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Abstract

In order to provide useful information relating to karst 
aquifer protection strategies, geophysical methods have to 
be capable of mapping heterogeneously distributed high 
permeability zones in carbonate rocks. High horizontal and 
vertical resolution of a method is as necessary as the 
ability to cover large areas.
 Within this objective in mind, a Very Low Frequency-
Electromagnetic GRADIENT device has been developed 
for high-resolution mapping at shallow depth. Joint surveys 
using different geophysical methods at different sites 
allowing in-situ validation demonstrate its efficiency and 
reliability. Apart from the particular focus on the gradient 
method, this work shows that the combination of 
electromagnetic methods provides an appropriate tool-set 
for obtaining integrated subsurface information necessary 
to characterise the high permeability zone distribution at 
local scale over large areas.
 Moreover, this work indicates that the self-potential 
method is a promising tool for mapping hydrogeologically 
important aspects of karst structures.
 The development and application of a null-array electrode 
configuration has demonstrated that the technique 
provides a significant sensitivity increase for geoelectrical 
methods to detect narrow, vertical structures at shallow 
depths.
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Abstract – In order to provide useful information relating to karst aquifer 
protection strategies, geophysical methods have to be capable of mapping 
heterogeneously distributed high permeability zones in carbonate rocks. High horizontal 
and vertical resolution of a method is as necessary as the ability to cover large areas. 

Within this objective in mind, a Very Low Frequency-Electromagnetics 
GRADIENT device has been developed for high-resolution mapping at shallow depth. 
Joint surveys using different geophysical methods at different sites allowing in-situ 
validation demonstrate its efficiency and reliability. Apart from the particular focus on 
the gradient method, this work shows that the combination of electromagnetic methods 
provides an appropriate tool-set for obtaining integrated subsurface information 
necessary to characterise the high permeability zone distribution at local scale over large 
areas. 

Moreover, this work indicates that the self-potential method is a promising tool for 
mapping hydrogeologically important aspects of karst structures. 

The development and application of a null-array electrode configuration has 
demonstrated that the technique provides a significant sensitivity increase for 
geoelectrical methods to detect narrow, vertical structures at shallow depths. 
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Résumé – Afin de fournir de l’information utile relative à la stratégie pour la 

protection des aquifères karstiques, les méthodes géophysiques doivent pouvoir prouver 
leur efficacité dans le profilage des zones hétérogènes hautement perméables que l’on 
rencontre dans les roches carbonatées. Deux conditions doivent être remplies 
simultanément : haute résolution horizontale et verticale, et grand rendement en termes 
de superficie explorée. 

Avec ces deux objectifs à l’esprit, nous avons développé un appareil de type 
GRADIENT à très basse fréquence électromagnétique autorisant le profilage à haute 
résolution et faible profondeur. Son efficacité et sa fiabilité ont été vérifiées sur différents 
profils au moyen d’autres méthodes géophysiques. Le présent travail se concentre plus 
particulièrement sur la méthode du gradient. Mais il montre aussi que la combinaison de 
diverses méthodes géophysiques permet d’obtenir du sous-sol l’information nécessaire à 
caractériser sur de grandes étendues et à l’échelle locale la distribution des zones de haute 
perméabilité. 

Ce travail indique également que la méthode du self potentiel est certainement un 
outil prometteur pour la cartographie des structures karstiques dans lesquelles 
l’hydrogéologie constitue un aspect important. 

Le développement et l’application d’une configuration d’électrodes de mesure dite 
« null array » a montré que cette technique pouvait fournir aux méthodes géoélectriques 
un appréciable gain de sensibilité dans la détection superficielle de structures verticales 
étroites. 

 



 

Kartierung oberflächennaher Karst Strukturen 
mit der 

Very Low Frequency-Electromagnetics GRADIENTEN 
Methode (VLF-EM GRAD): 

Ein neuer geophysikalischer Beitrag zu Karst-Grundwasserschutz 
Konzepten im Vergleich mit anderen oberflächennahen 

geophysikalischen Methoden 
 

by 

 

FRANK P. BOSCH 

 

Doktorarbeit an der Universität zu Neuenburg, Schweiz 2002 
 
 

Zusammenfassung – Um zu Grundwasserschutz Konzepten von Karst Gebieten 
nützliche Information beitragen zu können, sollten geophysikalische Messverfahren 
speziell auf Karst in der Lage sein, die hier charakteristisch, herterogen verteilten Zonen 
hoher Permeabilität aufzuzeigen. Hierzu ist eine hohe räumliche Auflösung des 
Messverfahrens genauso wichtig wie die Möglichkeit, ein großes Messgelände mit 
geringem Zeitaufwand zu kartieren. 

Im Hinblick auf diese Bedingungen wurde auf Grundlage der elektromagnetischen 
Induktion ein Gerät entwickelt, dass im langperiodischen Radiowellenbereich den 
vertikalen Gradient des induzierten, lokalen Magnetfeldes erfasst (Very Low Frequency 
Electromagnetics GRADIENT). 

Um die Effizienz und Zuverlässigkeit des neuen Gerätes zu demonstrieren, wurde 
die Methode auf verschiedenen Messgebieten, teilweise mit in-situ 
Beobachtungsmöglichkeiten, immer im Vergleich mit weiteren geophysikalischen 
Messverfahren angewandt. Hier zeigt sich, dass neben der Gradienten Methode 
insbesondere die Kombination verschiedener elektromagnetischer Verfahren geeignet ist, 
die lokale Verteilung der Zonen hoher Permeabilität großflächig zu kartieren. 

Abgesehen von den elektromagnetischen Verfahren zeigt die vorliegende Arbeit, 
dass auch das Eigenpotential Verfahren auf Karst Gebiete angewandt, ein 
vielversprechendes Werkzeug zur Kartierung wichtiger hydrogeologische Parameter 
darstellt. Zudem konnte gezeigt werden, dass die Anwendung der Null-Array Elektroden 
Konfiguration in der Geoelektrik auf Karst eine signifikante Verbesserung der Auflösung 
hinsichtlich schmaler vertikaler Strukturen im oberflächennahen Bereich ermöglicht. 
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Chapter 1 - Introduction 1 

1 Introduction 
 

 
Figure 1   Map of Switzerland with survey area locations: 1 = "Chez les Brandt Cave" near Les Verrières, 
canton Neuchatel, (NE); 2 = Quarry of Les Breuleux, canton Jura (JU); 3 = Buix (JU); 4 = "Lai da Vons-
lake" near Sufers, canton Graubünden (GR). 

Figure 1

 

This doctoral dissertation consists of seven papers and one additional unpublished 
case study, which illustrate the development and application of some geophysical 
methods for shallow investigation depths.  presents the survey area locations and 

 provides an overview about the applied methods and the included papers. The 
focus of this work lies in highlighting the efficiency and reliability of the latest 
electromagnetic device developed at the Centre of Hydrogeology Neuchâtel (CHYN). 
This is known as Very Low Frequency-Electromagnetic GRADIENT (VLF-EM GRAD) 
method and is used for mapping high permeability zones in karstic limestone (Bosch & 
Müller 2001a; Bosch & Müller 2001b; Bosch & Müller subm.). 

Table 1

In the framework of this PhD thesis, the VLF-EM GRAD equipment was 
developed in order to enhance the high-resolution mapping of electric resistivity contrasts 
of the ground in the epikarstic zone providing a fast, continuously measuring method 
without ground contact. Consequently, the method provides valuable information in the 
groundwater vulnerability assessment process and in protection strategy development of 
karst aquifers. The gradient method is compared with CHYN's former EM developments 
and with other common geophysical methods, such as seismics and geoelectric 
tomography. The methods have been applied at different investigation areas. These 
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comparisons illustrate their advantages, limitations, and results that can be achieved by 
combined application. 

 
Survey Area Applied Methods Paper 

1. Chez les Brandt Cave (NE) 

RMT 
RF-EM 
VLF-EM GRAD 
SP 
SPS 

Paper 1: (Bosch & Gurk 2000) 
Paper 2: (Bosch & Müller 2001b) 
Paper 4: (Gurk & Bosch 2001) 

2. Quarry of Les Breuleux (JU) 
RF-EM 
VLF-EM GRAD 
Null-array geoelectrics 

Paper 3: (Bosch & Müller 2001a) 
Paper 6: (Szalai et al. 2002) 

3. Buix (JU) 

RMT 
RF-EM 
VLF-EM GRAD 
Geoelectric Tomography 
Seismics 
Dye tracer test 

Paper 7: (Bosch & Müller subm.) 

Bure/ Le Maira (JU) 
RMT 
VLF-EM GRAD 
Geoelectric Tomography 

Thesis-Chapter 2.2 

4. Sufers (GR) 
Magnetics 
SP 
RF-EM 

Paper 5: (Gurk et al. 2001) 

Table 1   Overview of survey areas, applied methods and the contributing papers. 

Apart from this focus, this work also includes approaches to near surface karst 
studies using the self-potential method (Bosch & Gurk 2000; Gurk & Bosch 2001) and 
null-coupling geoelectrics (Szalai et al. 2002). 

The following introductory paragraphs illustrate the overall motivation for the 
application of geophysics to karst investigation. Consequently, the requirements of 
geophysical methods applied to karst research have been formulated. Furthermore, a 
historical view on geophysical karst research and methods is given, leading to the latest 
equipment developments at the CHYN to explain, in what context the development of 
VLF-EM GRAD stands. Although the theoretical background of the applied methods are 
explained in the included papers, the reader will find some of the basic principles of the 
methods in this mainly historical-orientated introduction with links to the corresponding 
papers for more detailed insights. 

1.1 Geophysics for karst hydrogeology 
Since carbonate aquifers cover a large part of Europe (35 %, i.e. approximately 3 

million km2), their investigation is of particular interest. According to the definition used 
here, the term "carbonate aquifers" includes fractured and karstified systems. Carbonate 
aquifers are prolific sources of groundwater because of their large catchment sizes and 
high transmissivity. Furthermore, they are particularly extensive in the areas surrounding 
the Mediterranean, where water demand is high. Consequently, it is reasonable to expect 
that sustainable water management in Europe and around the World will depend 
increasingly on water from carbonate aquifers. As a result, the understanding of 
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carbonate aquifer hydraulics is of greatest interest in terms of both water exploration and 
water protection. 

The application of geophysics for karst research can be used for both in terms of 
refining the conceptual models of karst used for the basic understanding of carbonate 
aquifers, and conversely contributing to water management by mapping underground 
structures with regard to the understood conceptual models. 

1.1.1 Particularities of carbonate aquifers 
Some particular properties of the karstic environment make water resource 

management and protection difficult and need to be considered in selecting/ developing 
appropriate geophysical methods. One important characteristic of karst aquifers in 
contrast to porous aquifers is the extremely heterogeneous nature of the medium 
schematically illustrated in Figure 2. Figure 3shows an example of karstified limestone 
from the Swiss Jura Mountains. 

 
Figure 2   Conceptual model of karst aquifers (Doerfliger et al. 1999). 

 

 
Figure 3   Example of karstified limestone at the quarry of Les Breuleux (JU), Switzerland. 

The medium permeability can be considered as consisting of two extreme 
components, low permeability volumes of fissured rock and very high permeability 
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conduits. Kiraly (1969, 1975) even avoids using the term "medium permeability". He 
emphasizes the "scale effect", which describes the observation of the distribution of 
permeability (strongly connected to fractures and conduits). On the small scale (m3), 
random probes show extremely low permeability, while permeability is important on the 
regional scale (km2) when considering the enormous discharges of karst springs. Thus 
motivates to speak of "high permeability singularities" in carbonate rocks, meaning that 
the parameter "high permeability" seldom occurs but in a concentrated manner. 

Consequently, recharge is also considered as consisting of extreme cases (swallets 
or diffuse recharge). This is often referred to as the "duality of karst aquifers". Indeed, in 
such systems, a great part of the rainwater (diffuse phenomenon) is quickly collected and 
concentrated toward the conduits (highly permeable karstic network). This observed 
rapid flow can only be explained by the presence of a particularly porous and permeable 
layer at the system's surface. This zone was postulated as the epikarstic zone (Mangin 
1973; Mangin 1975; Williams 1983) and is currently under investigation at the CHYN. 

The epikarst forms the upper part of the limestone rock and consists of a layer, 
which has been exposed to intense weathering. This results in the development of a 
network of dissolution-enlarged fractures and conduits in the uppermost 10 meters at the 
top of the bulk limestone rock. Consequently, the epikarst has a greater porosity and 
permeability than the rest of the bulk mass in the depth. The presence or absence of 
epikarst is therefore an important aspect of water management and groundwater 
protection strategy. 

1.1.2 Requirements on geophysics 
Considering the properties of carbonate rocks and the resulting demands for water 

management, we can formulate some requirements that geophysical methods need to 
fulfil. If we focus on groundwater protection, geophysics should be able to provide 
information about the heterogeneous permeability distribution at groundwater catchment 
scale in order to detect these "high permeability singularities". Since permeability in 
fractured and karstified aquifers is essentially related to the density, orientation, depth 
extension, opening and filling of fractures and conduits, the horizontal and vertical 
resolution of geophysics applied to karst research has to be very high for shallow depth 
investigation in the range at zero meters to several tenths of meters depth. Furthermore, 
the properties of the cover layer, e.g. impermeable sediments or highly permeable 
epikarst, should be detectable. Finally, the methods must be able to cover large areas in 
short time. 

Since the knowledge of fracture distribution and the properties of the cover layer 
are important aspects used by all recently developed water protection assessment 
strategies (e.g. Vrba & Zaporozec 1994; Doerfliger et al. 1999; Gogu & Dassargues 
2000; Goldscheider et al. 2000; Daly et al. 2002) detailed information about the 
subsurface provided by geophysics is essential. Furthermore, the importance of the 
application of geophysics is emphasised by the fact that extensive mapping of fractures 
with direct methods is not possible when deposits cover these structures. Additionally, 
direct surface observations cannot provide information on the fracture distribution at 
greater depths. 
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1.1.3 History of research 
Ever since geophysics was applied to the exploration of carbonate aquifers, it was 

used with the intention of locating high permeable fracture zones in order to enhance the 
successful positioning of boreholes for water exploitation. During the 1950s and 1960s, 
the development of geophysical methods was mainly focused on petroleum and mineral 
prospecting (e.g. seismics, geoelectrics). Coupled with the limitation of technical 
possibilities, the adaptation of methods towards the high resolution necessary for karst 
was neglected. Nevertheless, the first approaches on geophysical karst investigation were 
done with these conventional methods. First publications on this issue came from 
countries, where water was difficult to exploit from karst areas, e.g. Ex-Yugoslavia 
(Arandjelovic & Milosevic 1965; Kovaccic & Krulz 1967). 

1.1.3.1 Geoelectrics 
Geoelectrical approaches 

measure the voltage drop between 
ground-placed electrodes as a 
response to the electric currents 
injected into the ground (Figure 4 and 

). Due to the large distances 
between the current electrodes (e.g. 
400 m), one obtains average values of 
the galvanic resistivity of the rock. 
Consequently, this method is more 
applicable for a homogeneous, 
horizontally layered subsurface than 
for a heterogeneous medium like karst with vertical structures. However, geoelectrics 
were at least used to detect heterogeneities by testing particular geometric electrode 
configurations apart from the classical approaches used for petroleum and mineral 
prospection. Habberjam & Watkins (1967) proposed the application of the "square array 
configuration", which is sensitive to electric heterogeneities such as faults. 

Figure 4  Four electrodes for subsurface resistivity 
measurement. C = current electrode, P = potential 
electrode 

Figure 5

Another aspect for the geoelectrical application relates to the investigation of the 
electric anisotropy of the rock caused by fractures in order to define their orientation and 
intensity. The principle of multi-direction measurements was applied to obtain this 
information. Brion (1976) carried out Schlumberger soundings with a current electrode 
spacing of 400 m turning the measurement line around the line-centre at 30°-intervals. 
Carrington & Watson (1981) and Müller (1982b) reduced the electrode spacing in multi-
direction measurements significantly for shallower depth investigation. Further array 
modifications were proposed and applied over several caves by Müller (1983). All these 
approaches provided important results, but suffered from both a high expenditure of 
human labour and a slow measuring progress. However, experiments are still undertaken 
to investigate anisotropy and to increase the resolution of geoelectrics in order to 
investigate near surface karst structures (Busby 2000; Szalai et al. 2002). 
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Figure 5   Common geoelectric arrays with their geometric factors k (Loke 1999). 

