectonic overview (grey square = working area)

ESE-WNW striking Adlerhof Anticline represents a
compressive structure.

The area under study is underlain by Triassic and
Jurassic strata, which dip slightly to the southeast.
Herzog (1956) provided the first comprehensive
description of these strata (Bitterli-Brunner et al. 1984),
including an annex (Bitterli-Brunner et al. 1989), with a
stratigraphic column that acted as the basis for Fig. 3.

The stratigraphic column extends from the Quater-
nary to the the Lower Muschelkalk. This sequence is
relevant for the geological and hydrogeological model-
ing. The lowest lithostratigraphic unit in the area studied
is the Lower Muschelkalk, which consists of a succession
of marine dolomites, calcareous mudstones, and bitu-
minous dolomitic mudstones approximately 40 m thick.
The overlying Middle Muschelkalk, is subdivided into
the Sulfatzone and the Dolomitzone, respectively. The
Sulfatzone is made up of dolomitic marls, anhydrite and
gypsum, with intercalations of clay and marl and varies
in thickness from 30 to 130 m. A salt layer (Salzlager),
up to 50 m thick occurs in the lower part. The Dolo-
mitzone consists of a 10 m thick sequence of porous
dolomite. The lower part of the Upper Muschelkalk
consists of a 50-60 m thick series of limestones (Hau-
ptmuschelkalk). The upper part consists of approxi-
mately 20 m of Trigonodusdolomit. The overlaying
Keuper unit has a thickness of 130 —170 m. The
Lettenkohle (about 5 m) at the base and the Rhdt (about
5 m) at the top of the Keuper reflect the continental
influence on sedimentation during the time that this unit
was deposited. The 60—-100 m thick Gipskeuper overlying
the Lettenkohle consists of marls with gypsum and
anhydrite lenses. The following sandstones and marls of
the Schilfsandstein/Untere Bunte Mergel reflect a com-
plex pattern of facies changes and have a thickness of
20-25 m. The Gansinger Dolomit (about 10 m) consists
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Fig. 3 Lithostratigraphy, hydrostratigraphy and modeled horizons
(modified after Bitterli-Brunner et al. 1988; Girler et al. 1987 and
Pearson et al. 1991)

of shallow marine dolomite. It is followed by a 30 m
thick sequence of greyish to reddish marls and clays
(Obere Bunte Mergel). During the Lias, marls and shales
were deposited in a shallow marine environment (20—
40 m thick). Embedded into these sediments is a 5 m
thick, fossil rich, competent, porous limestone (Arie-
tenkalk). The uppermost 80-100 m of the occurring
Mesozoic unit consists of a dark grey silty micaeous clay
(Opalinuston).

These Triassic and Jurassic strata are separated from
a Quaternary cover by an unconformity. The Quater-
nary cover consists of fluvio-glacial gravels that are up
to 40 m thick. This unit represents an accumulation of
different types of gravel sheets. Several depositional
terraces, separated from each other by terrace bluffs,
exist in the area.

Triassic and Jurassic strata were deformed by the
Rhine Valley Flexure, the Adlerhof Fold and narrow
graben structures. Herzog (1956) explained the develop-
ment of these structures by the following sequence of
events: (1) the Adlerhof Anticline was formed before the
Rhine Valley Flexure, (2) the Adlerhof Anticline devel-
oped before the NNE-SSW striking faults in the Tabular



Jura, (3) the Adlerhof Anticline has been folded in several
steps, of which the last probably developed after the
genesis of faults, (4) a pre-Miocene age can be assumed for
the NNE-SSW striking faults, (5) there is no evidence for
younger movements (Miocene to Quaternary). Laubscher
(1982) interpreted the horst and graben structures of the
Tabular Jura in the Muttenz-Pratteln area and the
Adlerhof Anticline as the combination of (a) the detach-
ment of the sedimentary cover from the crystalline base-
ment to the north by gravity gliding and (b) the
development of the Rhine valley flexure towards the west.
The idea of detachment of the sedimentary cover (thin-
skinned model) contrasts with the subvertical fault inter-
pretation proposed by Giirler et al. (1987). These faults
appear to originate at the basement and continue through
its sedimentary cover indicating that a combination of
thick-skinned and thin-skinned kinematics was active
during the Tertiary. Schmassmann (1990) proposed that
the master faults of the graben structure converge with
depth and generally terminate in Middle Triassic deposits,
except for larger faults, which can reach the Lower Tri-
assic and the crystalline basement. The geological profile
constructed by Meyer (2001) along the Adlertunnel axis,
incorporates the new geological observations and drill-
core data from the tunnels construction (Figs. 2, 5). The
principal importance of this work relates to the presen-
tation of south verging thrusts within the Adlerhof
Anticline. Laubscher (2003) considers the Aspenrain
Fault and the Adlerhof Fold as a composite structure
(“Adlerhof Structure’) that has developed since the
Early Miocene by limited detachment in the Middle
Triassic (Herzog 1956; Hauber 1971; Giirler et al. 1987)
under dextral transpression along a SE-NW oriented o,
axis. Laubscher (2001, 2003) proposed a forerunner of
the Adlerhof Structure of Eocene age to explain the dis-
continuity of the NNE-SSW striking graben structures
across the Adlerhof Fold (Bitterli-Brunner et al. 1984)
together with an Eocene age for most of the Tabular Jura
grabens.

To conclude, the development of the Rhine Valley
Flexure, the Adlerhof Fold and the narrow graben
structures have been interpreted by the different authors
as a consequence of either thin-skinned or thick-skinned
tectonics.

Hydrogeological setting

There have been few regional scale studies showing the
close relationship between groundwater flow and tec-
tonic setting in this area. Schmassmann (1990) provides
the most recent and extensive study of this subject. This
work presented a qualitative characterization of both the
Quaternary and the Upper Muschelkalk Aquifers and
recognized the importance of the graben structures for
groundwater flow by collecting hydrochemical data and
constructing geological maps and geological profiles
based on existing drill-core data. The only numerical
groundwater model of the area prior to the current study
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has been developed by Trosch et al. (1997). The aim of
this transient model study was to simulate the joint ef-
fects of artificial groundwater recharge and potable
groundwater pumping in the Hardwald area. Hardwald
is located in the northwestern part of the study area
between Rhine Valley Flexure and Hard Graben
(Fig. 5). Recharge occurs in this area by discharging
surface water from the Rhine into smaller artificial rivers
and ponds. The 2D Finite Element approach chosen by
Trosch et al. (1997) required a vertical averaging of the
hydrogeological properties over all relevant aquifers and
aquitards. The authors observed larger discrepancies
between hydraulic head measurements and correspond-
ing model results along the Rhine Valley Flexure and the
bordering faults of the Hard Graben. They attributed
these discrepancies to the limited capacity of a 2D
groundwater model to simulate groundwater flow in the
geological setting presented herein.

We grouped lithostratigraphic units into four main
hydrostratigraphic layers according to their hydraulic
properties (Fig. 3). The Lower Muschelkalk and the
evaporites of the Middle Muschelkalk are widely con-
sidered as impermeable throughout Northern and
Northwestern Switzerland (Nagra 1988, 2002; Gilirler
et al. 1987). They form a lower aquiclude (layer 4), which
serves as confining unit for the overlying aquifer. How-
ever, within the Middle Muschelkalk a gypsum karst unit,
approximately 10 m thick, has been observed between the
top of the salt layer and the anhydrite of the Upper Sul-
fate Zone (Aegerter and Bosshardt 1999). The amount of
groundwater stored in this unit is negligible on a regional
scale (Glirler et al. 1987), but the aquifer probably
transports groundwater that leaches the underlying ha-
lite. The Dolomite Zone of the Middle Muschelkalk, and
the Upper Muschelkalk, form the lower aquifer (layer 3).
Both units are highly porous, fractured and karstified.
They represent an important aquifer at the local and re-
gional scale (Nagra 1988, 2002; Giirler et al. 1987; Sch-
massmann 1990). Saladin (unpublished data) determined
an average hydraulic conductivity of 1.3x107* m/s in
hydraulic tests conducted in boreholes of the Upper
Muschelkalk Aquifer within the study area. This
hydraulic conductivity and unit thicknesses of 50-80 m
results in transmissivities of up to 1x10~' m?/s, thus
making the unit a regionally important aquifer. The
overlaying sediments of Keuper, Lias and Lower Dogger
mainly consist of marls and clays and were defined as the
upper aquiclude (layer 2), due to their low to very low
permeabilities. Hydraulic conductivities for these sedi-
ments as tested in borehole and modeling studies in
Northern Switzerland (Nagra 2002) were between
1x10™'* and 1x10~7 m/s. Small aquifers were found in
sandstone and dolomite beds of the Keuper, but
according to Giirler et al. (1987), their importance can be
neglected compared to that of the Upper Muschelkalk
Aquifer. The upper aquifer of the study site is located in
the Quaternary Rhine gravels (layer 1). Typical saturated
thicknesses range between 10 m and 20 m, but may reach
more than 30 m in certain parts. Hydraulic conductivities
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determined from 56 pumping tests in the study area had
an average value of 3.1x107° m/s for the Quaternary
Aquifer (Saladin, unpublished data). Other aquifers of
regional importance are the Buntsandstein/Perm/Cryst-
aline Basement and the Oxfordian carbonates. These
units, however, are not relevant for the present study as
they are either hydraulically unconnected (Buntsand-
stein/Perm/Crystaline Basement), or have been eroded
(Oxfordian carbonates). In summary, there are two
aquifers; the mainly confined karstic Upper Muschelkalk
Aquifer (layer 3), and the unconfined Quaternary Gravel
Aquifer (layer 1).

Fracture zones causing increased permeability within
the formations may favor vertical exchange of ground-
water also across aquitards. Giirler et al. (1987) pointed
out, that intensively faulted and fractured zones mostly
simplify water circulation, which according to Hauber
(1971), leads to a gradual natural solution of the Salz-
lager. Consequently, modeling vertical transport of dis-
solved salt requires increased hydraulic conductivities
along fault zones since the aquitard of the Upper Sulphate
Zone in between the salt formation and the Upper Mu-
schelkalk Aquifer restricts vertical fluxes. In the present
modeling study, however, transport of dissolved salt is
not simulated. At the regional scale (several km), the
connectivity of aquifers and aquicludes is primarily
influenced by the tectonic setting of horst and graben
structures. The general dip of the Mesozoic strata to the
SE results in a direct contact between the Quaternary
Aquifer and the Upper Muschelkalk Aquifer, mainly in
the northwestern parts of the model area. The graben
structures produce different connectivity scenarios: they
either completely or partly penetrate the aquifer,
depending on the offset along the bounding normal faults.