 
Figure 6   Geoelectrical Imaging: Arrangement of electrodes for a 2-D electrical survey and the sequence 
of measurements used to build up a pseudosection (Loke 1999). 
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As geophysical methods benefited generally from technical progress in 
instrumentation and computer science, also the performance of geoelectrics were 
enhanced significantly with the introduction of multi-electrode systems called 
Geoelectric Imaging System (also: Geoelectric Tomography) (Griffiths & Turnbull 1985; 
Griffiths et al. 1990; Barker 1992; Griffiths & Barker 1993). In contrast to traditional 
geoelectric soundings, a large number of electrodes connected to a multi-core cable and 
controlled by a computer are used for electrical imaging (Figure 6). This approach 
enables simultaneous, horizontal mapping and vertical sounding, providing resistivity 
pseudo-sections. Any array known from traditional surveys may be used. The method has 
become widely used for environmental and engineering geophysics (Loke 1999). An 
updated version of the Loke paper and further literature is downloadable at 
"http://www.geoelectrical.com". 

Field equipment and inversion software is commercially available. However, the 
above-mentioned difficulties associated with geoelectrics in very heterogeneous media as 
karst remain a hindrance to appropriate interpretation (Zhou et al. 2000). Nevertheless, 
the method has been applied over carbonate rocks for fracture and cave-detection and its 
limitations have been reduced with data processing or coupling of additional information 
provided by accompanying methods (Piro et al. 2001). 

1.1.3.2 Electromagnetic (EM) methods – The Very Low Frequency 
(VLF) technique 

Since the 1980s, the CHYN has concentrated on the application and development 
of electromagnetic methods and equipment. These methods appeared to have the 
potential of being appropriate for investigating heterogeneous carbonate rocks. Instead of 
measuring a medium galvanic resistivity as a result of an electric current injected into the 
ground (geoelectrics), EM methods measure electric and magnetic fields of the ground, 
that are created by induction from external, natural or artificial EM fields. Before 
describing the equipment development at the CHYN, a brief overview of the application 
and adaptation of the Very Low Frequency method is provided in the next paragraph. 

The VLF method was mainly developed for mineral exploration (Paal 1965). It 
uses radio-signals emitted by terrestrial transmitters distributed all around the world in 
the frequency range from 3 to 30 kHz. The VLF method measures the earth’s 
electromagnetic (EM) response induced by the EM fields emitted from these transmitters.  

There are two ways of using these transmitter emissions with standard equipment: 

• The VLF-Resistivity (VLF-R) method measures the relation between the 
horizontal magnetic field with an induction coil and the electric field using 
two electrodes placed in the ground. This method determines apparent 
resistivities at the penetration depth of the used transmitter-frequency. For 
further theoretical details, the reader is referred to (Bosch & Müller subm.). 

• The VLF-Electromagnetics (VLF-EM) method measures the relationship 
between the horizontal and vertical magnetic field with two perpendicular 
induction coils. It determines resistivity contrasts. One advantage of this 
technique is that it has no ground contact. This allows for a fast measurement 
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and was used for airborn mineral exploration surveys (details also in Bosch & 
Müller (subm.)). 

In mineral prospecting, the requirements on the sensitivity and resolution of VLF 
devices are not very high because the observed anomalies are very strong and the 
investigated targets are large. However, the principles of this method provided the 
possibility of rapid data acquisition and survey at a local scale. Consequently, 
electromagnetic methods have been adapted for engineering and environmental surveys 
and applied to hydrogeological investigations (Palacky et al. 1981; Meyer de Stadelhofen 
1991; McNeill 1994). Theoretical studies on the behaviour of electromagnetic fields in 
fractured, heterogeneous media have been done by using analogue models and numerical 
calculations (Le Masne & Vasseur 1981; Schnegg et al. 1987; Telford et al. 1990). For 
recent commercially available and/or prototype equipment developments the reader is 
referred to the papers of Benderitter & Robin (1987), Telford et al. (1990), Tabbagh et al. 
(1991), DMT (1997), Geometrics (1997) and Pedersen et al. (1999). 

1.2 EM developments at the Centre of Hydrogeology 
The geophysical research at the CHYN focuses on karst research with particular 

emphasis on the hydraulic influence of the epikarstic zone in recent years. The 
geophysical investigations have been a part of an integrated approach including research 
on geomorphology, transport-processes, chemistry and numerical modelling of karst-
hydrodynamics. 

From the earliest stage, the requirements on geophysical methods for the 
application to carbonate aquifer investigation at shallow depth have been accounted for 
the choice of methods and their development. As indicated in previous paragraphs these 
needs are: 

• High horizontal and vertical resolution at local scale until depths of 100 m 

• Ability to cover areas at regional scale (e.g. water catchment scale) 

• Rapid data collection 

• Easy application in difficult terrain 

 

1.2.1 Radiomagnetotelluric (RMT) 
Since electromagnetic methods appeared to have the potential to fulfil the needed 

requirements for karst research, an initial approach was done by the construction of a 
Very Low Frequency-Resistivity (VLF-R) prototype equipment (Müller 1982a; Müller 
1982c), that works in the 12 – 24 kHz frequency-range. A magnetic induction coil with a 
diameter of 40 cm was used to measure the local horizontal magnetic field component 
HY. With a pair of Al-electrodes placed into the ground the horizontal, secondary electric 
field component EX is measured (see Figure 7). The signal-to-noise-ratio of the measured 
values is inversely proportional to the electrode spacing. An electrode spacing of 5 m was 
ascertained as a sufficient compromise between resolution and signal quality. For one 
polarization direction, this equipment provided from the measured values both 
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• apparent resisitivity ρa in Ωm 

and 

• phase-shift Ψ  in degree 

between the horizontal, magnetic and electric field component depending on the 
transmitter frequency. 

 
Figure 7   Schematic principle of VLF-R or RMT sounding. dS(f) indicates the penetration depth of the 
transmitter-frequency f. 

These two parameters allowed data interpretation based on magnetotellurics (MT) 
to calculate specific resistivity-depth-distribution (Fischer et al. 1981). With different 
frequencies and a fixed electrode spacing of 5 m VLF-R resistivity soundings are carried 
out several orders of magnitude faster, than with traditional geoelectric soundings using 
electrode-spacing variation. Moreover, to the increased measurement speed, the VLF-R 
significantly enhanced the horizontal resolution for vertical structures as fractures and 
faults. The vertical resolution of VLF-R was limited due to the small frequency range. 
Investigation depths for the frequency-range used and the typical electric resistivities of 
karstified and massive limestones of the Swiss Jura Mountains (100 to 3000 Ωm) vary 
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between 40 m and 200 m. Consequently, the VLF-R method could detect major faults 
and fractures, but could not separate horizontal layers at very shallow depths. However, 
the presence of electrically conductive overburden (some tenth of Ωm) reduces the 
investigation depth, it remained to excessive for very shallow depths investigation. 

A device extended to 
the Low Frequency range 
(LF) was subsequently 
constructed. This device 
works at between 12 and 
240 kHz and was called 
RMT. Figure 7 summarises 
the principle of the RMT 
method and Figure 8 shows 
a photograph of the 
apparatus. The PhD work of 
Turberg (1994) provides a 
detailed overview of the 
RMT equipment, its theory, 
application and inter-
pretation on the hydro-
geology of fissured rocks. 
The penetration depths of 
the RMT device, varies 
between 10 to 200 m in 
karstified and massive 
limestone. Due to the 
provided parameters, 
apparent resistivity and phase
depths between 0 and 10 m, 
Single structures in the epi
sedimentary environments wi
also provides detailed informa
apparatus has been successful
academic investigations in k
Turberg et al. (1994); Zache
(1996); Zacher et al. (1996); T
Persson (1997); Bosch & Gurk
& Müller (subm.). 

Compared to geoelectric
resistivity soundings. Two per
method offers the possibility o

1.2.2 Radiofrequen
Although RMT measurements
out, its horizontal resolution i
the electric field. If informati

  
Figure 8   The RMT equipment (12-240 kHz). Components from 
top to bottom and left to right: magnetic induction coil, battery, 
receiver-unit, headphones, electrodes. 
, inversion algorithms calculate also specific resistivities at 
but these values are qualitative while working on karst. 

karst cannot be separated at that depth. However, in 
th their significantly lower electric resistivities, the RMT 
tion over the first 10 m depth (Turberg et al. 1994). The 
ly applied to a variety of environmental, engineering and 
arstified, fissured and porous media. Examples include 
r et al. (1994); Tezkan et al. (1996); Turberg & Barker 
ezkan et al. (1997); Turberg & Müller (1997); Turberg & 
 (2000); Pracser et al. (2000); Tezkan et al. (2000); Bosch 

s, RMT significantly increased the speed for carrying out 
sons can perform at least 150 soundings per day. Thus, the 
f covering large areas. 

cy-Electromagnetics (RF-EM) 
 increase the speed that resistivity soundings can be carried 
s limited due to its needs of ground-contact for measuring 
on on fracture density at the decametre scale needs to be 
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investigated, the RMT station sample interval must be so small, that RMT survey is no 
longer reasonable except for academic research. A continuously data recording VLF-R 
apparatus was described in Tabbagh et al. (1991). However, continuous mapping of the 
apparent resistivity with this device with small spiked wheels was restricted to easily-
accessible ground conditions. Consequently, a continuously measuring device without 
ground-contact would have been ideal. 

With this intention, a continuously recording VLF-EM (12-28 kHz) prototype apparatus 
was constructed (Turberg & Müller 1992). The equipment simultaneously measured the 
local horizontal and vertical magnetic field components HY(f) and HZ(f) for the used 
transmitter frequency f. A simple sketch of the magnetic field components distributions is 
presented in Figure 9. The stored parameters were:  

the real-part   , also called "inphase" 







)(
)(Re

fH
fH

Y

Z









)(
)(Im

fH
fH

Y

Z

Figure 9   Distribution of primary, magnetic field component from radiotransmitter and induced, 
secondary magnetic field component.

and the imaginary-part  , also called "quadrature", 

which indicate resistivity contrasts of the ground. Further theoretical details such as the 
typical signal shape over a narrow conductive dike can be found in Bosch & Müller 
(subm.). According to Wright (1988), the VLF-EM method is particularly sensitive to 
vertical, elongated, conductive structures as water bearing or clay filled fissures, fractures 
or faults, than VLF-R/ RMT is. 
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As with the VLF-R method subsequently with the VLF-EM method, the frequency 
range was extended to LF to adapt the method to shallow depth investigation. Therefore, 
a RF-EM device (15-300 kHz) was constructed (Stiefelhagen & Müller 1997). This 
system can be used with a handheld antenna or with a "towards the transmitter" self-
orientating, shock absorbing antenna fixed to a vehicle (Figure 10). Data are recorded on 
a data-logger with 1 or 4 Hz sample-frequency and real-time-visualisation on a PC is 

possible as well as the implementation of Global Positioning System (GPS) data. 
Stiefelhagen (1998) gives an extensive description of the data-acquisition-device and 
-software. Extensive high resolution resistivity-contrast profiling became possible (Bosch 
& Gurk 2000). Case studies for karst investigation and landslide survey in Switzerland as 
well as groundwater prospecting in Niger are presented in Stiefelhagen (1998). The latter 
case study particularly demonstrated the advantage of a fast profiling tool for pre-
surveying extended areas to locate anomalies, which can be investigated afterwards by 
resistivity methods. During the Niger project, e.g. the combination of RF-EM and 
Slingram was used. 

Figure 10   RF-EM system with selforientating antenna fixed behind a car. 

Since the method did not provide apparent resistivity, Stiefelhagen (1998) proposed 
applying an adapted filter technique originally developed by Chouteau et al. (1996), that 
computes apparent resistivities from VLF-EM data to yield a quantitative parameter of 
the ground than the more qualitative one of resistivity-contrast. Also Gharibi & Pedersen 
(1999) and Radic & Becken (2000) contribute to that purpose. Even though the apparent 
resistivities calculated from pure magnetic transfer functions diverge from those values 
obtained with other resistivity-providing methods, they at least enhance the qualitative 
interpretation of data. 
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1.2.3 Very Low Frequency-Electromagnetic GRADIENT (VLF-EM 
GRAD) 

The RF-EM could map fractures and faults in karstic terrain in the depth range 
from 10 to 100 m. The mapping of structures in the epikarstic zone (first 10 m depth), 
where a high density of little fractures and fissures is assumed, remained difficult due to 
two main problems with RF-EM measurements: 

1. Limited discrimination of short-distance neighbouring structures, caused by 
their superimposed signals in the measured "in-phase" and "quadrature" 
curves. 

2. Excessive penetration depths with the frequencies used over carbonate 
rocks. 

A solution for these problems might have been a further extension of the frequency 
range used. The recently developed "ENVIRO MT" (Pedersen et al. 1999) uses 
frequencies up to 500 kHz. This enhances investigation depths to about 10 m in karstified 
limestones. However, this is not considered as significant progress in epikarst research. In 
addition, the problem of superimposed signals cannot be solved.  

The utilization of even higher frequencies leads to the fact, that displacement 
currents cannot further be neglected as done in low-frequency diffusion representation of 
EM fields. Hence, both diffusion and wave propagation have to be considered. Song et al. 
(2002) very recently proposed a high-frequency electromagnetic impedance method for 
subsurface imaging by estimating the horizontal wavenumber. Subsequently they 
eliminate the effect of the wavenumber on the plane-wave impedance and present results 
for numerical models. 

The proposition in this PhD work for enhancing the RF-EM method for near-
surface-investigation of carbonate rocks benefited from the effects of measuring the 
gradient of a potential field instead of its total value. As with gravimetric and magnetic 
survey (Telford et al. 1990) the effects of gradient measurements, that are interesting for 
this purpose, are: 

• Magnification of near surface features 

• Enhanced discrimination of neighbouring anomalies. 

Telford et al. (1990) describe the enhanced discrimination of neighbouring 
anomalies for magnetic vertical gradient survey. While gradient measurements yield two 
separated peaks for two poles at depth h separated by a horizontal distance h, total field 
measurements need a horizontal pole distance of 1.4 h to yield separated anomalies. 
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One expected 
advantage for enhanced 
signal discrimination 
compared to RF-EM, was 
that the vertical gradient of 
the local horizontal 
magnetic field component 
over a vertical narrow dike 
has the shape of a peak as 
illustrated in "Bosch & 
Müller (subm.) Fig. 1 and 
Fig. 2". The vertical 
magnetic field component 
used by the RF-EM method 
is instead of dipole shape 
with its inflection point over 
the structure location. 

In order to investigate 
the applicability of such a 
device in karst environ-
ments, a prototype gradient 
antenna working in the 
frequency range from 15-25 
(2001b). Even though the meth
deeper penetrating VLF ran
measurements generally. 

This apparatus measur
continuously and simultaneous
induction coils. The coil-centre
in Bosch & Müller (2001b)". 
difference between the upper a
coils and multiplied by a devic
at 1 or 4 kHz: 
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Further theoretical details are p

  
Figure 11   Profiling with the VLF-EM GRAD system. Left 
operator carries receiver, remote-control and both data-logger and 
battery inside backpack. Right operator holds the gradient antenna.
kHz was constructed and described in Bosch & Müller 
od was planned for very shallow investigation depths, the 

ge was used for the first prototype to test gradient 

es the local, horizontal, magnetic field components 
ly at two altitudes above the ground with two magnetic 
s have a distance of about one meter (Figure 11 and "Fig.2 
The device stores real- and imaginary-part of the signal 
nd lower coil, normalised by the medium signal from both 
e specific amplification factor k to a data-logger operating 

( )Y
Y HInphase

z
HInphasek ∆≡








∂
∂=










⋅


)

)  

( )Y
Y HQuadrature

z
HQuadraturek ∆≡








∂
∂=










⋅


)

) . 

rovided in Bosch & Müller (2001a, 2001b, subm.). 
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This equipment was tested at different sites in the Swiss Jura Mountains and 
compared with the other CHYN devices, as well as other geophysical methods (Bosch & 
Müller 2001a; 2001b; subm.). 

1.3 Self-potential (SP) method 
Apart from focusing on the 

development and the application of 
EM methods, this work also tests 
other methods, which may have the 
potential for the application on 
karst aquifer research. The self-
potential (also called natural 
potential) method benefits from its 
simplicity and portability and 
permits high-measurement density 
and wide area coverage. Self-
potential is the naturally occurring 
voltage at the ground surface 
resulting from ambient electrical 
currents within the earth. 

The equipment deployed in 
these studies consisted of a pair of 
non-polarisable Cu-CuSO4 
electrodes arranged on spade 
sticks. A voltmeter measures the 
potential differences between the 
two electrodes (Figure 12). The 
base electrode was kept fixed 
whereas the second electrode was 
used to sample the potential field over a profile (Figure 13). 

Figure 12   Self-potential field equipment "Type 
Münster" consisting out of two Cu-CuSO4 electrodes 
mounted on spade sticks, volt-meter, tape-meter, cable. 

Some of the different SP anomaly-origins may exist in karstic environments. While 
electrochemical processes similar to those in a galvanic cell generate SP anomalies with 
magnitudes of several hundred millivolts (Sivenas & Beales 1982a), they can also be 
produced by thermoelectric and/or electrokinetic coupling processes (Fittermann 1979). 
In hydrogeological and hydrothermal studies, the self-potential caused by the streaming 
potential in porous media plays an important role and can be used to characterise the 
aquifer (Michel & Zlotnicki 1998; Ishido & Pritchett 1999; Revil et al. 1999a; Revil et al. 
1999b). According to Aubert & Atangana (1996) and Wanfang et al. (1999), electrical 
potential gradients in karst terrains are generated by the water horizontally flowing along 
fractures or conduits and by the vertical infiltration of water into fractures or shafts. 
Consequently, accompanying SP profiles have been carried out on some case studies 
presented in this work (Bosch & Gurk 2000; Gurk et al. 2001). 

Aubert & Atangana (1996) proposed using the self-potential surface (SPS) method 
in volcanic areas, where a linear correlation between the range of negative self-potential 
anomalies and the thickness of the unsaturated zone measured in borings is assumed. 
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According to Boubekraoui et al. (1998), the SPS 
surface represents the top of the water table 
when present, and/or the top of the conductive 
impermeable substratum. In the framework of 
the current work, Gurk & Bosch (2001) 
assumed similar conditions over a cave in the 
Jura Mountains (Switzerland) and showed the 
possibilities for detecting the cave with the SPS 
method in karstic terrain. 

1.4 Null-array geoelectrics 
In cooperation with the Geodetic and 

Geophysical Research Institute of the Hungarian 
Academy of Sciences, Sopron, Hungary, a field 
study for the application of geoelectric null-
arrays with short electrode-spacing was carried 
out on karstic terrain in the Jura Mountains 
(Switzerland) (Szalai et al. 2002). This 
technique was tested to study its nearsurface 
sensitivity for vertical karst structures rather 
than for its speed of measurement, which was 
quite slow for the actual prototype 
configuration. 

The term "null-array" 
is used for those electrode 
configurations where the 
measured potential 
difference is zero above a 
homogeneous half-space, 
while using a small 
measuring dipole with the 
MN potential electrodes. 
This is the case, when using 
short MN potential electrode 
spacing perpendicular to the 
direction of the local earth 
current flow injected by the 
current electrodes AB 
(Figure 14). Passing 
heterogeneities as fractures 
should therefore result in a 
measurable potential 
difference unequally zero. 
For further details, the reader is referred to the included paper from Szalai et al. (2002). 

Figure 13   Application of self-potential 
method in difficult terrain over Suretta 
nappe at Sufers (GR). 

Figure 14   Schlumberger null-array at Les Breuleux (JU). A & B 
= current electrodes; M & N = potential electrodes; a = 
measurement device; b = current generator; c & d = batteries 
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The geoelectric device employed for this study was developed 20 years ago at the 
CHYN (Müller 1983). The device is a low weight, robust AC system that provides high 
precision measurements. The AC generator creates a rectangular impulse of 0.4 or 4 Hz 
to suppress polarisation effects at the electrodes. Signal stability and frequency has a 
precision of ±0.2%. The injected current can be varied between 0.25, 2.5, 25 or 250 mA. 
The voltage between the electrodes automatically adjusts between 0 and 500 Volts. The 
receiver has a sensitivity of 0.25 µV at maximum scale and displays directly the 
resistance as the ratio of the voltage drop between the potential electrodes and the 
injected current ∆U/I. Precision and repeatability of the measured values is ±0.2%. To 
avoid any electrode-disorientation a plastic-wood construction was used for the electrode 
array (Figure 14). 
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2 Case studies 
The published papers presented in this cumulative dissertation provide examples of 

geophysical karst structure investigation from several locations in Switzerland. 
Furthermore, the reader will find an additional case study in Chapter 2.2. The different 
sites have one thing in common: They provide validation possibilities of the results either 
due to in-situ observations (e.g. caves, quarry walls) or due to the comparison of the 
results from several indirect methods. One paper (Gurk et al. 2001) is not focused on 
karst research, but on the application of some of the methods developed at the CHYN, 
particularly the RF-EM, for general near-surface investigations. The papers are presented 
in their chronological appearance order. 

2.1 Published papers 
Paper 1:  Bosch, F.P. & Gurk, M., 2000: 

Comparison of RF-EM, RMT and SP measurements on a karstic terrain in 
the Jura Mountains (Switzerland). 
Proceed. of the Elektromagnetische Tiefenforschung, Altenberg, Germany, 
18, Deutsche Geophysikalische Gesellschaft: 51-59, ISSN 0946-7467. 
 

Paper 2: Bosch, F.P. & Müller, I., 2001b: 
Continuous gradient VLF measurements: A new possibility for high 
resolution mapping of karst structures. 
First Break 19(6): 343-350. 
 

Paper 3 Bosch, F. & Müller, I., 2001a: 
Nouveau développement dans la prospection géophysique électromagnétique. 
Le Very Low Frequency Electromagnetics - Gradient (VLF-EM-Grad), 
facilitant la cartographie des "zones sensibles" dans l'Epikarst et dans les 
aquifères fissurés. 
Proceed. of the 7éme Colloque d'Hydrologie en Pays Calcaire et en milieu 
fissuré, Besançon, 20-22 Sept. 2001, Sci. Tech. Envir., Mém. H. S. n°13: 55-
58, ISSN 0759-7517. 
 

Paper 4 Gurk, M. & Bosch, F., 2001: 
Cave detection using Self-Potential-Surface (SPS) technique on a karstic 
terrain in the Jura Mountains (Switzerland). 
Proceed. of the Elektromagnetische Tiefenforschung, Burg Ludwigsstein, 
Germany, 19, Deutsche Geophysikalische Gesellschaft: in press. 
 

Paper 5 Gurk, M., Bosch, F., Challandes, N. & Bigalke, J., 2001: 
Integration of geophysical methods to study the fold geometry of the Tschera 
nappe, eastern Switzerland. 
Eclogae geologicae Helvetiae 94: 329-338. 
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Paper 6 Szalai, S., Szarka, L., Pracser, E., Bosch, F., Müller, I. & Turberg, P., 
2002: 
Geoelectric mapping of near-surface karstic fractures by using null-arrays. 
Geophysics 67(6): in press. 
 

Paper 7 Bosch, F.P. & Müller, I., submitted: 
Contribution to karst groundwater vulnerability mapping by VLF-Gradient 
survey: Comparison with other geophysical methods. 
European Journal of Environmental and Engineering Geophysics.
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terrain in the Jura mountains (Switzerland) 
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1 Introduction 
The Centre of Hydrogeology Neuchâtel (CHYN) investigates and monitors karst aquifers, which are 
highly vulnerable to contamination. Knowledge of permeability distribution in carbonate aquifers is a 

fundamental condition for the understanding of water filtration processes. Permeability in fractured and 
karstified aquifers is 
essentially connected to 
density, orientation and 
opening of fractures/ conduits 
(Fig. 1). Extensive mapping of 
those fractures with direct 
methods is not possible when 
i. e. Quaternary deposits cover 
these structures. Additionally, 
direct surface observations can 
not provide information on the 
fracture distribution at greater 
depths. For the last 20 years 
several geophysical methods 
have been developed at the 
Centre of Hydrogeology 
Neuchâtel in order to locate 
the buried permeable fracture 
zones (depth range: 10-100 m) 
with "easy to handle" field 
equipment providing the 
possibility of mapping 
extensive areas (Bosch et al. 
1999; Stiefelhagen 1998). The research mainly focuses on the development of electromagnetic (EM) 
methods (Radiomagneto-telluric = RMT; Radio Frequency-Electromagnetics = RF-EM) because they 
provide precise and fast measurements at a local scale. 

Figure 1:   Example for karstified and tectonically influenced Kimmeridge Limestone in the Swiss 
Table Jura (Quarry of Les Breuleux, Cant. Jura, Switzerland)

Figure 2:  RF-EM-Field distribution and theoretical Outphase 
(Hz/ Hy) curve (after Wannamaker et al. 1985) for a thin, 
vertical low resistivity structure in the case of E-polarisation 
(redrawn after Turberg & Müller 1992). 

Chapter 2 – Case Studies – Published Papers - Paper 1 21 



Chapter 2 – Case Studies – Published Papers - Paper 1 22 

In this case study we compare results from these EM methods, sensitive to the electric properties of the 
ground, with high resolution self-potential (SP) measurements. On karst, we suppose self-potential 
anomalies to be generated by various effects such as physiochemical processes, streaming potentials 
and water-table elevation. Among these we confine ourselves on SP anomalies caused by 
physiochemical processes that allows detecting clay deposits in fractured zones. 

2 Radio Frequency (RF) method 
The RF method uses terrestrial radio transmitters in the frequency range from 15-300 kHz (Very Low 
Frequency=VLF up to Low Frequency=LF). The transmitters are located at several positions around 
the world and are used for navigation, submarine communication, time signals or public radio 
transmissions. The emitted EM field penetrates into the ground and induces a secondary EM field 
related on the electrical conductivity properties of the ground. Depth penetration is depending on the 
chosen frequency (Skin Effect). EM field distributions are schematically shown in Fig. 2 for the case of 
E-polarisation and Cartesian co-ordinates. 
 
2.1 Radiomagnetotellurics (RMT) 
The RMT method uses a linear relation between magnetic 
and electric field component. It measures the resultant local 
horizontal magnetic field component HRy with an induction 
coil and the secondary horizontal electrical field component 
by the voltage drop between two electrodes placed into the 
ground. Assuming E-polarisation, the apparent resistivity ρa 
is given by: 

2
1

Ry

Sx
a H

E
ωµ

ρ =  (Cagniard 1953; Tikhonov 1950) 

with transmitter frequency f = (ω/ 2π) and magnetic 
permeability µ. 

Figure 3: CHYN's RMT 
equipment (12-240 kHz). 

 
CHYN's RMT equipment (Fig. 3) works in the frequency 
range from 12-240 kHz. Provided that µ=1, the apparatus 
directly delivers values of ρa and its phase ϕ given in Ωm and 
degree. This enables the application of magnetotelluric 
inversion schemes published by Smith, Fisher and Wu (Fischer 
et al. 1981; Smith & Booker 1991; Wu et al. 1993). 
 
 
2.2 Radiofrequency-Electromagnetics 
The RF-EM method measures the horizontal and vertical 
component of the resultant local magnetic field HR with two 
orthogonal induction coils. Due to far-field conditions and 
regarding, that primary magnetic field HP << secondary 
magnetic field HS (Parasnis 1986), the measured horizontal 
magnetic field component can be assumed as primary magnetic 
field HP, where the vertical component of HR is only generated 
by the secondary magnetic field HS.  

Figure 4: CHYN's manual RF-
EM (15-300 kHz) 

CHYN's manual RF-EM equipment (Fig. 4) measures 
continuously in the frequency range of 15-300 kHz with a 
sample frequency of 1Hz or 4Hz. In-phase of (Hz/ Hy) and Out-
of-phase of (Hz/ Hy) in (%) are written to a datalogger. Results 
reflect resistivity contrasts. 
 

3 Selfpotential 
The SP method measures the natural electric potential of the 
ground in mV caused by various effects (shale potential, water-
table elevation, liquid junction potential, streaming potential, Figure 5: Selfpotential 

equipment "Type Münster" 
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mineralization potential). Hence, the self-potential method can be applied for the investigation of 
fractured zones in limestone filled with clay, which represent high permeability zones. For 
hydrogeological and hydrothermal demands, the self-potential caused by the streaming potential in 
porous media plays an important role and can be used to characterise the aquifer (Ishido & Pritchett 
1999; Michel & Zlotnicki 1998; Revil et al. 1999a; Revil et al. 1999b). 
The "Type Münster" equipment (Fig. 5) consists of saturated Cu-CuSO4 electrodes arranged on a spade 
stick 
 

4 Survey Area 

Figure 7: Main karstification orientations in the 
folded Swiss Jura: left shearing = N0°-N10°, σ1 = 
N130°- N150°, σ2 = N40°- N50° (after Müller, 
1981) 

Figure 6: Map of Switzerland with 
survey area location

 
The survey has been carried out over the cave of Chez-Le-Brandt near to France in the folded 
limestones of the Swiss Jura Mountains, canton Neuchâtel (Fig. 6). In this area Mesozoic limestone and 
marls crop out, covered by thin Quarternary deposits. The cave is developed in direction of about 
N140° in karstified 
limestone of the upper 
Sequanian/ Argovian 
(Fig.8) with a length 
of ca. 260 m. A marl 
layer of this sequence 
allowed the 
development of a 
small subterranean 
river. Tectonic 
features like faults are 
visible inside the 
cave. Another cave 
with an entrance in a 
doline has recently 
been detected in the 
centre of the profile-
mesh (Fig.9, white 
cross). The new cave (a vertical shaft with a chamber in ca. 12 m depth) lies exactly at the position of a 
RF-EM anomaly measured before the cave has been discovered (profile 43.6 m, Fig 13). Inside the new 
cave two faults are visible with strike directions of ca. N150° & N176°. These strike directions 
coincide with the local stress parameters that controlled fracturing and karstification in the Swiss 
Folded Jura (left shearing = N0°-N10°, σ1 = 130°-N150°, σ2 = N40°- N50° ;Fig.7). 

W S

Figure 8: Schematic geological cut of Chez le Brandt Cave area: 
1&3=karstified Sequanian/ Argovian Limestone; 2=Marl (after 
Müller, 1981) 

EN

 

5 Data 
Table 1 shows the specifications for the different methods used in this case history. The main work of 
this survey area was focused on high resolution mapping of karst structures with RF-EM. The RMT 
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measurements were carried out on zones of particular interest for resistivity background information. 
The SP method was tested as an additional tool for karst structure mapping.  
For the RF-EM and RMT data it must be taken into account, that in a geological complicated 
environment like karstified limestone, the assumed 2D case is not likely. Therefore signal deformations 
due to mode mixing effects can occur as well as superposition of neighbouring anomalies. Nevertheless 
the transmitters were chosen due to their availability and average direction of karstic and tectonic strike 
 
 RF-EM RMT SP 
Transmitter-
Freq./Dir. 

16kHz & 19.6kHz/ N-40° 
234kHz/N3° 

16kHz & 19.6kHz/ 
N-40° 
162kHz/ N100° 
234kHz/N3° 

 
 

----- 

Sample-Frequency 4 Hz (datalogger) 5m & 10m (Profile 43.6) 1m and less 
Profile Spacing 5m in general 10m 10m 
Table 1: Data collection specifications 
 
directions in the Swiss Jura Mountains. Parallel profiles offer the opportunity of grouping anomalies, 
which belong together and indicate geological structures. This is even possible, if the shape of the 
measured curves is deformed. 
The contour plots (Figures 9-11) present all recorded data, whereas the single profile plots (Figures 12-
14) concentrate on a few profiles around the doline in the centre of the survey area. 

6 Results 

Figure 9: Contour maps of RF-EM Data with Chez-le-Brandt cave position after speleo map.
White lines indicate two important anomalies dedicated from single profiles analysis. White cross = 
position of doline with entrance of new detected cave. 

Generally, the contour plots of the electromagnetic results (RF-EM and RMT) enable to separate 
several units of different conductivity properties. In particular, the RF-EM anomalies I & II, as 
obtained from single profile analysis, have been graphically emphasised in the contour maps with white 
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Figure 10:  Contour maps of RMT data. 

Figure 11:  Contour map of SP data. 

lines (Fig.9). Anomaly I and II are also visible in the RMT data (Fig. 10). They are thought to 
represent the limits of a block with slightly higher apparent resistivities (~200 Ωm) compared to the 
surrounding (~90 Ωm). The block between I and II might be interpreted as an uplifted unit due to 
tectonic activities (push of σ1). The strike directions of I (~N120°) and II (~N175°, respectively 
south of doline ~N128°) follow the main karstification directions in the Swiss Jura Mountain as 
mentioned above. In particular, the strike direction of anomaly II is consistent with the two faults 
visible inside the new cave (white cross). 
Regarding the single profiles (Figures. 13) on both sides of the "200 Ωm block", the RF-EM data show 
an almost equidistant series of smaller anomalies. They might be interpreted as second order fractures 
of anomaly I & II. 
 
Comparing VLF and LF range, the apparent resistivities and phases in the centre of the survey area 
("P33.6" & "P43.6") obtained with the RMT method show similar values. The apparent resistivity ρa 
varies between 80 Ωm and 300 Ωm and the phase ϕ is about 42° indicating a good conductor in the 
subsurface (Fig.12 & 13) followed by a more resistive halfspace. The conductor is likely formed by the 
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low resistive marl layers embedded in 
the Sequanien/ Argovien limestone 
sequence. The following more 
resistive half-space is presumably 
caused by the decreasing degree of 
karstification and intrusion of 
Quarternary deposits into the 
fractures. An inversion of the RMT 
data to model the subsurface structure 
has not been done yet. 
In contrast to the centred RMT 
profiles, the profile "P0" features more 
lateral changes in apparent resistivity 
and phase (Fig. 12). One of the most 
striking features of this line is the 
maximum in resistivity at ca. 200 m. 
Together with the decrease of the 
phase it may indicate a cavity. In fact, 
this resistivity maximum is suited a 
few meter aside of RF-EM anomaly I, 
which is likely to indicate a fault 
providing a cave development. 
 