The general flow direction of the Rhine River in the
Tabular Jura is from east to west. Filtration along the
River Rhine is proportional to the difference between
river level and hydraulic head in the connected aquifer.
The river level, however, does not vary significantly up-
stream of the “Birsfelden” log, which is located 1.5 km
downstream of the Rhine Valley Flexure. Consequently,
the exchanging fluxes mostly depend on the transient
hydraulic groundwater head. Large-scale groundwater
pumping for industrial use results in increased infiltration
in the sections of the Rhine located in the central part of
the study area around the Wartenberg Graben (Fig. 5).
All other sections are exfiltrating, with increased exfil-
tration due to the artificial recharge along the Hardwald
area in the northwestern part of the model.

3D Geological model
Data sources

The first step in building a 3D model involved data
collection. The more consistent the available data the
better the resulting model will be. In the current case,
input data of different type and quality were available.

Due to varying data origins, incompatibilities occurred
between the different types of data.

— A digital elevation model employing a 25 m grid
interval as base for a topographic surface (DHM25,
The Federal Office of Topography, Wabern) was used.

— Borehole data were employed to reconstruct geologi-
cal surfaces. Approximately 8,200 borehole data of
differing depths were compiled in the GEODATA
database (Noack 1993) of the Applied Geology
Group at the University of Basel. GEODATA con-
tains export possibilities for different file formats,
which allow the user to export self-defined data sets.
Consequently, it was possible to export the x-, y-, z-
coordinates for every layer boundary of interest: 750
boreholes end slightly below the pre-Quaternary sur-
face, and 128 boreholes reach a depth of 100-400 m
(Fig. 7A).

— The other fundamental data source for the construc-
tion of geological surfaces are existing geological
maps (Bitterli-Brunner et al. 1984; Wittmann et al.
1970) and cross sections (Herzog 1956; Giirler et al.
1987; Bitterli-Brunner et al. 1989; Schmassmann 1990;
Meyer 2001). Layer boundaries and fault traces were
digitized with a customized software routine, which
also included export possibilities for different file
formats. The cross sections used differ in scale, fault
position and fault geometry as a result of different
geological interpretations. Girler et al. (1987) and
Meyer (2001) used straight fault geometries as their
interpretations correspond to thick-skinned tectonics,
whereas Herzog (1956), Bitterli-Brunner et al. (1989)
and Schmassmann (1990) used listric fault geometries
representing thin-skinned tectonics.

— Outcrop data was also incorporated. The dips of
stratigraphic layers were measured and fault positions
mapped. The outcrop information focuses on the
southern part of the area of interest and represents a
small but very important part of input data for the
geological model.

— Finally, the results of a geoelectrical survey were
employed. In this research campaign, we worked with
an earth resistivity meter and a multi-electrode cable
for surface-based measurements of cross sections in
order to estimate formation thicknesses and fault
positions (Spottke, unpublished data).

Methodology

The geomodeling method employed in this study was
defined by Mallet (2002) as follows: “Geomodeling
consists of the set of all mathematical methods allowing
modeling the topology, the geometry and the physical
properties of geological objects in a unified way while
taking into account any type of data related to these
objects.”

GOCAD, which was used in this study, is one of the
leading software packages employed in geomodeling.



GOCAD allows the user to construct, visualize and edit
topographical and geological data in different object
classes (e.g. points, lines, surfaces, volumes, wells). The
modeling engine for this software is based on the inter-
polation algorithm Discrete Smooth Interpolator (DSI)
(Mallet 1989, 1992, 2002). This interpolation algorithm
respects soft and hard constraints in order to fix points,
lines, surfaces, regions or properties at specific x-, y-, z-
coordinates.

The modeling was subdivided into different steps.
The first step consisted of importing data into the
modeling software (Fig. 4A). The second step involved
the construction of faults and horizons (Fig. 4B). The
fault planes were constrained using fault lines on geo-
logical maps, fault traces on geological cross sections
and fault markers in well data. The contacts between
fault planes were defined. This definition determined
how fault planes were cut with each other. By respecting
the defined geometry and the defined contacts, the
interpolation algorithm was applied. The horizons were
constrained by well data, geological maps, geological
cross sections and outcrops. Furthermore, the con-
structed horizons were cut with the fault system. This
required the definition of contacts between horizons and
fault plans by setting constraints on horizon boundaries.
The interpolation algorithm was run while respecting the
defined geometry and the defined contacts. Finally the
resulting fault-horizon-model (Fig. 4C) was thoroughly

Digital high Geological Geological Borehole  Outcrop
model maps profiles data data
..... —
[ 1 1 1 ]
Faults Horizons

° | ==

I Faulted |
horizons

Volumetric 3D model

Fig. 4 Schematic modeling procedure, A input data, B modeling of
surfaces, C modeling of faulted horizons, D construction of the
volumetric 3D model)
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verified by exporting geological cross sections from the
3D model.

In order to model faults and horizons, it was necessary
to make three assumptions. The first assumption related
to complex tectonic elements. In order to keep the
amount of data manageable, a simplification was neces-
sary for the modeling. This meant that a fault zone was
modeled as a single fault plane. Consequently, graben
structures are simplified in the model. Secondly, we as-
sumed that the pre-Quaternary surface was equal to the
topography in the hilly parts of the model. This
assumption is acceptable as Quaternary deposits are ei-
ther less important or absent in these areas. The third
assumption related to the decision on how many horizons
should be modeled. We defined the number of horizons
by the number of main aquifer—aquiclude boundaries
(Fig. 3). Two exceptions were made: (a) where the base of
the Lower Muschelkalk represents the lower boundary of
the lower aquiclude, the top of the Lower Muschelkalk
was modeled, due to the absence of raw data for the base
of the Lower Muschelkalk, (b) in order to visualize the
sediment filling of graben structures, the top of the
Keuper (Rhit) was also modeled, although it does not
represent an aquifer—aquiclude boundary.

Results

Geomodeling provided a 3D geological model, which is
bounded by the Grenzach-Wyhlen Fault, the eastern
border of the Rhine Valley Flexure, the Aspenrain Fault
and the eastern border of the Adler Graben System
(Fig. 5). Within the model, the following tectonic su-
bunits occur: the Hard Graben System, the Wartenberg
Graben System, the Cholholz Graben System, the
Cholholz Fault, the Adler Graben System and the
Adlerhof Anticline (Figs. 5, 6). The model extends ver-
tically from the surface to the top of the Lower Mu-
schelkalk. In addition to the surface topography, we
modeled the pre-Quaternary surface and the following
four faulted horizons: the top of the Keuper, the top of
the Upper Muschelkalk, the top of the Sulfatzone, and
the top of the Lower Muschelkalk (Figs. 6, 7).

Faults

The fault system in the modeled area consisted of five
different elements: (a) the Rhine Valley Flexure, (b) the
Grenzach-Wyhlen Fault, (c) the Aspenrain Fault, and
(d) the narrow graben structures. A total of 47 faults
were modeled (Fig. 5).

In the model the Rhine Valley Flexure was simplified
to two planar, approximately parallel faults. These faults
strike NNE-SSW (Fig. 5), dip at 75° to WNW
(Fig. 6A, B), and mark the borders of the flexure zone.
The eastern fault also acts as the western border of the
geological model (Fig. 5).

The Grenzach-Wyhlen Fault has an orientation of
ESE-WNW and dips with 70° to the SSW. The planar



586

262 263 264 265 266 km 268

261

260

I T
615 617

I
614

613 616 618 619 km 621

Fig. 5 Fault system on Pre-Quaternary surface (A—A’, B-B” and
C-C’ = cross sections (see Fig. 6))

normal fault indicates a displacement of about 80 m in
the Lower Muschelkalk Horizon (Figs. 5, 6C, 7F). The
Grenzach-Wyhlen Fault represents the northern border
of the model.

The Aspenrain Fault defines the southern border of
the model (Fig. 5). This fault strikes ESE-WNW and
dips to the south, extending from the crystalline base-
ment to the top of the Lower Muschelkalk, with a dip of
70°. Closer to the surface the dip declines gradually to

50° (Fig. 6C). Displacement amounts to approximately
150 m. Near Miinchenstein, the Aspenrain Fault is in
contact with the Rhine Valley Flexure (Figs. 2, 5). The
Rhine Valley Flexure, the Grenzach-Wyhlen Fault and
the Aspenrain Fault end in the crystalline basement,
suggesting thick-skinned tectonics features.

The narrow graben structures are oriented NNE-
SSW. From west to east four graben systems occur,
which have been named Hard Graben, Wartenberg
Graben, Cholholz Graben (including the Cholholz
Fault), and Adler Graben (Figs. 5, 6A, B). These graben
systems are subdivided by tear faults. Initially these tear
faults were not traced as there was no information about
their occurrence. However, the digitized fault traces and
lines together with the borehole information required
faults to have an abnormal s-shaped curvature; this
could only be prevented by dividing the narrow graben
structures with tear faults (Fig. 5). All tear faults are
vertical. The graben faults and tear faults end in the
Sulfatzone. The structure of the top of the Upper Mu-
schelkalk Horizon, in which no evidence for graben
structures could be found, suggests the faults terminate
in the Sulfatzone. Consequently, the graben faults are
modeled as listric features (thin-skinned tectonics). In
each graben system, the eastern fault is the master fault
of the graben system, which means that the principal
displacements occur along the eastern graben faults
(Fig. 6A, B). The displacements determined on each of
the eastern master faults were as follows: Wartenberg
Graben, about 200 m at the top of the Keuper Horizon;
Cholholz Graben, about 80 m at the top of the Upper
Muschelkalk Horizon; Cholholz Fault, approximately
100 m at the top of the Sulfatzone Horizon and Adler
Graben, about 70 m at the top of the Upper Muschel-
kalk Horizon (Fig. 6B). The amount of displacement in
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Fig. 6 Cross sections across the modeled area (cross-section traces see Fig. 5)
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the Hard Graben is about 200 m and is documented by
the existence of the top of the Keuper Horizon inside the
graben adjacent to the top of the Sulfatzone Horizon
outside the graben (Fig. 6A).

Horizons

The 3D model incorporates the six horizons that are most
influential for groundwater flow (see Fig. 3), namely: (1)
topography, (2) pre-Quaternary surface, (3) top of the
Keuper, (4) top of the Upper Muschelkalk, (5) top of the
Sulfatzone, and (6) top of the Lower Muschelkalk. These
surfaces correspond to the main aquifer—aquiclude
boundaries (see section Hydrogeological setting).