The data content can be checked in-
situ with the locations of the "Cave of 
Chez le Brandt" and the small cave in 
the centre of the survey area. And in 
fact, the small cave is situated at a 
position where the RF-EM out-of-
phase anomaly I changes its strike 
direction and where the out-of-phase 
amplitude reaches maximum values. 
Moreover, the RMT data feature with 
a slight increase of apparent resistivity 
and a slight decrease of phase. 
 
The RF-EM and particular the RMT 
data (contour plot) do not show the 
position of the "Cave of Chez le 
Brandt” very clearly. Unfortunately, 
the RF-EM data were disturbed by a 
metallic fence at the right end of the 
survey area. The single profiles of 
Figures 12 to 14 have been repeated 
after removing this fence. On some 
profiles, we find anomalies directly at 
the supposed position of the cave as 
given by a speleological map (P33.6 & 
P43.6). On the other profiles, data 
anomalies and cave positions are not 
coherent. Either the map is incorrect 
or the anomalies do not show a cave 
itself. In the latter case, the anomalies 
indicate only geological features 
providing cave development due to 
fast water flow, such as fault zones 
and filled fractures. 
 
Provided that SP anomalies are 
generated by clay deposits in fractures, 

Figure 12:  Single Profile Data "Profiles 0 m & 33.6 m". 
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the anomaly pattern confirms the 
results of the EM methods and 
gives even additional information. 
From SW to NE, the SP data show 
in all profiles a zone of low SP 
variations. With the beginning of 
SP1, the data are characterised by 
an equidistantly repeating series of 
anomalies (SP2-SP4), where SP3 
and SP4 can be subdivided into 
smaller anomalies. In this part, the 
general variation pattern is 
overprinted by local variations in 
the fracture distribution. Obviously, 
the SP technique is sensitive to all 
the characteristic features of a 
karstic terrain like block structures 
separated by more fractured zones 
and strong spatial variation of 
fracture distribution. For example, 
the strong anomaly "SP1" seems to 
be connected with several small 
RF-EM anomalies in the LF range. 
This particular RF-EM anomaly 
pattern could indicate several 
fractures at shallow depths. The SP 
method may indicate this part of 
the profile as a permeable zone in 
general.  
Some SP anomalies shown in this 
study may also be created by an 
electrokinetical effect when ground 
water moves through a porous 
medium. The possibilities of 
waterflow description provided by 
the SP method is recently discussed 
(Patella 1997; Sailhac et al. 2000) 
and make the use of this method on 
fractured hardrock very interesting 
for the future. Compared to the 
continuously measuring RF-EM, 
SP suffers from slow profiling, but 
is still cheap and relative fast 
compared to other methods. 

Figure 13:  Single Profile Data "Profiles 43.6 m & 63.6 m". 
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Figure 14: Single Profile Data "Profile 63.6 m". 
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Résumé 
 
L’établissement de la zone de protection des captages dans les aquifères karstiques nécessite une démarche particulière, basée 
sur l’évaluation multicritères des paramètres de la perméabilité en subsurface (Méthode EPIK). Les différentes approches 
proposées à ce jour pour la cartographie de la vulnérabilité ne recommande que modérément l’utilisation des méthodes 
géophysiques conventionnelles, car l’information est trop ponctuelle, les mesures sont trop longues à réaliser, donc trop 
coûteuses. Couvrir des grandes surfaces avec la géophysique et obtenir des informations instantanées sur la fracturation, ceci 
en continu, sans contact au sol, n’était guère possible avant la mise en œuvre des méthodes inductives électromagnétiques. 
L’une d'elles, mise au point à Neuchâtel, est connue aujourd’hui comme le “RF-EM” (Radio Frequency Electromagnetics). 
Elle utilise comme source d’énergie les antennes radio dans la gamme de fréquence LF et VLF et à l’aide de deux bobines 
orthogonales, elle compare le champ primaire de l'émetteur avec l’intensité d’un champ secondaire induit (en %) dans les 
fractures. Les courbes ainsi obtenues, par enregistrement en continu des paramètres de l’induction, grâce à un datalogger de 
4 Hz, donnent une très bonne information sur la position et la dimension des fractures, mais ces “hétérogénéités 
conductrices” doivent encore être positionnées entre un pic positif et un pic négatif sur la courbe enregistrée. Théoriquement 
la fissure doit se trouver entre les deux pics, au milieu, mais sur des courbes complexes, cette interprétation n’est pas toujours 
aisée. Ce dilemme a été dissipé par la mise au point d’une nouvelle antenne sur l’instrument RF-EM: l’antenne à gradient. 
Celle-ci ne mesure que l’intensité du champ total (addition vectorielle du champ primaire et du champ secondaire) avec deux 
bobines à axe horizontal, mais superposées à différentes hauteurs. Cette nouvelle antenne à gradient facilite la localisation 
des fractures par un pic très net, juste à l’aplomb du conducteur, capable ainsi d'identifier et de séparer des fractures de 
faibles développements et très rapprochées l’une de l’autre. L’antenne a été testée sur plusieurs sites déjà fort bien 
documentés dans le karst, notamment derrière la paroi d’une carrière aux Breuleux (JU), où il a été possible de contrôler sur 
les affleurements de la carrière que la méthode VLF-EM-Grad est particulièrement bien adaptée pour la cartographie 
extensive des milieux fissurés. 
 
Introduction 
 
La démarche, actuellement en pleine mutation, pour appliquer une stratégie efficace de protection des aquifères 
fissurés karstiques suppose une bonne connaissance de la distribution des perméabilités au sein de ces réservoirs. 
Cela implique une vue synthétique sur la nature et l’épaisseur de la couverture meuble protectrice ainsi que sur la 
densité et l’organisation de la fracturation de la roche (DOERFLIGER et al. 1999). Pour des raisons économiques, 
on propose actuellement aux hydrogéologues des travaux basés essentiellement sur l’examen géomorphologique 
des cartes et sur la compilation des documents existants, notamment les résultats des essais de traçages. 
L’évaluation de l’épaisseur et la nature de la couverture meuble se fait par quelques sondages avec la tarière, 
même si on sait pertinemment que l’importante hétérogénéité spatiale de celle-ci rendra les conclusions quelque 
peu incertaines. Actuellement les méthodes d’investigations proposées concernant la protection des aquifères en 
milieu fissuré ne font que très rarement appel aux mesures géophysiques, car les hydrogéologues sont persuadés 
que ces investigations sont longues, coûteuses et semblables à des forages, ne renseignant que très 
ponctuellement sur les paramètres recherchés. Le but de cet article est d’attirer l’attention des praticiens de l’eau 
sur les récents développements des méthodes de prospections électromagnétiques, capables de couvrir très 
rapidement de grandes surfaces, sans contact au sol, et de localiser par l'enregistrement en continu l’état de la 
fracturation des roches à différentes profondeurs. 
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Le développement des méthodes de prospections électromagnétiques au Centre 
d’hydrogéologie de Neuchâtel 
 
Encouragés par les résultats obtenus en prospection minière sur un filon conducteur avec les méthodes Very Low 
Frequency (VLF), nous avions également développé des instruments prototypes, dès 1982, en faisant 
l’hypothèse, que le comportement géophysique de la fissuration karstifiée serait comparable à celui d’un filon de 
minerais. Après avoir expérimenté avec succès le VLF-Résistivité sur le karst, la mise au point de la Radio-
Magnétotellurique (RMT) a été l’étape suivante, qui a permis la mesure de la résistivité apparente et la phase 
entre 12 et 240 kHz. Dès lors, il est devenu possible d’effectuer des sondages de fréquence en quelques secondes 
et d'obtenir la résistivité électrique du milieu à différentes profondeurs et dans différentes directions (THIERRIN et 
MÜLLER 1988). La technique RMT a été testée et largement utilisée pour explorer le milieu karstique (TURBERG 
1993), mais il nous manquait cependant une technique de prospection en continu, sans contact au sol, pour 
mettre en évidence à l’échelle métrique les changements de la propriété électrique de la roche engendrés par 
l’effet de la fracturation. Cette lacune a été en grande partie comblée par l’arrivée d’un nouveau prototype: le 
Radio-Frequency-Electromagnetics (RF-EM, 15-300 kHz), dont le principe du fonctionnement est illustré par la 
Fig. 1. STIEFELHAGEN (1998) avait bien mis en valeur la théorie et la pratique de cette technique sur le karst et en 
différents milieux fissurés en Afrique. Les antennes émettrices VLF et LF (EP) diffusent un champ primaire (HP) 
qui produit dans les fractures conductrices un petit courant électrique (ES). Ce courant engendre à son tour un 
champ secondaire (HS), qui aura la même fréquence que le champ primaire, mais il sera déphasé. Le composant 
vertical de ce champ secondaire est détectable par une bobine à axe vertical. Son intensité sera comparée en 
pourcentage à l’intensité du champ primaire, mesurée simultanément par une bobine à axe horizontal. En 
déplaçant les deux bobines le long des profils, il est possible de détecter la présence des fractures conductrices, 
par l'enregistrement en continu des paramètres de l’induction (inphase et la quadrature en % : HZ / HY). Comme 
le montre la Fig.1, la fissure conductrice (σ2) se situe au milieu, entre le pic positif et le pic négatif de la courbe 
enregistrée. Pour les situations complexes, il n'est pas toujours simple d’estimer exactement la position du 
conducteur et d'interpréter ces courbes sans ambiguïté. 

 
Figure 1 : Schéma comparatif entre la "réponse" obtenue sur une faille par un récepteur VLF muni d'une antenne 
à deux bobines orthogonales (VLF-EM) ou par une antenne à gradient (VLF-Grad). 
 
Des expériences effectuées avec une nouvelle antenne, où les deux bobines à axe horizontal sont superposées à 
différentes hauteurs, ont finalement permis de mesurer le gradient du champ électromagnétique engendré par la 
fissure. Avec cette nouvelle technique, un pic apparaît sur l'enregistrement exactement à l’aplomb de la fracture 
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karstifiée. Les premiers résultats avec le VLF-EM-Grad. sont très encourageants. La résolution spatiale très fine 
de la méthode et la rapidité d’exécution "en continu", permet une cartographie expéditive de la fracturation, avec 
une résolution inégalée et sans contact au sol. 
 
Aperçu sommaire de la théorie du RF-EM-Gradient 
 
Etant donné que l’antenne émettrice (EP) se trouve très loin (far field), le composant horizontal du champ 
primaire (HPy) n’est pas influencé par l'altitude de la mesure :  

)(zfPy ≠H      (1). 

La mesure au sol porte cependant sur un champ résultant (HRy) qui est une addition vectorielle du champ 
primaire (horizontal) et du champ secondaire (horizontal + vertical) 

SPR HHH +=     (2). 
Le champ résultant est constitué des vecteurs suivants: 
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De ce fait ce champ résultant va décroître avec l’altitude et il sera d’autant plus faible qu’on s’éloigne du sol 
avec la bobine réceptrice. Si on utilise donc deux bobines (à axe horizontal) superposées, on va mesurer le 
gradient du composant horizontal du champ résultant et on aura: 

)()( 12 zHzHH RyRyRy −=∆    (4) 
On peut déduire de l'équation (3): 

))(())(( 12 zHHzHHH SyPySyPyRy +−+=∆  

⇔ )()( 12 zHzHH SySyRy −=∆    (5). 
L'équation (5) illustre que le gradient mesuré ne dépend plus que du champ secondaire  et celui-ci est intiment lié 
aux propriétés électriques de la roche. 
Puisque le champ résultant est essentiellement lié à la présence d’un conducteur (fracture) en subsurface, le 
maximum de différence du champ résultant (∆HRy) entre les deux bobines superposées se produira à l’aplomb du 
conducteur, comme illustré par la Fig. 1. 
Le même instrument électronique (RF-EM) peut être équipé alternativement par les deux types d’antennes de 
réception. Un ou deux opérateurs peuvent ensuite parcourir le terrain à pied ou en voiture avec l’instrument et un 
"datalogger" (4 Hz), pour effectuer des profils parallèles et enregistrer les courbes d’inphase et de quadrature. 
 
Résultats obtenus sur le karst jurassien 
 
Nous présentons quelques profils parallèles et comparatifs dans la région des Breuleux (JU) où, non loin d’une 
paroi dans une carrière, il est possible de contrôler les résultats des mesures grâce aux fractures bien visibles à 
l’affleurement. La Fig. 2 compare la résolution d’un système de mesures RF-EM avec les résultats obtenus par le 
VLF-EM-Grad. 
 
Conclusions 
 
Les récents développements des méthodes d’investigations géophysiques électromagnétiques, notamment le RF-
EM et le VLF-EM-Grad, nous obligent à réviser fondamentalement la stratégie d’utilisation de la géophysique 
dans l’élaboration des méthodologies pluridisciplinaires pour la protection des aquifères fissurés. Ces nouvelles 
techniques géophysiques incisives et expéditives, car très légères et mobiles même sur un terrain difficile, ont 
leurs places parmi les autres approches, telles la géomorphologie ou la télédétection. Certes, on ne peut pas 
encore obtenir des informations fiables et quantifiables sur la nature et l’épaisseur de la couverture meuble sur la 
roche en place avec ces techniques, mais l’état de la fracturation peut être relevé en continu, sans contact au sol 
et à grande vitesse (5 à 20 km/h). Le pouvoir de résolution métrique, voire décimétrique du système de 
prospection proposé, appliqué à la cartographie expéditive de la fracturation sur  l’épikarst est très supérieur à 
toutes les autres méthodes géophysiques proposées jusqu’ici. Les profils parallèles VLF-EM-Grad conviendront 
très bien pour une représentation 2D ou 3D des anomalies et aideront à visualiser les "zones sensibles", qui 
pourront être explorées ensuite, si nécessaire, par des méthodes plus "lourdes" et plus coûteuses.  
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Figure  2 : Comparaison entre les courbes enregistrées en continu par VLF-EM et VLF-Grad derrière les parois 
fracturées d'une carrière aux Breuleux (JU). 
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Cave detection using the Self-Potential-Surface (SPS) technique on a 

karstic terrain in the Jura mountains (Switzerland) 
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1 Introduction 
Originally, Aubert & Atangana (1996) 
developed the Self-Potential-Surface (SPS) 
technique for hydrogeological exploration of 
volcanic areas. Provided that two conditions 
are satisfied, they experimentally found a 
linear relation between the range of negative 
Self-Potential (SP) anomalies and the 
thickness of the unsaturated zone. The first 
condition is a strong contrast between the 
resistivity of the unsaturated zone and the 
resistivity of the substratum and the water-
saturated zone. The second condition is the 
homogeneity of the unsaturated zone. The 
qualitative interpretation of SP maps 
indicates that the lines of maximum negative 
values correspond to the drainage axes and 
the lines of minimum negative values to the 
boundaries between two watersheds (Jackson 
& Kauahikaua (1987)).  
 
We expected similar conditions to be valid in carbonate aquifers. Especially in a karstic cave, the 
resistivity contrast created by the air-layer must be significant, so that the SPS technique can be used to 
detect these structures.  
Motivated by this hypothesis, an experiment was conducted in co-work with the Centre of 
Hydrogeology Neuchâtel (CHYN).  

 
 
2 Survey area 
The field experiment has 
been carried out over the 
cave of Vers-Chez-Le-
Brandt (Bosch & Gurk, 
2000) near to France in 
the folded limestone of 
the Swiss Jura Mountains, 
canton Neuchâtel (Fig. 1). 
In this area Mesozoic 
limestone and marl crop 
out, covered by thin 
Quarternary deposits. The 
cave is developed in 
direction of about N140° 
in karstified limestone of 

the upper Sequanian/ Argovian (Fig.2) with a length of about 260m. A marl layer of this sequence 
allowed the development of a small subterranean river. Tectonic features like faults are visible inside 
the cave (Müller, 1981). These strike directions coincide with the local stress parameters that controlled 

W SE

Figure 1: Map of Switzerland with survey area 
location 

N

Figure 2: Schematic geological cut of the Chez le Brandt Cave 
area; 1&3=karstified Sequanian/ Argovian Limestone; 2=Marl 
(after Müller, 1981) 
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fracturing and karstification in the Swiss Folded Jura (main shearing = N0°,σ1 = N130°-N150°, σ2 = 
N40°- N50°).  
3 SPS method 
Figure 3a represents the SPS model for a subhorizontal layered structure in karst. According to Aubert 
et al. (1990) and Aubert & Atangana (1996), three specific conditions shall be satisfied in this model: 
 
1) A high ratio between the resistivity of the unsaturated zone (A) and the resistivity of the 

impermeable zone (B) 
2) Zone (A) is composed out of porous and homogenous medium 
3) The resistivity distribution of zone (A) is homogenous 
 
The interface (C) is the contact between zone (A) and zone (B). Under the above mentioned conditions, 
Aubert et al. (1990) and Aubert & Atangana (1996) give the following experimental linear relation: 
 

( )
( ) °+= d
K

V
d yx

yx
,

,          (1) 

 
( yxd , )  is the thickness of  the unsaturated zone (A) and V is the range of SP anomaly measured at 

the surface. 
),( yx

K is a coefficient in Volt/Meter, is the known thickness of zone (A) below the SP reference point 
R, where V  Volt by convention. 