The topography model shows higher elevations to the
north and south of the Rhine Valley, which is oriented
east-west (Fig. 7A). The maximum elevation of 663 m
above sea level is located at 617.628, 260.876 (Swiss
national topographic grid (SNTGQG)). The minimum ele-
vation at the bottom of the Rhine is 246 m above sea
level at 615.730, 266.530 (SNTG). The pre-Quaternary
surface is similar to the present day topography
(Fig. 8B). Differences only appear in the Rhine Valley,
where Quaternary alluvial deposits cover the bedrock.
The minimum elevation of the pre-Quaternary surface of
223 m above sea level is located at 615.250, 266.125
(SNTG). The topographic surface and the pre-Quater-
nary surface occurs at the margins of the uppermost
aquifer, the Quaternary gravels. The thickness of this
layer varies between 0 m and 48 m.

The faulted horizon model dips at a low angle to the
southeast and cut the pre-Quaternary surface (Figs. 5, 6,
7) resulting in an erosional discontinuity.

The Keuper Horizon occurs inside the graben struc-
tures and in the southern part of the model (Fig. 7C).
The horizon appears in the middle part of the Hard

Geological Model

=
T

N
“‘--

\ i/

Property Grid Modell:
regular spaced in x,y,z

Property Grid Modell:
regular spaced in x,y
irregular spaced in z

Fig. 8 Schematic grid discretization for 3D numerical groundwater
(karst aquifer is in grey color; aquicludes/aquitards are in white
color)

Graben, in the Wartenberg Graben, in the southern
parts of the Cholholz Graben and the Adler Graben
(Fig. 6A, B; black line inside aquiclude 1). Along the
crest line of the Adlerhof Fold, the top of the Keuper
Horizon is eroded (Fig. 7C).

The top of the Sulfatzone and the top of the Upper
Muschelkalk occur below the Keuper, (Fig. 7D, E).
These horizons clearly display the structure of the
Adlerhof Anticline south of the graben structures and
north of the Aspenrain Fault. The Adlerhof Anticline
strikes ESE-WNW, but its orientation is not parallel to
the Aspenrain Fault. From west to east both structures
almost converge towards the southeast corner of the
model. At this location the anticline has a gently sloping
northern limb and a steeply sloping southern limb
(Fig. 6C). Farther west, the fold is wider and the limbs
become more symmetrical. The Adlerhof Anticline
consists of a number of ESE-WNW striking parts,
which are arranged in an en-échelon configuration.

In contrast, the top of the Lower Muschelkalk is
influenced neither by the graben structures nor the
Adlerhof Anticline. The horizon has an elevation of
225 m above sea level in the NW, and an elevation of
50 m below sea level in the SE (Fig. 7F). The Lower
Muschelkalk Horizon is displaced by 80 m to the north
by the Grenzach-Wyhlen Fault and by 150 m to the
south by the Aspenrain Fault (Fig. 6C).

3D groundwater flow model

Groundwater flow within the study area is strongly
influenced by the geometry and thickness of the Qua-
ternary alluvial deposits, the geological structure of the
NNE-SSW trending horsts and grabens, and the
hydraulic boundary conditions, such as river level in
the Rhine, or groundwater pumping and artificial re-
charge. The numerical simulation of groundwater flow
requires an appropriate transfer of the 3D horizons and
faults into discrete elements with distributed hydraulic
conductivity and storage capacity. An additional prob-
lem arises in the simulation of groundwater in karst
systems. This is due to the difficulty in developing
numerical models that realistically represent double-
continuum media (conduit network and matrix) typical
for karstic aquifers (Kovacs 2003). The single-contin-
uum approach used for groundwater flow in porous
aquifers is appropriate for the flow simulation in car-
bonate aquifers of regional scale with comparable small
solution cavities and an absence of a well-developed
conduit network (Zechner and Frielinsdorf 2004).

Methodology

In order to simulate groundwater flow, the 3D finite
difference code MODFLOW (Harbaugh et al. 2000) was
employed in combination with the graphical user inter-
face GMS v4.0 (2004). The advantages of MODFLOW



include the versatility of its modular concept,
the robustness of the method for groundwater flow
simulation in formations with highly varying hydraulic
conductivities, and the abundance of pre- and postpro-
cessing software. The main disadvantage of using this
approach is that the regularly structured model grid
cannot directly represent 3D geometries. GOCAD does
not provide any routine to export hydrogeologic prop-
erty grids which could be directly input into MOD-
FLOW. Consequently, two methods of translating 3D
faults and horizons were compared, namely (Fig. 8) (1)
conversion of the geological fault horizons into a volu-
metric model of regularly spaced cells inside GOCAD,
with properties directly assigned to the cells; and
exporting the property grid with subsequent transfor-
mation into the corresponding MODFLOW package;
(2) transfer of the faulted horizons model from GOCAD
into the pre-processor GMS using the Triangular
Irregular Network format (TIN).

The first method required a grid resolution of 50 m(x)
by 50 m(y) by 25 m(z) per cell. This is a compromise
between an adequate representation of the geology and a
manageable grid size of 1,024,000 cells covering the
study area. Property assignment was done by a simple
decision: cells crossing a fault or a horizon belong to the
hydrostratigaphic formation where most of the cell
volume is located. Properties are located in the center of
the cell. The advantage of this method is that subvertical
structures such as grabens are more accurately repre-
sented with a 25-layer grid. A major disadvantage of this
approach, however, is the sudden jumps in size of 25 m
in the discretization of subhorizontal horizons, which
lead to inconsistencies mainly in the 10-30 m thick
Quaternary Aquifer at the top of the model. The large
grid size also requires excessive computational time
when simulating groundwater flow by iterative methods
for automated estimation of aquifer properties.