°d
( ) 0=R

The interface (C) would then be an equipotential surface, called the Self-Potential-Surface (SPS).  
 
K is a function of various parameters including the average resistivity of zone (A) and the resistivity of 
zone (B). When the SPS is sub-horizontal, K  defines the topographic effect in SP and we can derive 
K  by: 
 

dh
dVK = ,          (2) 

 
i.e. by the vertical SP gradient from the reference point down to the surface of zone (B): R
 

( )
°

=
d

dV
K R ,          (3) 

 
K  can be determined from borehole information or laboratory measurements of rock samples of zone 
(A).   
 
If the field topography )  and the SP mapping V  are known, we can then calculate the 
topography of the SPS: 

( yxh , ),( yx

 

( ) ( )
( )
K

V
dhH yx

yxyx
,

,, −°−=         (4) 

 
The SPS topography will give the topography of the impermeable zone (B).  
 
A cave will significantly change the potential distribution in the structure and therefore the SP mapping 
at surface. In our working model for the field experiment (Fig. 3b), a possible equipotential surface is 
thought to align with the bottom of the cave. Another possible equipotential surface can be considered 
to follow the roof of the cave.  
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Figure 3a: SPS model for a sub-
horizontal layered structure in karst 
Figure 3b: SPS  model for a sub-
horizontal layered structure in karst with 
a cave 
 
4 Field experiment 
The experiment was carried out over a 
shallow part (depth between 5 to 12 m) 
of the cave (Fig. 5). 
 
Positioning of the reference Electrode  
Besides the careful sampling of the SP 
anomalies, the accurate estimate of K  is 
crucial for the method. One of the main 
problems in a cave is to determine 

°E and the plumb line between the SP 
reference point  to the vertical 
electrode inside the cave. must be 
taken from maps and crosscuts.  

R
°d

To delineate the projection of the 
position of the vertical electrode (placed 
inside the cave) to the surface we now 
use a triangulation method: 
At the chosen position of the vertical 
electrode in the cave we set up a 
portable VLF transmitter of 13.5 kHz 
(Fig. 6) and triangulating its projection 
to the surface with the RMT 

(RadiofrequencyMagnetoTelluric) 
equipment (Fig. 7) developed at CHYN. 
This method will give the position R for 
the reference electrode of the SP 
mapping at the surface (Fig. 3a and  3b). 
 

 
 

Vertical SP gradient (K)  
Estimates of K were obtained by placing an electrode in the bottom of the 
cave (zone (B)) beneath reference point R and sampling the vertical SP 
gradient between this electrode and the reference electrode at the surface.  
 

K was found in this experiment to be –10.3 mV/15m. 
 
Topography and SP mapping at the surface  
We sampled topographic and SP data at the surface in a 10m x 20m area (x -> 
East, y-> South). SP data were collected every meter using saturated Cu-
CuSO4 electrodes arranged on a spade stick  (Fig. 4). All SP values are 
sampled in addiction to the surface reference electrode at position R.  
 

Figure 4: Self-Potential    
equipment "Type Münster" 
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Figure 5: The experiment site and part of the cave Vers-Chez-Le-Brandt 
 

 
 
Figure 6 (left): Portable VLF transmitter (grey box) of 13.5 kHz on the bottom of the cave, the vertical 
electrode will be placed in the centre of the rectangular coil  
Figure 7 (right): CHYN’s RMT receiver and horizontal coil above the cave to triangulate the 
projection of the transmitter position to the surface. This will give the SP reference point . R
 
 
5 Results 
The findings of the experiment are presented in Figure 8. First of all we find that the SP-mapping is de-
coupled from the surface topography, indicating that the SP is created by internal features of the 
subsoil. The SP data varies between values of –8 to +4 mV, which is found to be a typical range for SP 
data on karst areas in the Jura mountain (Bosch & Gurk, 2000). The SP mapping itself allows drawing 
conclusion about the position of the cave: Maximum negative SP values at y = 20-28m are indicating 
the main cave and main drainage axis to be East – Southeast with a branch (minimum negative values) 
that leads towards the North. 
However, the valence of the SP data with the topographic information and the vertical SP gradient (K) 
gives a detailed view insight the cave’s topography.  The estimate of d  and ° K was sufficient to give a 
comparable topography of the bottom of the cave (Fig. 9).  
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Figure 8: Topography, SP-mapping and the resulting SPS over the cave Vers-Chez-Le-Brandt. 
    For spatial position of the survey see Fig. 5 (x-> East, y -> South). 
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Figure 9: Comparison of SPS slices of Fig 8 (x= 
1,2, …,10, blue, respectively thin lines) and its 
visual average (red, respectively thick line) with the 
crosscut based on speological data of the cave taken 
from Fig. 5. 
 
 
6 Discussion 
By definition, the SPS technique does not account 
for any inhomogeneities, such as a cave. 
Theoretically, the method should have failed. 
However, to explain our experimental observation 
at surface we divide the problem into an active and 
static part.  The active part comprises the 
mechanism that creates a charge accumulation along 
the SPS, whereas the passive part explains how this 
charge distribution is mirrored to the surface. The 
latter question can be qualitatively explained in 
terms of a capacitor with various dielectric media: 
 
Static model for a subhorizontal layered structure 

 
without a cave 
We state that the K factor, as defined in the original 

KEF ≅ . (5
 

 

 electrical field strength 

idea by Aubert et al. (1990) and Aubert & Atangana 
(1996) for a subhorizontal layered structure of 
homogenious media, is similar to the electric field 
strength in a capacitor (Fig. 10 a)):  
 
 

) 

 
 

 
FE

area A  
Q charge 

f charge 

permittivity of vacuum 

D displacement o
d  distance 

0ε  electrical 

(
Vm

910−

π
As

36
1 ) 

relative electrical permittivity    rε  
( estonelimε =  8 – 12, waterε = 80, airε =1) 
V otential   p

lt & Börnstein 

igure 10: a) Capacitor without and b) capacitor with a dielectric media. c) Capacitor with a series of 
 

(Values taken from Lando
(1952)) 
 
 

F
dielectric media. 
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  For a given charge distribution  
 

Fr ED
A

εε 0==
Q ,         (6) 

 
he electric field strength is defined as:  t

 
( )

( )yx

yx
F d

V
E

,

,=           (7) 

 
rom this equation we obtain the potential: 

) , respectively  .      (8) 
 

imilar to a capacitor, the charge on its boundaries is depending on the polarisation effect in a given 

F
 
V( ) ( yxFyx dE ,, ⋅= ( ) ( )yxyx dKV ,, ⋅=

S
dielectric medium between these boundaries. In a carbonate aquifer, the electrical permittivity of 
limestone enhances the charge by a factor 8 – 12:  
 

KD
A estonelim0εε==
Q          (9) 

 

With 
estone

DK
lim0εε

=  we get a measure for the thickness of the structure: 

 

( )
( )

estone
yx

yx D
V

d lim0
,

, εε= .         (10) 

 
nd the potential is given by:  A

 
( ) D

d
V

estone

yx
yx

lim0

,
),( εε

= .         (11) 

 

tatic model for a subhorizontal layered structure with a cave and water 
ic media: 

 
S
This model is characterised by a series of capacitors with different dielectr
 

1101 FEεε= , 2202 FED εε= , …, iFii ED 20εε=D       (12) 
 

ince the charge distribution at the boundaries are equal: 

.         (13) 
 

he resulting potential of a multiple layered structure is: 
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o estimate the effect of these structures on our field experiment, we calculate the resulting potential 

odel A: limestone 

  

T
for three specific models (Figure 11): 
 
M





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
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=′

1

1

0
),( εε

dDV yx , 81 =ε ,       (15) 
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e and air Model B: limeston

  V 







+=′

2

2

1

1
),( εε

ddD
yx 1,5,8 211 === εε md ,    (16) 

 

Model C: limestone, air and water 
 

, 
0ε








++=′ 321
),(

dddDV yx , 80,10,1,5,8 32211 ===== εεε mdmd .  (17) 

 
For the calculation we used the experimental estimate of the electric displacement estoneKD lim0εε= . 

 3210 εεεε

 
 

 
 
Figure 11: The resulting potential V for three specific layered capacitor models. 
 

odel A is a one-layer structure consisting solely of limestone with increasing thickness. Figure 11 
istribution at surface 

ith a beginning thickness of some meters. 

ution is shown in Model C. Here, we studied the wetting 

tial 

t al. (1990) and Aubert & Atangana (1996) our capacitor model is 

model a 
geo-capacitor model. 

M
shows that this limestone layer will have a measurable effect on the potential d
w
In Model B, we kept the thickness of the limestone roof constant (5m) and inserted a cavity (air) of 
varying thickness. This will enhance the measurable effect on the potential distribution at surface.  
The strongest effect on the potential distrib
effect of a (thin) water layer at the bottom or at the roof of a given cave (roof out of limestone 5m 
thick, cavity (air) 10m thick). As Figure 11 shows, a thin water layer affects the measurable poten
distribution at surface enormously.  
From these simple models we can conclude, that an air layer and the wetting effect of water will locally 
affect the SP values at the surface. Hence, the cave is detectable with the SP technique.  
Compared to the model by Aubert e
independent from the resistivities of Zone (A) and (B). In analogy to the geo-battery model for large SP 
anomalies created by geochemical processes (Bigalke & Grabner, 1997) we term our static 
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Active model  
Superimposed on the static charge distribution we assume an active charge separation that is controlled 
by the (micro) climatic conditions in the cave. For shallow cavities, heat and water transport by 
oscillatory convection plays an important role (Morat et al., 1999). Periodical variations of the 

latively humidity, air pressure and the Self-Potential (at the roof of the cave !) are 

 enters the rock 

etectable with the SP technique. Nevertheless, we expect 
at the effect of a potential distribution in a deeper structure will be soon attenuated towards the 
rface and the method will fail. It remains unknown whether the SPS follows the bottom or the roof of 

r, from the findings in the field experiment (Fig. 8 and Fig. 9) we can conclude that 

temperature, re
interpreted as manifestations of oscillatory convection motions of the air inside the cave, driven by the 
geothermal gradient and transporting water as well as heat from the bottom to the roof. 
Morat (1999) state that convection is a much more efficient mechanism of heat transport than 
conduction through the air of the cavity. The air will convect and transport heat, but, at the same time, 
it will entrain upward the water vapour released at the floor of the cave by evaporation. The vapour will 
condense on the roof and the upper part of the pillars. In general, the condensed water
by capillarity, and the relative humidity of the air remains constant in the cave. This aspect together 
with the streaming potential in the porous media of zone (A) (Revil et al., 1999a, Revil et al., 1999b) 
plays an important role in our observations.  
 
 
7 Conclusion 
We showed that a shallow cave in karst is d
th
su
the cave. Howeve
the SPS technique gives the relief of the bottom of the cave. To answer this question, it is planned to 
study the potential distribution along a crosscut inside the cave. 
 
3  New mailing address: Institut für experimentelle Biomechanik, WWU Münster, Germany, marcus.gurk@uni-
muenster.de 
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ABSTRACT 

The term “null-array” is introduced for those 
electrode configurations where the measured potential 
difference is zero above a homogeneous half-space, while 
using a small measuring dipole M0N0. Different types of 
null-arrays (three-electrode, Schlumberger and dipole 
axial/ equatorial null-arrays) and their corresponding 
traditional ones are studied. It was shown in a field study 
carried out in a karstified limestone area covered by thin 
sediments that it is possible to obtain geologically 
meaningful results with null-array techniques. The main 
features of the null-array data are as follows. (1) Null-
array data appear to be more spatially variable than the 

classical data. The spatial variability provides information 
about the presence of karstic fractures in the subsurface; 
(2) The null-array anomalies caused by nearly vertical 
karstic fractures in the limestone basement do not decay 
with depth as quickly as the classical array anomalies; (3) 
The strike direction of the fractures is much less 
ambiguous than that found by using classical arrays. 
Nevertheless, the depth variation of the basement is more 
reliably observed in geoelectric anomalies obtained using 
traditional arrays. Therefore a joint use of classical arrays 
and their corresponding null methods is recommended, 
because the combined methods provide more information 
about the subsurface structure. 

 
 

INTRODUCTION 

If current electrodes A, B and potential electrodes M, N lie 
on the surface of a homogeneous half-space, depending on the 
mutual positions of A, B, M, and N, the measured potential 
difference may be zero in many places. Such configurations 
can be defined as “null-arrays”. In this paper we discuss null 
arrays with small-size MN. In such cases, null-arrays are those 
configurations where the measuring dipole is perpendicular to 
the direction of the local earth current flowline. 

Although there have been some occasional studies using 
such configurations in the 1960s–1970s (e.g. Jakosky, 1960; 
Gupta and Bhattacharya, 1963; Habberjam and Watkins, 1967; 
Militzer et al., 1979; Brizzolari and Bernabini, 1979), in 
addition to related studies that were carried out later (Mathias 
and Habberjam, 1984; Tsokas et al., 1997), the null-arrays we 
propose in this paper have not been previously investigated. 
These arrays are closely related to the classical AMNB 

approaches differing only in that the small-size measuring 
dipole MN is rotated by 90° (denoted in this new position as 
M0N0), and that any small variations in potential difference 
∆UM0N0 are due to lateral conductivity inhomogeneities. The 
field application of this idea emerged for first time following 
analog modeling experiments in Hungary (Szalai, 1993; 
Szarka, 1994). 

Szalai (1993) first considered geoelectric null-arrays when 
studying the geoelectric effect of leakages in waste-disposal-
site lining using a multielectrode configuration. Szarka (1994) 
proposed incorporating electromagnetic configurations into 
the geophysical interpretation that provide zero response over 
a homogeneous half-space, but concrete results have been 
published only for different non-DC situations (Szarka, 1991; 
Szarka and Nagy, 1992; Szarka and Menvielle, 1999). 

We are not aware of any field application of our proposed 
null-array technique. We believe this may be because null-
array data require a completely different interpretation 
compared to data from traditional arrays. For example, a good  
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understanding of parameter-sensitivity maps is required. These 
maps are described in detail by Barker (1979) and by Spitzer 
(1998). 

In this paper we initially provide a simple classification of 
possible geometrical null-arrays, which bring together 
traditional and non-traditional array pairs. The results of a case 
study in the Swiss Jura mountains are then presented. 

NULL-ARRAY AND TRADITIONAL ARRAY PAIRS 

The potential difference is zero wherever the small 
measuring dipole M0N0 is at right angles to the local direction 
of the earth current flow line. Among the infinite number of 
arrangements, we discuss here only null-arrays having 
corresponding configurations with the family of traditional 
arrays. These pairs are presented in Figure 1. 

In case (I), MN (M0N0) is close to one of the current 
electrodes. In this case, the current lines are nearly radial 

 
FIG. 1.   Three characteristic traditional arrays and the 

corresponding null-arrays. The potential electrodes MN 
(M0N0) are placed (I) close to one of the current electrodes, so 
that the Earth currents flow lines are nearly radial, II) between 
the two current electrodes, so that the Earth current flow lines 
are nearly parallel, III) far from the current electrodes, so that 
the current source may be considered as a dipole. The 
traditional dipole axial and equatorial arrays produce the 
respective null ones by rotation of the potential dipole. 
However, the two dipole null-arrays (IIIA and IIIB) are 
equivalent due to the reciprocity theorem. 

around the current electrode. According to the similarity with 
the classical three-electrode (pole-dipole) configuration AMN, 
the AM0N0 configuration is called the “three-electrode null-
array”. 

In case (II), MN (M0N0) is located between the two current 
electrodes. Here, the current lines are nearly parallel. A special 
situation in this group is the Schlumberger (or AM0N0B) null-
array, when the center of M0N0 is on the line between A and B 
at an equal distance from both current electrodes; 

In case (III), MN (M0N0) is far from the current electrodes. 
In this case, the current source may be considered as a dipole. 
Two null-arrays can be easily constructed from well-known 
traditional configurations: (IIIA) the dipole axial null-array 
and (IIIB) the dipole equatorial null-array. Due to the 
reciprocity theorem these last two null-arrays are equivalent, 
whereas the traditional dipole-equatorial and dipole-axial 
configurations would give different responses. 