As a consequence of the above constraints, we em-
ployed a second method that exported the faulted
horizons from GOCAD (Fig. §B) by modifying the data
file in order to allow GMS to read the data in a TIN
format. The TIN nodes were used to interpolate the
structures of the two main aquifers and the intermediate
aquitard to a 3-layer model. The top model layer rep-
resents the unconfined Quaternary Alluvial Aquifer,
which is bound on the bottom by the pre-Quaternary
surface and on top by the simulated piezometric head.
The intermediate layer has a dual function. In the
southeast of the model domain, it represents the Keuper
aquiclude with the bounding pre-Quaternary surface on
top, and the top of the Upper Muschelkalk at the bot-
tom, thereby restricting groundwater exchange between
the two aquifers. In the northwestern part, where the
Keuper is eroded, the intermediate layer is modeled as
being a few meters thick and adopts the properties of the
Upper Muschelkalk Aquifer in order to model the
unrestricted exchange between the two aquifers. The
bottom model layer represents the Upper Muschelkalk
Aquifer with the top of the Sulfatzone at the bottom.
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The horizontal discretization of the grid is regular (50 by
50 m), but MODFLOW permits transmissivity
(hydraulic conductivity multiplied by vertical layer
thickness) to be varied continuously within each layer.
Consequently, we obtain an accurate representation of
the thickness variations of the modeled formations.
Existing graben structures, however, were approximated
in the model. If the offset of the graben bordering fault
was thicker than the Muschelkalk Aquifer, then they
were modeled as vertical model blocks through both
intermediate and bottom layers, and, thus, restricting
groundwater flux below the graben. If its offset is sig-
nificantly less important than the thickness of the Mu-
schelkalk Aquifer, then the graben block is only
modeled as an intermediate layer.

Data sources

Initial model values of the hydraulic conductivities (K)
for the two aquifers are based on the averaged analyses
of the results of hydraulic borehole tests presented by
Saladin (Saladin, unpublished data). The values are
3.1x10 % m/s for the Quaternary Aquifer and
1.3x107* m/s for the Upper Muschelkalk Aquifer.
Hydraulic boundary conditions of the simulation were
defined using averaged pumping rate data, river stage
and measured hydraulic heads on outer boundaries from
Ist to 8th of August, 2003. During this period, overall
groundwater pumping rates were 2.2 m?/s, and artificial
recharge reached more than 1.0 m?/s in the western part
of the Quaternary Aquifer (Hardwald). Outer bound-
aries were defined with prescribed heads at both the
eastern and western ends of the model layer 1, which
corresponds to the Quaternary Aquifer. All other outer
boundaries through all three layers were set as no-flow
boundaries. The River Rhine was simulated employing a
mixed-type boundary condition, where infiltration and
exfiltration are calculated in proportion to the differ-
ences between river level and hydraulic groundwater
head, and an initial leakage factor of 2.5x107° s~ This
factor was subsequently adjusted during the model
calibration. The simulated piezometric head of the
steady-state model was calibrated to corresponding
measurements taken in more than 200 piezometers on
August 8th, 2003.

Results

The initial hydraulic properties were determined by
employing the automated parameter estimation proce-
dure within the nonlinear regression code UCODE
(Poeter and Hill 1998). Optimal parameters resulted in
hydraulic conductivities of 4.7x107> m/s for the Qua-
ternary Aquifer, 7.4x10"* m/s for the Muschelkalk
Aquifer, and 8.1x107° m/s for the confining Keuper
aquitard. The simulated distribution of hydraulic head
in both major aquifer layers shows the influence of
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artificial recharge in the northwestern model part
(Fig. 9). The large-scale industrial pumping rate of up to
1500 I/s in the central part of the model area results in
three important cones of depression up to 2 km wide in
the Upper Muschelkalk Aquifer. No significant
hydraulic gradient is observed in the southern part of the
model, which corresponds to the position of the Adler-
hof Anticline. General groundwater flow velocities along
the southern model boundaries are thus relatively slow.
But the flow pattern along the Adlerhof Anticline is also
influenced by the industrial pumping and is directed
around the Southern ends of the Graben structures, i.e.
groundwater flows around the Cholholz Graben in
clockwise direction before flowing north towards the
well field located east of the Wartenberg Graben. By
contrast, flow in the southwestern part is directed
counterclockwise around the Hard Graben before
heading Northeast towards the well field located west of
the Wartenberg Graben.

Discussion

The 3D geological modeling presented in this article
allowed the differences between 2D and 3D analyses of
geological data to be highlighted. In order to develop a
3D geological model, data published by different au-
thors were compiled. This model incorporated available
data sets of borehole descriptions, geological cross sec-
tions and maps of varying quality and representing dif-
ferent interpretations by the different authors. Based on
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Fig. 9 Simulated piezometric head in Upper Muschelkalk aquifers
is calculated with calibrated groundwater model, and corresponds
to August 8th, 2003. Black circles are measurement locations, black
squares are pumping wells or ponds for artificial recharge.
Background shows fault system on pre-Quaternary surface

our experience, discrepancies between different data sets
are difficult to reconcile using 2D data alone. The con-
struction of the 3D geological model initiated a discus-
sion on four fundamental discrepancies in the different
geological interpretations, relating to (1) whether the
area is affected by thin-skinned or thick-skinned tec-
tonics (the depth and shape of graben structures), (2) the
existence of tear faults, (3) the coherences between
the Adlerhof Anticline and the Aspenrain Fault, and (4)
the ending of graben structures to the south. These
aspects are discussed in more detail in the sections below.

Thin-skinned or thick-skinned tectonics

If the faults of graben structures in the modeled area are
considered to be listric (Herzog 1956; Schmassmann
1990), then they should end in a detachment horizon
according to the theory of thin-skinned tectonics. In
contrast, a straight shape of the graben structure as
documented by Giirler et al. (1987) and Meyer (2001)
would imply thick-skinned behavior. Our 3D geological
model, which is based on well data, especially in the
region of the ESE-WNW striking Adlerhof anticline,
shows a planar top of the Lower Muschelkalk, but a
folded top of the Sulfatzone (Fig. 7E, F). These argu-
ments favor the thin-skinned theory. The Wartenberg-
graben system shows a displacement of approximately
200 m from the eastern master fault and a displacement
of about 10 m at his western master fault. Faults inside
the Wartenberggraben coupled with the dip of layering
indicate a stepwise rotation of graben blocks. Such
rotations are typical for listric fault systems. These
arguments favor listric fault shapes and a thin-skinned
tectonic deformation.

On the other hand, significant evidence exists for
thick-skinned tectonic activity generating the Rhine
Valley Flexure, the Grenzach-Wyhlen Fault and the
Aspenrain Fault. Well data and outcrop data document
a displacement of 80 m on the Grenzach-Wyhlen Fault
and 150 m on the Aspenrain Fault in the Lower Mu-
schelkalk Horizon (Figs. 6A, 7F). Because these faults
exist also below the Sulfatzone they were modeled with
straight fault geometries.

Consequently, both thin-skinned and thick-skinned
tectonic features are believed to occur in the modeled
area.

Existence of tear faults

The thin-skinned NNE-SSW striking graben structures
are divided into parts by W—E oriented tear faults. The
interpretations of authors such as Herzog (1956) and
Schmassmann (1990) show graben structures with
smooth-shaped fault traces and graben systems consist-
ing of only one part. The availability of new data sug-
gests that this model is inadequate since faults would
have to change their orientation by more than 90°. The



tear faults presented in the current model simplify the
situation by a differentiation of the graben systems into
parts (Fig. 5). An interesting aspect of these tear faults is
the correspondence between the course of the river
Rhine and their orientation.

Coherences between the Adlerhof Anticline and the
Aspenrain Fault

The Adlerhof Anticline is located to the north of the
Aspenrain Fault. This Fold is a thin-skinned element
with a slightly dipping northern limb and a more steeply
dipping southern limb (Fig. 6C). Within the anticline,
south verging thrusts could be observed during the
construction of the Adlertunnel (Meyer 2001). However,
there is no evidence that these thrusts are connected to
the Aspenrain Fault. In contrast to the Aspenrain Fault,
the displacement along these south verging thrusts is
relatively small. Laubscher (2003) wrote: ““... the Adler-
hof Fold passes into pronounced south-verging thrusts,
and is accompanied in the south by a south-verging
flexure.” Outcrops near position 618.900/261.400
(SNTG) reveal the presence of sediments of Liassic age
next to Upper Dogger with the entire Opalinuston
(about 100 m) absent. This is inconsistent with Laub-
scher’s theory of an unfaulted flexure. A fault could
better explain the absence of the Opalinuston, namely
due to the activity of the Aspenrain Fault. Conse-
quently, it is necessary to incorporate (a) the thin-skin-
ned Adlerhof Anticline, in which south-verging thrust
faults are involved, and (b) the reactivated thick-skinned
Palacozoic Aspenrain Fault, south of the fold. Instead of
using the simplified nomenclature “Adlerhof Structure”
(Laubscher 2003) we propose the terms ‘“Adlerhof
Anticline” and ‘““Aspenrain Fault™.

Termination of graben structures to the south

An important question concerning hydraulic connec-
tions relates to the termination of graben structures to
the south of the area. Schmassmann (1990), Bitterli-
Brunner et al. (1984), Giirler et al. (1987), and Herzog
(1956) proposed that graben structures end north of the
Adlerhof Anticline. But these models cannot explain
why the graben structures do not continue to the
Aspenrain Fault. If extension occurred first, the graben
structures would extend to the Aspenrain Fault and
would be folded in a later period. On the other hand, if
the folding occurred first, the Adlerhof Anticline should
be affected by the extension and the development of the
graben structures.

In the area of the Cholholz graben and the Adler
graben, both outcrop and drill core data from the
Adlertunnel railway tunnel document narrow graben
structures ending to the north of the Adlerhof Fold.
Furthermore, large displacements with respect to the
same reference horizon between the graben interior at
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the southern end and the hinge line of the fold support
this hypothesis (Fig. 7D, E).

In order to find a plausible explanation for this di-
lemma, the evolution of the regional stress field needs to
be considered. A critical question is whether it is possible
to form compressive structures in an extensive stress
field, thereby developing the Adlerhof Fold and graben
structures at approximately the same time.