Figure 2 shows a parameter sensitivity map for the dipole 
axial null-array. It was calculated using the analytical 
approach of Szalai and Szarka (2000). The values of isolines 
in Figure 2 are the percentage of effect caused by a small cube 
in the given place (at a depth of one tenth of the dipole-dipole 
distance) by this null-array with respect to the homogeneous 
half-space value in the field of the corresponding traditional 
array. The antisymmetry about the y = 0 axis indicates that any 

 
FIG. 2.   Parameter sensitivity map of the dipole-axial null-
array (IIIb in Figure 1). In this map, the effect is shown of a 
small anomalous cube placed at various x and y positions in a 
horizontal plane (at a depth of one-tenth the value of the 
dipole-dipole distance) in percentage of the response in 
dipole-axial array over a homogeneous half-space. Isoline 
units are in percents. Due to the antisymmetric sensitivity 
about the y = 0 line, symmetrical bodies do not produce any 
null-array response. The circled + and – signs merely 
emphasize the antisymmetric character of this parameter 
sensitivity map. 
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anomalous body which is symmetrical over this axis has zero 
effect on the null-array response. In case of a symmetrical 
body, the effects of pairs due to related small portions (those 
at distances +y/R and –y/R) are mutually cancelled out. This 
holds true for all one-dimensional bodies (layers), two-
dimensional bodies whose dip direction coincides with the 
y = 0 axis, and three-dimensional bodies having a symmetry 
axis coincident with y = 0. 

THE TEST AREA AND THE TECHNICAL 
PARAMETERS 

The test area is situated in the folded part of the Swiss Jura 
in the vicinity of a quarry near the village Les Breuleux in the 
northwestern part of Switzerland. In this region, 
Kimmeridgian limestone with a thickness of several hundred 
 
Table 1.   Characteristic distances in null array and 
traditional array pairs I, II, IIIA, and IIIB. OAB is the 
center of the transmitting dipole AB; O is the common 
center of MN and M0N0. 
 
Array 

Charactaristic 
Distance (m) 

M0N0(MN) 
Distance (m) 

I 
II 
IIIA and IIIB 

AO = 2 
AB = 4 

OABO = 2.5 

1 
1 
1 

 
meters is covered by a thin (0.2 - 1.5 m) layer of Quarternary 
clay and silt. The limestone is karstified and tectonically 
influenced by a combination of faults and overthrusts 
(Zwahlen and Doerfliger, 1995). Karstification and tectonics 
have generated a system of fractures and fissures. In the test 

area, the fractures are nearly vertical, and the fracture planes 
are perpendicular to the wall of the quarry. Neither the ground 
surface nor the limestone’s top surface is horizontal. 

Measurements were carried out along three profiles (1, 2 
and 3) parallel to the wall (at distances of 2, 8 and 16 m from 
the wall, respectively). The results obtained along profile 2 are 
presented in this paper. This particular distance was close 
enough to the wall to allow a direct comparison between the 
visible fractures and the obtained anomalies. On the other 
hand, it was far enough from the wall not to be greatly 
influenced by the void space. Furthermore, the profile has a 
gentle topography. (Even in profile 1, the data were found to 
be more disturbed by the rugged topography than by the 
proximity of the wall.) The parameters of the four arrays used 
are shown in Table 1. 

In order to avoid any mispositioning of the electrodes, a 
special tool (a wooden lattice fixed on a tube) was prepared 
(shown in Figure 3), allowing the geometric error to be  

reduced to a value of less than 1 cm. Its weight was less 
than 4 kg, and the cables run through the tube, thereby 
facilitating rapid measurements in the field. 

NULL-ARRAY PROFILES AND THEIR 
INTERPRETATION 

A major objective of this study is to determine whether it 
is possible to obtain information about fractures by using non-
traditional null-arrays. In order to avoid the possibility of 
misinterpretation, test measurements were carried out to study 
repeatability. Since the test produced coherent results (that is, 
the main features of null-array profiles consistently remained 
the same), we proceeded to the detailed study. 

FIG. 3.   Geoelectric null-array measurement (Schlumberger null-array) in the field. A plastic 
tube with a proper length and a wooden lattice fixed on it serves to reduce geometrical errors. 



Geoelectric Null Arrays 

Main features of null-array anomalies Step A) In case of a simple one-dimensional earth (e.g., a 
horizontal interface between a homogeneous high-
resistivity basement and the sediment; see Figure 5a), 
the null-array response on the ground surface should be 
zero (See A also in Figure 4a). 

Figures 4 presents typical apparent resistivity profiles 
(measured along profile 2 with the dipole-axial null-array and 
with the traditional dipole-axial array). The depth to the 
limestone’s top surface (as determined by boreholes along 
profile 2) is also indicated. Both apparent resistivity profiles 
seem to be a superposition of a slowly varying trend and many 
small, localized undulations. For the traditional arrays, it is 
evident that the trend is due to the nonparallelism between the 
nearly flat ground surface and the top of the high-resistivity 
limestone basement. (See the basement depth values shown in 
Figures 4.) It is our hypothesis that the local variations are due 
to fractures in the limestone. Such an interpretation is possible 
also for the null-arrays, as it is demonstrated by a simple 
logical approach summarized in Figure 5. The observed null-
array anomaly is composed of steps A, B, C and D as follows. 

 

 

 

 

FIG. 5.   Analysis of the main features of the anomaly profiles 
in Figure 4. The measuring profile is shown by the bold line 
on the horizontal surface. (a) In one-dimensional situation 
(e.g., over a two-layered half-space with high-resistivity 
basement), the null-array response is zero everywhere. (b) In 
the case of a dipping high-resistivity basement, the null-array 
response is a constant nonzero value along the profile. (c) In 
the case of non-horizontal topography, the null-array response 
is not constant. It is decreasing when going upwards on the 
ground surface (resulting in a trend). (d) In the case of high-
conductivity fractures in the basement, the null-array response 
is the superposition of the trend and the local anomalies 
(minima) due to the fractures. 

FIG. 4.   (a) Dipole-axial null-array and (b) classical dipole-
axial array response, measured in the field. The basement 
depth values (as known from boreholes) are shown in both 
figures. Letters A, B, C and D indicate effects of features 
explained in Figure 5. 
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Step B) In case of a dipping basement (see Figure 5b), 
when AO is in the strike direction, a constant ∆UM0N0 
value is measured due to the perfect two dimensionality 
of the problem. (See B also in Figure 4a.) This ∆UM0N0 
value — due to the asymmetry about line AO — differs 
from zero. 

Step C) If the thickness between the ground surface and 
the dipping high-resistivity basement increases due to a 
gently sloping surface (Figure 5c), the measured 
∆UM0N0 will diminish progressively, because the 
response is less and less influenced by the basement. In 
other words, the half-space seems to be more and more 
homogeneous for an observer at the surface. It is the 
case in Figure 4a (shown by curve C) in the direction of 
increasing distances starting at about 10 m. From this 
point towards zero (towards left), another decrease is 
seen. Without doubt, the limestone surface is closest to 
the surface at the distance of 10 m. (This particular 
feature is not shown in Figure 5.) 

Step D) The local variations (denoted as D in Figure 4a) 
are assumed to be a result of fractures as shown in 
Figure 5d. This was later verified by numerical 
modeling. 

 
The anomalies obtained by the traditional arrays are 

straightforward; thus, no detailed comments will be made. 
Nevertheless, one can identify the features B, C, D for 
traditional array profile as well (see B, C, D in Figure 4b; A 
would be a non-zero constant). 

Numerical modeling results 
If vertical fractures are laterally extensive and have a 

horizontal upper surface, they would not have any effect on 
the null-array response. In our case, the roof of the vertical 

fractures coincides with the roof of the basement. An 
individual fracture is modeled by a thin and long (0.2 m x 
10 m) low-resistivity (10 ohm-m) body. Because of the 
restriction of our three-dimensional numerical modeling 
software (Prácser, 1999; based on the approach of Dey and 
Morrison, 1979; for details see Appendix A), the dipping-
plane upper surface was approached by staircase. The bedrock 
resistivity was set to 1000 ohm-m. The model is shown in 
Figure 6; the numerical modeling results are shown in 
Figure 7. 

In Figure 7, the response of the body is given in 
millivolts/amp for both the traditional array (left side) and the 
corresponding null-array (right side). The zero horizontal 
distance (directly above the center of the anomalous body) is 
the reference point of each array, indicated by the filled star in 
Figures 7a-d. Note the sharper response of the body when 
using the null-arrays I, IIIA and IIIB, and the antisymmetric 
response relative to the traditional one using null-array II (the 
Schlumberger null-array). 

Such high-conductivity fractures are indicated with null-
arrays I, IIIA and IIIB by minima in the null-array response. In 
the two latter cases the theoretical responses are equivalent, 
due to the reciprocity theorem (see again Figures 7c and 7d). 

INTERPRETATION OF FIELD RESULTS 

Comparison of geoelectric results with the photo of the 
quarry wall 

The measured data along profile 2 are shown in Figure 8 
for the three-electrode and Schlumberger arrays and in 
Figure 9 for the axial and equatorial dipole-dipole arrays. The 
quarry wall is shown at the bottom of both figures. (Note that 
the depth to the limestone roof along profile 2 is shown in 
Figure 4.) 

The slowly varying trend in the responses is due to the 
relative dipping of the ground surface with respect to the 
limestone bed: the depth to the basement increases to the right, 
which shown as “basement depth” in the Figure 4. (This 
variation of the basement depth is only partly visible in the 
photo). 

FIG. 6.  A simplified fracture model used for interpretation 
of array responses. The anomalous body is elongated and 
highly conducting; it has an infinite depth extent and a 
stepped upper surface. The direction of the profile is at 
right angles to the long axis of the body. The body is 
embedded in a homogeneous half-space. 

By a visual comparison of the fractures on the photo with 
the measured profiles we infer that the minima of the three-
electrode null-arrays data give a picture of the presence of 
karstic fractures (e.g. at 18, 26-27, and 38 m). The 
Schlumberger null-array in Figure 8 also seems to indicate the 
fractures by the minima instead of the inflection points shown 
by numerical results in Figure 7b. For the type of structures 
modeled, the distance between the inflection point and the 
minimum is only about 1 meter, so this phenomenon, at least 
in this field study, is not a source of confusion. 

The dipole-equatorial anomalies are slightly shifted. The 
dipole-axial null-array again gives a poorer result than the 
three-electrode or the Schlumberger null-array, but remains 
better than its corresponding traditional array, mainly on the 
right side of the profile. 
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The reason for the large peak at distance about 10 m in 
case of the Schlumberger null-array (and for a somewhat 
similar peak with the dipole axial null-array) is associated with 
the shallowest depth to the limestone roof. The enhanced 
position of the limestone surface is evident from handmade 
drillings along profile 2 (shown in Figures 4a and 4b). At the 
same time, this enhanced position is not seen on the photo but 
is hidden by the irregular wall edge. 

The similarity between the dipole-equatorial and the 
dipole-axial null-array anomalies measured in the field 
(Figure 10) is apparent. This is expected due to their 

reciprocity relationship. Of course, the two curves are no 
longer identical as they were previously in the synthetic model 
(shown in Figures 7c and 7d) because of measuring 
(positional) errors. 

Without doubt, the null-array data are spatially more 
variable than the classical data. Nevertheless, we should 
emphasize that they are not artifacts: they reflect the physical 
response from a heterogeneous ground. (They are repeatable 
in time, and furthermore, most minima are shown by at least 
two measured values.) Of course, not all of the minima could 
be identified as fractures, but this increased spatial variability 

C

FIG. 7.   Numerical modeling results for the classical arrays and their corresponding null arrays I, II and IIIA and IIIB. The 
MN and M0N0 potential differences (for the traditional and the null array accordingly) are plotted as a function of the distance 
from the anomalous body. Note the difference of points of reference between the traditional and null-arrays, which are 
indicted by stars. (a) I, (b) a special case of II (the traditional Schlumberger array and the Schlumberger null-array), (c) IIIA, 
(d) IIIB (its null-array version is in a reciprocity relation with that of IIIA). 
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(provided the sampling distance is small enough) may be a 
result of the possible presence of smaller fractures. At the 
same time, the increased spatial variability may obscure long-
range trends in the depth-variation of the limestone roof. 

As the figures show, the null-array provides useful 
information about the presence of karstic fractures. It must be 
emphasized that the null-array anomalies due to the fractures 
do not decay with depth as quickly as the classical array 
anomalies do. At the same time, the classical arrays better 

describe the basement depth. Consequently, the joint use of 
the null-arrays and their classical array pairs is recommended. 

Determination of the fracture direction by using null-
arrays 

In order to be able to determine the fracture direction, an 
analogue modeling experiment was carried out. 

Assume an elongated horizontal and tabular low-resistivity 
anomalous body in the subsurface with an undetermined 

FIG. 8.   Comparison of the null and classical array responses by an actual example: (a) three-
electrode null-array and three-electrode traditional array, (b) Schlumberger null-array and 
Schlumberger array, (c) the wall of the quarry. The limestone roof is under the soil covered by grass. 
(Its topography along profile 2 is better seen in the drillhole values shown in Figure 4.). 
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orientation. In Figure 11, azimuthal response profiles for the 
classical Schlumberger array and for the Schlumberger null-
array are shown for two different offsets that is the distance 
d between the profile and the center of the body. The 
diagrams are results of analogue modeling experiments. 
Rotating the array through 360° on the surface (equivalently, 
rotating the body in the host medium) produces, in the case 
of the classical array, two minima in the azimuthal response 
profile, whereas the null-array has four minima. In the 
special case of zero offset, the direction of the body 

unambiguously can be determined by using the classical 
Schlumberger array. In the case of the Schlumberger null-
array, the number of minima is doubled, depending on 
whether AB or M0N0 is parallel to the strike. Fortunately, 
this feature (according to the modeling results) will be 
preserved in case of nonzero offsets (that is if we are not 
exactly over the center of the body). Note that in case of 
nonzero offset, the direction of the body can no longer be 
determined by using the classical array because the 
minimum zones of the azimuthal response profiles become 

FIG. 9.   Comparison of the null and classical array responses by an actual example: (a) dipole-axial 
null-array and dipole-axial array, (b) dipole-equatorial null-array and classical dipole-equatorial 
array, (c) the wall of the quarry. 
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FIG. 10.  The dipole-equarorial and the dipole-axial null-array responses along profile2. The patterns 
are similar because of the power of the reciprocity theorem.

 

FIG. 11.  Master diagrams for the determination of the strike direction by using a Schlumberger 
array (left) and a Schlumberger null-array (right) obtained from analog modeling experiments 
carried out for two different offsets d = 0 and d = 5 cm. 
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too wide. Although some information about the direction of 
the body can still be obtained from the relatively narrower 
maximum zone, the determination of the strike direction is 
ambiguous. At the same time, the direction can be still 
reliably determined from the null-array measurements, due 
to the very narrow minimum zone. The remaining 
uncertainty of 90° is resolved with the aid of the classical 
Schlumberger-array measurements, which provide 
orientation. 

The field results obtained at 17 m along profile 2 are 
shown in Figure 12. The elongated bodies in this case are the 
nearly vertical karstic fractures in the limestone. In case of 
the classical Schlumberger-array, instead of ∆UMN, the 
transformed quantity (∆UMN/I)-16 ohm is shown. (In this 
way, the maximum and minimum values are seen more 
clearly.) As in the analogue modeling experiment, the strike 
direction can be determined relatively unambiguously from 
the maximum, resulting in an estimate of –15° to 165°. For 
the Schlumberger null-array within 360° again two minimum 
pairs are obtained: 0°-180° and 90°-270°. The true fracture 
direction can be easily selected from the two possible ones, 
in spite of the slight (15°) discrepancy between the classical 
and the null-array strike-direction determination results. As 
expected, direct fracture direction determination in the field 
agreed with the null-array estimation. 

In Figure 13, the fracture directions as observed on the 
quarry wall and as determined along profile 2 by using this 
combined traditional/null-array resistivity technique, are 
presented. A good correlation was found between the 
observed and the measured strike directions. See especially 
the characteristic direction of 20° on the left side and 
roughly 0° elsewhere. 

 

FIG. 12.   Azimuthal diagrams for the determining of the strike direction in the field by using a classical Schlumberger array 
(left) and a Schlumberger null-array (right). In case of the classical Schlumberger array a special value (∆UMN/I)-16 ohm is 
shown. In this way of representation, the minimum resistance value approaches zero. 

FIG. 13.   Comparison of strike directions of the fractures, as 
observed directly on the wall and as inferred from the data 
along profile 2 by using the Schlumberger null-array. The 
length of the lines denote the significance of the fracture. 