Revised conceptual model

The study area is situated in the Rhine-Bresse Transfer
Zone (Fig. 1). This region is characterized by strike-slip
components. The Aspenrain Fault is a Palaeozoic
structure, that acts as the southern boundary of the
model area and part of this transfer zone. To simplify its
development, Rhine Graben formation will be subdi-
vided into two phases (Schumacher 2002). These consist
of a sinistral phase operating from the Middle Eocene to
Late Oligocene and a dextral phase starting in the Early
Miocene. During the initial phase, the stress field ori-
entation of the main extensional direction varied from
E-W to SSE-NNW, and led to the opening of the Rhine
Graben. The development of the fault system on the
most southeastern Rhine Graben border was influenced
by sinistral movements along the Aspenrain Fault,
which led to the formation of the Bay of Dornach
(Fig. 2). The detachment of the southeastern Rhine
Graben border along the Aspenrain Fault is also docu-
mented by a significantly gentler dip of the border fault
in the Bay of Dornach compared to fault sections north
of the Aspenrain Fault. The NNE-SSW trending graben
structures (inclusive tear faults) developed simulta-
neously, similar to the en-échelon ordered sections of the
Adlerhof Anticline (strinking ESE-WNW) to the north
of the Aspenrain Fault. During the second phase, which
is characterized by SSE-NNW oriented compression,
tear faults dextrally divided the graben structures into
several sections, and south-verging thrusts developed in
the core of the Adlerhof anticline. The proposed kine-
matical model requires a decoupling, which occurs in the
130 m thick evaporitic zone of the Middle Muschelkalk.

Consequences for groundwater flow

The geological model discussed has important conse-
quences for the connectivity of aquifers within the
hydrogeological model. The graben structures are
important elements of the hydrogeological model, as the
position and the dip of the formations within the graben
determine the connectivity of aquifers across fault zones.
If the graben structures continue up to the Aspenrain
Fault, and hence cut through the Adlerhof Anticline, then
the groundwater connectivity within the Upper Mu-
schelkalk Aquifer would not be possible between horsts.
However, in the present hydrogeological model, ground-
water flow is not restricted to the southern border of the
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model. In fact, the productivity of the large-scale indus-
trial pumping in the central part of the model area can
only be supported with groundwater recharge from
adjacent horsts. Since groundwater flow across graben
structures is restricted, the flow pattern within the
southern part of the Upper Muschelkalk Aquifer is cir-
cular around the southern ending of the graben structures
(Fig. 9).

Conclusion

This article has presented a 3D geological model incor-
porating thick-skinned tectonic elements such as the Rhine
Valley Flexure, the Grenzach-Wyhlen Fault, and the
Aspenrain Fault. Incorporated thin-skinned tectonic ele-
ments include graben structures and Adlerhof Anticline.
We propose a subdivision of the graben structures by W—E
striking tear faults and the termination of these graben
structures to the north to the Adlerhof Fold. This anticline
consists of a number of ESE-WNW striking parts ar-
ranged in an en-échelon configuration. The Aspenrain
Fault to the south of the anticline is a reactivated Paleozoic
feature. No evidence can be found for a combined
“Adlerhof Structure” as presented by Laubscher (2003)
using the current approach. Consequently, the names
“Adlerhof Anticline” and ‘‘Aspenrain Fault” are pro-
posed and should be considered as separate structures.

The development of the modeled structures consists
of two steps:

— Simultaneous development of NNE-SSW trending
graben structures (inclusive tear faults) and en-éch-
elon ordered Adlerhof Anticline parts (ESE-WNW
striking) during an extensional stress-field, E-W to
SSE-NNW trending, and lasting from the Middle
Eocene to the Late Oligocene.

— Subdivision of graben structures by tear faults under
dextral movements in a SSE-NNW oriented com-
pressive stress field, starting in the Early Miocene.

The geological model itself consists of 47 faults,
including the Rhine Valley Flexure, the Grenzach-
Wyhlen Fault, the Aspenrain Fault and four narrow
graben systems (Hard Graben, Wartenberg Graben,
Cholholz Graben, Adler Graben) (Fig. 5). Six strati-
graphic horizons relevant for groundwater flow have
been modeled, i.e. topography, pre-Quaternary surface,
Top Keuper, Top Upper Muschelkalk, Top Sulfatzone
and Top Lower Muschelkalk (Fig. 7).

The model provides an important database that can
be used for 3D queries. Predictions about the geology of
specific areas of interest can be provided with help of 2D
cross-section or 1D well logs at arbitrary locations. The
advantage of these predictions is that they show faults
and horizons, which were constructed with a 3D inter-
polation algorithm. The interpolation algorithm has
been constrained by geological boundary conditions,
which are founded on different types of data. The
presented 3D model has already been tested using more

recent data, with predictions of deeper boreholes drilled
for the evaluation of contaminated sites in the Muttenz
area (western part of the model). The predictions were in
good agreement with the collected borehole data, and
confirmed the relevance of the 3D model.

The 3D numerical simulation of groundwater flow
required an appropriate transformation of the 3D faults
and horizons into discrete elements with distributed hy-
drogeological properties. We used a 3-layer approach
with a horizontal regularly spaced grid combined with an
irregular transmissivity distribution with depth. The
simulated piezometric head of the steady-state model was
automatically calibrated to corresponding measurements
using more than 200 piezometers. Model results dem-
onstrated the effect of the large-scale industrial pumping
in the central part of the model (up to 1500 1/s), where the
groundwater flow field in the Upper Muschelkalk aquifer
is affected at distances of up to 2 km to the south. The
productivity of these wells can only be supported by
groundwater recharge from adjacent horsts inducing a
circular flow pattern around the southern end of the
graben structures (Fig. 9).

The results presented provide the basis for further
modeling of salt dissolution and solute transport. They
will help to focus on the causes and mechanisms of the
salt solution phenomena in Mid-Triassic evaporites, and
may ultimately help control widespread land subsidence
risks in the study area.
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