SUMMARY 

Different pairs of geoelectric null-arrays and their 
classical counterparts were tested. Systematic field 
measurements were carried out in a karstic area. It has been 
shown that it is possible to get geologically meaningful 
results using null-arrays. The null-array anomalies, because 
of their physically meaningful spatial variability, provide 
useful information in finding vertical fractures in limestone 
basement. It is especially worth emphasizing that the null-
array anomalies do not decay with depth as quickly as the 
classical array anomalies do. At the same time, by using 
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null-arrays the strike direction of the fractures is given by 
sharper and narrower minimum zones with azimuthal 
response profiles than are obtained using classical arrays. 
Therefore, joint use of classic arrays and their corresponding 
null arrays provides complementary information about 
subsurface structure. 
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APPENDIX A 
OUR NUMERICAL MODELING SOFTWARE 

The software developed by Prácser (1999) is based on the 
approach by Dey and Morrison (1979). 
The differential equation describing the potential U (x,y,z) 
due to a point source in three-dimensional case is: 
 

[ ] ),,(),,(grad ),,( 000 zyxIzyxUzyxdiv δσ −= . (A-1) 
 

This equation is solved for the nodes of a three-dimensional 
grid. Among a node and its the six neighboring nodes there 
is a linear relationship (Dey and Morrison 1979) as follows: 
 

∫∫∫ ∫∫=
kji kjiV S

dsUdzdydxUdiv
,, ,,

grad)grad ( σσ . (A-2) 
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The surface planes of the body Vi;j;k are the median planes of 
distances connecting the node (i; j; k) with its neighbours, 
and Si;j;k is the total surface of this body. As boundary 
conditions the well-known boundary condition for the 
surface and the boundary condition for the domain 
boundaries is applied as 
 

γβα =+ UU gradn ,    (A-3) 
 

where n is a unit vector, perpendicular to the domain 
boundary, the values of α, β and γ can be determined from 
value of U in case of homogeneous half-space. Equations 
(A-2) and (A-3) yield a system of linear equations, and the 
elements of its solution vector are the values of the potential 
function in the nodes. 
The FORTRAN code is solved in iterations, by using the 
preconditioned conjugated gradient method. 
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Abstract - The knowledge of the size, density and both orientation and vertical distribution 
of fractures as well as the opening and filling material or overburden thickness is a valuable 
contribution to estimate hydraulic conductivity and to evaluate vulnerability assessment and 
protection strategy of karst aquifers. 

To obtain some of these parameters and to ascertain high permeability zones the Very 
Low Frequency-Electromagnetic Gradient (VLF-EM GRAD) method was applied together 
with Radio Frequency-Electromagnetics (RF-EM), Radiomagnetotellurics (RMT), 
Geoelectrical Tomography and refraction seismics over a karstic terrain in the Swiss Jura 
Mountains. In this area, karst springs infiltrate into a porous aquifer. This survey investigated 
the highly permeable karst structures, which provide fast water infiltration pathways into the 
karstic flow network. A dye tracer test validated the geophysical results. The results show 
particularly the efficiency and reliability of the VLF-EM GRAD method for high-resolution 
investigation at shallow depths and its potential for fast data acquisition over large surfaces at 
catchment area scale without ground contact. 

KEYWORDS: Very Low Frequency-Electromagnetic Gradient method, environmental 
geophysics, fracture mapping, Karst aquifer vulnerability 

1 INTRODUCTION 
In Switzerland, many porous aquifers are in hydraulic connection with karst 

groundwater. Therefore, the investigation of permeable near surface karst structures is a 
contribution to both the vulnerability to contamination of karst as well as of porous aquifers. 
In the presence of overburden, direct methods do not allow extensive mapping of the 
orientation and density of karst structures from the surface. Even if some outcrops exist, 
direct surface observations do not provide information on layer thickness and fracture 
distribution at greater depths. Geophysical surveys may help solving this problem. 
Considering both the very heterogeneous nature of karst and particularly of epikarst (0 -20 m 
depth) (Mangin 1975; Kiraly 1995) as well as the requirements of hydrogeologists, 
geophysical methods applied to karst water research must fulfil certain criteria. The methods 
have to be appropriate for high-resolution investigation at shallow depths with fast data 
acquisition over large surfaces at catchment area scale. The geophysical research applied to 
karst aquifers at the Centre of Hydrogeology Neuchâtel (CHYN) is focused on the 
development of electromagnetic (EM) methods, which fulfil these criteria (Turberg 1994; 
Turberg & Barker 1996; Stiefelhagen 1998; Bosch & Gurk 2000; Szalai et al. xxxx). 

In this paper, we present a case study from the Swiss Jura Mountains, where karst 
springs infiltrate into a porous aquifer used for the water supply of the village Buix (JU, 
Switzerland). We compare results from several near surface geophysical methods in order to 
describe their possibilities. We emphasize the new Very Low Frequency-Electromagnetic 
Gradient (VLF-EM GRAD, short: VLF-GRAD) method (Bosch & Müller 2001b) and 
compare the results with Radio Frequency-Electromagnetics (RF-EM), both being fast, 
ground-contactless mapping methods, sensitive to horizontal resistivity changes. Further 
comparison is made with the light weighted Radiomagnetotelluric (RMT) equipment and the 
Geoelectrical Tomography (also called: Geoelectrical Imaging method) being well-known 
resistivity methods and with refraction seismics. Finally, the survey results are validated by 
means of a hydrogeological dye tracer test. Two infiltration sites where chosen. According to 
the geophysical results, one site was forecasted as highly permeable and the other one as not 
particularly permeable. 
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2 THEORY & EQUIPMENT 
In the following paragraphs, we give a brief theoretical background of the methods 

and equipment used in this case study starting with outlines of the principles of remote 
transmitter electromagnetics leading to the specific developments at CHYN. For the well-
known methods like electrical imaging and refraction seismic, we mainly restrict ourselves to 
the explication of the equipment used. 

2.1 Electromagnetic methods developed at CHYN 
The electromagnetic (EM) methods developed at CHYN are enhancements of the 

traditional VLF technique (3-30 kHz), which uses signals of terrestrial radio transmitters, 
distributed around the world and mainly used for navigation purposes. Figure 1 illustrates the 
EM field distribution over a vertical conductive dike with transmitter direction parallel to the  
 

 
Figure 1   EM field distribution for VLF method in E-polarisation with theoretical signals over a vertical 
conductive dike; redrawn after Turberg & Müller (1992). Hz/ Hy according to Wannamaker et al. (1985); ∆Hy 
calculated after Biot-Savart. 

 
strike of the dike (E-polarisation). The transmitted, primary EM field consists of a vertical 
electric field component EPz and a horizontal magnetic field component HPy perpendicular to 
the propagation direction x. At a distance of several wavelengths away from the source, the 
primary EM field components can be considered as horizontally travelling plane waves. 
While penetrating into the earth, the primary EM field induces a far smaller secondary EM 
field whose intensity depends on the ground's electric resistivity. The secondary EM field 
consists of a horizontal electric field component ESx and an associated magnetic field HS 
which can be subdivided into a horizontal and a vertical component. One part of the 
secondary field oscillates "in-phase" and another part "out-of-phase" with respect to the 
primary field. The penetration depth of the primary field depends on the transmitter 
frequency and the electric resistivity of the ground. It can be estimated by the skin depth δSkin 
at which an electromagnetic wave is attenuated by a factor 1/e. 

Chapter 2 – Case Studies – Published Papers – Paper 7 81 



Chapter 2 – Case Studies – Published Papers – Paper 7 82 

The different use of the various EM field components results in different geophysical 
methods. The CHYN electromagnetic equipment was developed with the intention to 
increase the horizontal and vertical resolution of the traditional VLF technique while 
benefiting from its advantage of light weighted devices for shallow-depth investigations. As a 
consequence, we focused on the additional use of the low frequency range (LF, 30-300 kHz) 
and continuous data recording and also introduced the measuring of the vertical gradient of 
the horizontal magnetic field components (Bosch & Müller 2001b). 

2.1.1 Radiomagnetotellurics (RMT) 

2.1.1.1 Resistivity soundings 
CHYN's RMT device works within the frequency range of 12 to 240 kHz. It measures 

the local horizontal resultant magnetic field component HRy with an induction coil and the 
secondary horizontal electric field component ESx by means of a voltage drop between to 
electrodes placed in the ground. For a chosen transmitter frequency f = (ω/2π) with the 
angular frequency ω, it displays directly the apparent resistivity ρa of the ground and the 
apparent phase ψa between magnetic and electric field according to Tikhonov (1950) and 
Cagniard (1953) based on the surface impedance tensor Z for a layered 1D case and a 
magnetic permeability µ of 1: 
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with surface impedance tensor element: 
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By considering the effects of H- and E-polarisation cases, Fischer et al. (1983) and McNeill 
& Labson (1991) revealed the applicability of the VLF-R method to 2-D geological settings. 
The knowledge of apparent resistivity and phase enables the calculation of inversion models 
with magnetotelluric inversion codes. For further information concerning the RMT 
equipment, the reader is referred to the papers of Turberg et al. (1994) and Turberg & Barker 
(1996). 

2.1.1.2 Resistivity Anisotropy 
Besides resistivity soundings using different frequencies from transmitters sending 

from approximately the same direction, anisotropy information can also be gathered by using 
transmitters of similar frequencies sending from different orientations. The multi-direction 
RMT results are used for calculating anisotropy arrows according to Turberg (1994). For 
each sampling station an arrow is calculated with the value ∆ψ = ψMAX - ψMIN and the 
orientation of of the transmitter with ψMIN. 
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2.1.2 Radio Frequency-Electromagnetics (RF-EM) 

2.1.2.1 Principle 
The RF-EM method enables continuous profiling of resistivity contrasts at the skin 

depth δS without ground contact with two orthogonal induction coils as it only measures 
magnetic field components. The investigated parameters are the horizontal and vertical local 
resultant magnetic field components for a chosen transmitter frequency f. The resultant field 
HR is the superposition of the primary field HP and the secondary field HS: 
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with , SP HH >> fπω 2=  and phase shift φ between the primary and secondary field. Due 
to far field conditions, HP is considered as space-independent, while HS forces HR to depend 
on space, time and frequency. The magnetic field vectors possess the following components: 
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Because of HP >> HS, HSy is neglected and the measured local, horizontal component is 
simplified as primary field, while only the secondary field, dependent on the electrical 
properties of the ground, contributes to the vertical component. 

With (4) and (5), the vertical component of the time invariant part of the measured 
resultant field is as follows: 

ϕϕϕ sincos SzSz
i

SzSzRz HiHeHHH +===     (6) 

where the real part of equation (6) describes the component of the secondary field oscillating 
"in-phase" with the primary field (called inphase) and the imaginary part the component 
oscillating "out-of-phase" (called quadrature). The typical inphase signal over a vertical 
conductive structure in E-polarisation is illustrated in Fig. 1 where the inflection point of the 
curve indicates the horizontal dike position. 

2.1.2.2 Equipment 
CHYN's RF-EM equipment works in the frequency range from 15 – 300 kHz. It 

stores the inphase and quadrature of the ratio of (HZ/HY) on a data-logger with a sampling 
frequency of 1 or 4 Hz. Real time visualization on a PC is possible. The mathematical sign of 
the signals behaves according to the coordinate system definition used by Wannamaker et al. 
(1986), and Steiner et al. (1992). The RF-EM system can be used with a handheld antenna as 
well as with a self-orientating automatic antenna for application with a vehicle (Stiefelhagen 
1998). 

In karstified limestone with its typical resistivity of several hundred Ωm, the 
frequencies used by our RMT and RF-EM devices have skin depths of about 10-100 m. 

2.1.3 Very Low Frequency-Electromagnetic Gradient (VLF-EM GRAD) 
In order to enhance the resolution of the RF-EM device, in particular for investigating 

small structures of the epikarstic zone (0-20 m depth), we developed an antenna, which 
measures the vertical gradient of the local horizontal magnetic field component. As known 
from magnetics and gravimetry, gradient measurements enhance the discrimination of 
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neighbouring anomalies, magnify near-surface features and reduce noise (Millitzer & Weber 
1984; Telford et al. 1990). Spitzer et al. (2000) illustrate an example where magnetic field 
gradient measurements in a borehole are applied to magnetotellurics in order to avoid 
measuring the generally disturbed electric field. Sattel & Macnae (2001) showed both 
theoretically and in a case study the resolution increasing and noise reducing advantages of 
gradient measurements applied to transient electromagnetic surveys. 

2.1.3.1 Principle 
Generally, for the RF-EM method HSy is neglected in equation (5). For the gradient 

method, this is quite the contrary. There we are particularly interested in that parameter. The 
difference of the local, resultant horizontal magnetic field component at two different 
altitudes above the ground is: 

)()( 12 zHzHH RyRyRy −=∆        (7) 

According to the chosen coordinate system in Fig. 1 (z positive downwards), it is: 

)()( 21 zHzH RyRy <         (8) 

Furthermore, due to far field conditions the primary magnetic field is independent of the 
altitude z: 

)(zfH Py ≠          (9) 

This yields together with equation (5) and (7) to: 
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From equation (10) ∆HRy is determined exclusively by the secondary magnetic field, which is 
caused by the conductivity properties of the ground. 

As in equation (6) the time-invariant part of the measured gradient can be separated 
into a real and an imaginary part with the phase φ between the primary and secondary field: 

ϕϕ sin)()(cos)()( 1212 zHzHizHzHH SySySySyRy −+−=∆   (11) 

with Re{∆HRy} = Inphase and Im{∆HRy} = Quadrature. 

Fig. 1 shows schematically the ∆HRy inphase signal over a conductive dike. Fig. 2 
presents calculated EM responses to a line current, as a simple approximation of the effect 
from a conductive dike, for (a) the quadrature of (Hz/Hy) and (b) Hy and dz(Hy(z)). As known 
e.g. from McNeill (1990), the vertical Hz component has a dipole-like signal with its 
inflection point over the conductor, while the horizontal Hy component features a peak over 
the structure. Furthermore, the signal width of the gradient is much narrower than of (Hz/Hy). 
This increases the resolution of neighbouring anomalies and the separation of their 
superimposed signals. Following the defined coordinate system used in Wannamaker et al. 
(1986), in E-polarisation the gradient inphase peak should be a local maximum over a vertical 
electric conductive structure and a local minimum over a resistive one. Since the quadrature 
signal shape is influenced by a variety of factors, e.g. just a thin conductive overburden 
resulting in an inverted signal (McNeill 1990; Chouteau et al. 1996), it is difficult to draw the 
same general conclusions from quadrature curves. Furthermore, the strength of a resistivity 
contrast as well as a strong deviation from E-polarisation case and 3D structures have a 
strong influence on the curve shape. 
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Figure 3  EM responses to a line current of 1 
Ampere: a) line current approximation of RF-EM 
quadrature data calculated with rational 
polynomials; b) Hy(z1) and dHy=Hy(z1)-Hy(z2) after 
Biot-Savart with z1=5m and z2=10m. 

 

Figure 3   Comparison of VLF-EM GRAD and RF-
EM over a buried powercable and a pipeline. 1) 
VLF-GRAD reference, inphase and quadrature 
signal, transmitter-frequency (Tr-f): 23.4 kHz, 
transmitter-direction (Tr-Dir): 5°N and data-logger-
sample-frequency (DLS-f): 1 Hz. 2) RF-EM inphase 
and quadrature signals measured with automatic 
antenna: 2a) Tr-f: 234 kHz, Tr-Dir: -3°N, DLS-f: 
1 Hz; 2b) Tr-f: 23,4 kHz, Tr-Dir: 5°N, DLS-f: 1 Hz 



Chapter 2 – Case Studies – Published Papers – Paper 7 86 

2.1.3.2 Equipment 
The first VLF-EM-GRAD prototype device is based on the RF-EM equipment and 

measures continuously and simultaneously for a chosen frequency between 15-25 kHz the 
local, horizontal magnetic field component at two different altitudes above the ground with 
two induction coils (Bosch & Müller 2001b). The centres of the coils are separated by 1 
meter. Inphase and quadrature of the signal differences between upper and lower induction 
coil (equation 11) is stored to a datalogger with 1 or 4 Hz sample rate in percent of the 
average horizontal field multiplied with a device specific amplification factor k. Further 
specifications may be found in Bosch & Müller (2001a) and Bosch & Müller (2001b). 

Measured data of an approximation of the above-mentioned synthetic line current 
case are presented in Fig. 3. VLF-GRAD data (23.4 kHz; 5°N) are compared with RF-EM 
data (23.4 kHz; 5°N and 234 kHz; -3°N) sampled on a profile (orientation 124°N) crossing a 
buried power cable (orientation 57°N) and a pipeline (orientation 43°N). The GRAD data 
show sharp peaks with their maxima exactly at the position of these artificial structures at 40 
and 131 m. The asymmetric deformation may result from the slight deviation from E-
polarisation. Although the distance between cable and pipeline amounts 90 m, the two RF-
EM signals in the VLF range are still superimposed, while the VLF-GRAD signals are 
obviously separated just like the RF-EM signals in LF range. 

2.2 Electrical Imaging 
2-D electrical imaging (or tomography) surveys for mapping the resistivity of areas 

with moderately complex geology has become more and more popular during the last years 
(Griffiths et al. 1990; Barker 1992; Griffiths & Barker 1993). Therefore, a deeper theoretical 
insight is not given here. 

As opposed to traditional geo-electric soundings, a large number of electrodes 
connected to a multi-core cable and controlled by a computer are used for electrical imaging. 
This enables horizontal mapping and vertical sounding at the same time, providing resistivity 
pseudo-sections. Any array known from traditional surveys may be used. Field equipment 
and inversion software is commercially available and offered by a variety of companies. 

For the imaging survey presented in this paper, we used the GEOPULSE TIGRE 
RESISTIVITY METER (Campus International Products Ltd.) with a 32-electrode multi-core 
cable with 5 m unit electrode spacing. The 2-D inversions have been calculated with the 
program RES2DINV (Loke & Barker 1996). 

2.3 Seismics 
For the seismic measurements, we used the 24-channel "OYO-McSeis170" with 40 

Hz geophones and a geophone spacing of 5 m together with a seis-gun as seismic source. In 
this survey area the seismic velocities of the reached underlying layers are generally higher 
than of the upper ones (cover, epikarst, massive limestone). Therefore refraction seismics 
were applied. 

2.4 Dye Tracer Test 
Dye tracer tests are a common method in hydrogeology to investigate ground water 

flow directions and velocities and to determine aquifer properties. These information help 
e.g. delineating water protection zones. Tracers are injected at one or several locations of the 
investigation area (Käss 1998). Water samples are taken manually, with automated bottle 
samplers, or recently with flow-through field fluorometers at natural springs, boreholes or 
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catchworks to measure the time variation of tracer concentration (breakthrough curve) as 
response to the injection. 

Three tracers at two infiltration sites were used: Uranine (Na fluorescein), Tinopal 
CBS-X and Amidorhodamine G extra. According to Käss (1998), Uranine is a very 
conservative tracer among dye tracers due to its small sorptivity in neutral and alkaline 
media. Sulforhodamine B has a low sorptivity, while Tinopal is more sorptive. The used 
Amidorhodamine G extra is slightly more conservative than Sulforhodamine B (Wenger 
2001). Therefore, Uranine is characterised by high recovery in karst and porous aquifers. 
Tinopal and Amidorhodamine G are good in karst but have low recovery in porous media. 
Tracer concentrations were measured at a spring with the high precision flow-through field 
fluorometer "GGUN-FL02" developed at the Institute of Geology Neuchâtel. Detailed 
description of the working principles can be found in Schnegg & Bossy (2001). A ray of 
bandpass filtered light excites the fluorescence of the dye and a detector yields an electric 
voltage of amplitude proportional to the fluorescence and therefore to the dye concentration. 
The used device is able to measure 2 dye tracers of different spectral characteristics 
continuously and simultaneously and stores the data on a data-logger with the operator-
chosen sampling interval. 

Additionally, an automatic bottle sampler was used at the spring in order to analyse 
the samples for all three dyes with the "Perkin-Elmer LS 50B" spectrofluorometer in the lab. 

3 SURVEY AREA 

 
Figure 4   Map of survey area with locations of tracer injection sites IS1 and IS2 and "Madonna Spring". Grey 
rectangle indicates geophysical investigation area. Coordinates of Switzerland map in degrees North and East, 
coordinates of survey area map in Swiss Military Coordinates (metric coordinates in the Swiss system CH1903; 
Berne: 600'000 km / 200'000 km). 

The survey area is located near the village Buix (Cant. Jura, Switzerland) in the Ajoie 
area of the Swiss Table Jura Mountains (Fig. 4). Fig. 5 shows a schematic geological cross 
section. The geophysical profiles and tracer infiltration sites are on top of the plateau in the 
west of the Allaine river valley, where Malm limestones (middle Oxfordian) with an average 
thickness of about 30 - 40 m are found. They overlie an up to 80 m thick marl sequence 
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(lower Oxfordian). The upper 8 to 10 m of the limestone show up a strong degree of 
karstification (Liniger 1969; Liniger 1970). At the contact between limestone and marls, 
several springs discharge karst groundwater into the alluvial sediments of the Allaine river 
valley. 

 
Figure 5… Schematic geological cut of Allaine River area without scale. 

Three tectonic joint systems created a fracture grid, which separates the Ajoie region 
into narrow clods. These three fracture systems strike N-S (most important system), NW-SE 
and NE-SW (Liniger 1969; Liniger 1970) and correspond to the tectonic stress parameters 
and main strike directions of highly permeable karst structures in the Swiss Jura according to 
Kiraly & Simeoni (1971) illustrated in Fig. 6: sinistral shearing = 0°-10°N, σ1 = 130°-140°N 
and σ2 = 40°-50°N. 

 
Figure 6   Main karstification orientations in the folded Swiss Jura following the tectonical stress parameters: 
sinistral shearing = N0°-N10°, σ1 = N130°- N150°, σ2 = N40°- N50° (redrawn after Müller (1981)). 
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4 DATA 
The data were collected on a 230 m vs. 15 m surface on four parallel profiles with an 

orientation of about 155°N indicated by the grey rectangle in Fig. 4. The 0-point of the 
measurement coordinate system lies in the NE corner of the rectangle. "Profile 0m" is the 
eastern-most profile and mainly follows an agriculture path. The other three profiles are 
situated on a field with a profile distance of each 5 m. 

4.1 VLF-EM GRAD 
The VLF-GRAD data were collected over all four profiles with a data-logger 

frequency of 4 Hz. In order to have at least two polarisation directions, a "N-S transmitter" 
(23.4 kHz, 8°N) and a "NW-SE transmitter" (24.0 kHz, 114°N) were used. 

4.2 RF-EM 
As the VLF-GRAD data also the RF-EM data were collected over all four profiles 

with a data-logger frequency of 4 Hz. Two "N-S transmitters" in LF and VLF range (234 
kHz, -8°N and 23.4 kHz, 8°N) were used. The measurements on "Profile 0m" were carried 
out with the automatic antenna system (good inphase signal quality), whereas the 
measurements along the other profiles were done with the hand-held antenna (noisy inphase 
signal). 

4.3 RMT 

4.3.1 Resistivity soundings 
RMT resistivity soundings were performed over the reference profile "Profile -5m" 

every 5 m with three "N-S transmitter" frequencies from LF to VLF range (183 kHz, -10°N; 
77.5 kHz, 36°N; 23.4 kHz, 8°N) with an electrode spacing of 5 m. The chosen frequencies 
have skin depths of respectively 17, 25 and 46 m for a ground resistivity of about 200 Ωm 
and about 52, 80 and 146 m for a resistivity of about 2000 Ωm. 1-D inversions were 
calculated for each sounding according to Fischer et al. (1981) and put together to a pseudo 
section. 

4.3.2 Resistivity anisotropy 
To obtain information on anisotropy, three frequencies of different directions in the 

LF range (183 kHz, -10°N; 171 kHz, 40°N; 162 kHz, 102°N) were measured at the RMT 
stations between 80 m and 200 m along "Profile -5m". 

4.4 Geoelectrical tomography 
The Electrical Imaging system was used with a 32-electrode cable over the central 

part of "Profile -5m" (50 to 205 m) with electrode spacing of 5 m. Wenner-Schlumberger, 
Schlumberger and Dipol-Dipol arrays were applied. In this paper, we only present the Dipol-
Dipol results. Wenner-Schlumberger and Schlumberger results were of minor quality as a 
consequence of their poorer sensitivity for vertical inhomogenities. 

4.5 Refraction seismics 
Shooting points for the refraction seismics were located at 65 m and 190 m on 

"Profile -5m" with 24 geophones separated by 5 m. First arrivals were picked manually. 
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4.6 Dye tracer experiment 
The two infiltration sites (IS1 and IS2, Fig. 4) for the dye tracer experiment have been 

chosen on "Profile 0m" according to the geophysical results at 127 m (IS1) and 180 m (IS2). 
At 127 m 200 g Uranine and 50 g Tinopal CBS-X and at 180 m 50 g Amidorhodamine G 
extra were injected. Additionally 3 m3 of water were used for flushing. The injections took 
place at IS1 on 01.05.2001 14:20 h and at IS2 on 14:35 h. Sampling at "Madonna Spring" 
with the flow-through field fluorometer began about one hour prior to the injection at 13:30 h 
and continued for three days until 04.05.2001 15:18 h. The bottle sampler worked from 
01.05.2001 14:01 until 03.05.2001 1:01 h. The flow-through field fluorometer sampled in a 
4-minute interval for Uranine and Tinopal. The bottle sampler took samples once an hour. 

5 OBSERVATIONS 

5.1 VLF-EM GRAD surface / contour map 
As we would like to emphasise the mapping possibilities of the new VLF-GRAD 

method for near surface structures in karstic terrain, surface and contour plots of the 
quadrature component of 23.4 kHz (Tr-Dir: 8°N) measured on the four profiles are shown in 
Fig. 7. 

 
Figure 7   VLF-EM GRAD data: Contour- and surface maps of the Quadrature from 23.4 kHz radio transmitter 
sending from 8°N. White diamond-shaped symbols indicate quadrature-peaks connected by white lines. Most 
prominent anomalies are labelled. 

Several lineamentic anomalies are visible. The most prominent ones are labled in 
Fig. 7 and will be called "GRAD#" in the following text. To visually emphasise the strike 
directions of the lineaments we indicated the quadrature peak positions with white diamond 
symbols and connected them with white lines. The most important anomalies are the 
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quadrature minimum (=inphase maximum, GRAD4) followed by a maximum (GRAD5) in 
the centre of the survey area. GRAD4 e.g. crosses the area from 149 m on "Profile -15m" to 
118 m on "Profile 0m" with a strike direction varying between 4°N in the SW part and -8°N 
in the NE part. This coincides with the strike direction of sinistral shearing in the Swiss Jura 
Mountains (Kiraly & Meia 1967), which is the strike direction of the most important fracture 
system according to Liniger (1970). The frequency of anomalies is about 40 m, with a 
general N-S orientation in the NW area of the main anomaly, and 20°N to 26°N orientation 
southeast of it. Additionally to these generally different orientations on both sides of the main 
anomaly zone, we also find sudden orientation changes or crossing points of anomalies. 
GRAD2 for instance, changes orientation from 24°N to -2°N, while GRAD3a and b strike 
with 2°N and 48°N (≈ σ2) and cross each other at about 89 m of "Profile -10m". After 
anomaly GRAD7 we find 5 equidistant minima and maxima with an appearance frequency of 
about 10 m indicating an important amount of resistivity contrasts within a small area. This 
may indicate the presence of epikarst. 

This particular strike direction pattern of the VLF-GRAD anomalies follows the main 
orientation of karstification in the Swiss Jura, as shown in Fig. 6. This suggests that the VLF-
GRAD method is a powerful, ground-contactless method for detecting high permeability 
zones in karstic limestone at shallow depths. In the following paragraphs the gardient results 
are compared with the other methods with a detailed view on single profile data in order to 
confirm this hypothesis. 

 
Figure 8   Comparison of VLF-EM GRAD and RF-EM data on "Profile 0m" with "N-S" orientated radio 
transmitters. Left side: inphase signals; right side: quadrature signals. 

5.2 VLF-EM GRAD and RF-EM on "Profile 0m" 
Fig. 8 compares inphase and quadrature of VLF-GRAD with RF-EM data in the LF 

and VLF range on "Profile 0m". This profile was easily to access by car, which enabled us to 
record the RF-EM data with the automatic RF-EM system. Therefore, even the inphase 
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component of Hz/Hy is of high quality. The VLF-GRAD system even provides good quality 
data for inphase and quadrature with a handheld antenna. For both methods inphase and 
quadrature curves are inverse. This is commonly the effect of a conductive overburden 
(McNeill & Labson 1991). 

More detailed than in Fig. 7, the single profile data in Fig. 8 represent the complex 
series of anomalies with positive and negative peaks in the gradient curves and their 
corresponding inflection points in the RF-EM curves. The anomaly pattern implies a rather 
complicated geological setting with a huge number of resistivity contrasts as can be assumed 
in karstified limestone. The anomaly labelling corresponds to Fig. 7. The GRAD data 
subdivide the major anomaly 4 (= wide inphase maximum/ quadrature minimum) with its 
centre at about 122 m into three peaks a to c. The RF-EM signals are superimposed and 
therefore an internal subdivision cannot be clearly distinguished. This shows the improved 
resolution of the GRAD data compared to RF-EM. Particularly from about 200 m until 290 m 
a harmonious series of quite narrow and sharp GRAD peaks is visible over a distance of 100 
m. The appearance frequency is about 2 to 4 m in this zone. Such a high density of resistivity 
contrasts would fit well to the conceptual model of epikarst. As a matter of fact, epikarst 
crops out in this area along the profile. This anomaly pattern is more distinctive in the LF 
range of the RF-EM data than in its VLF range indicating the improved sensitivity of the 
gradient method for near surface structures. Obviously, the GRAD curves feature more 
details and facilitate the separation of anomalies compared to RF-EM. 

When crossing dike-like geological structures in the case of E-polarisation, the 
mathematical sign of the inphase peaks may give a hint on the type of resistivity contrast 
(resistive or conductive structure). GRAD anomalies 4, 5 and 6 have almost a NS orientation 
according to Fig. 7. The 23.4 kHz transmitter, sending from 8°N, should therefore fulfil the 
E-polarisation case well enough. According to this, the GRAD inphase maximum of the 
major anomaly GRAD4 may indicate a relatively more conductive zone from about 100 m to 
130 m. We assume that this zone is a high permeable fractured fault zone. From about 130 to 
160 m a resistive zone (GRAD5) may follow, followed by another conductive zone until 
about 190 m (GRAD6). Since we do not cross these resistivity contrasts perpendicularly, the 
GRAD peaks are quite wide. 

These assumptions are cross-validated in the following paragraphs by comparison 
with electrical resistivity distributions, as provided from methods such as RMT and Electrical 
Imaging as well as by refraction seismics and a hydrogeological tracer test. 

5.3 VLF-EM GRAD, RMT and Electrical Imaging on "Profile -5m" 
Fig. 9 compares inphase and quadrature of VLF-GRAD (23.4 kHz) with RMT and 

Electrical Imaging Data on "Profile -5m". The two tracer infiltration sites are indicated 
although they are situated on "Profile 0m". 

5.3.1 VLF-EM GRAD 
Compared to "Profile 0m" in Fig. 8 all gradient anomalies are moved to the east in 

Fig. 9. The main peak of anomaly "GRAD4" can be found at 133 m while it is at about 118 m 
on "Profile 0m". 

5.3.2 RMT 
We present the RMT raw field-data (apparent resistivity and phase) as well as a 

pseudosection of 1-D inversions. The three chosen radio transmitters (183 kHz, 77.5 kHz and 
23.4 kHz) are approximately north-south orientated. 
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Figure 9   Data comparison on "Profile -5m": 1) VLF-EM GRAD inphase and quadrature of 23.4 kHz, 2a) 
RMT rawdata, 2b) Pseudosections of 1D Inversions after Fischer et al. (1981) and 3) Geo-Electric Tomographie 
2-D inversion after Loke & Barker (1996) for Dipole-Dipole configuration with 5 m unit electrode spacing; IS1 
and IS2 locations from "Profile 0m" are also indicated. 
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Already the raw data indicate a rather complicated geological situation featuring 2-D 
and 3-D structures. Therefore, the RMT pseudosection based on 1-D inversions should be 
more regarded as qualitative result than used for detailed conclusions. 

The most important RMT anomaly was found between 120 and 150 m. The apparent 
resistivity of this zone is for all frequencies reduced and reaches a minimum value of 150 Ωm 
for the lowest frequency compared to the surrounding values of 1000 to 2000 Ωm. At the 
same time, a remarkable decrease in phase of about 10° is observed for all three frequencies. 
This behaviour of apparent resistivity and phase indicates E-polarisation for the chosen 
frequencies and therefore a mainly N-S orientation of this low resistivity structure. This 
confirms the conclusions drawn from the VLF-GRAD 23.4 kHz inphase maximum (GRAD4) 
at this position. It is interesting to observe the delayed position for the phase minimum, which 
occurs at 135 m for 183 kHz, 137 m for 77.5 kHz and finally 140 m for 23.4 kHz. This shows 
that the low resistivity structure is dipping to the SSE. Furthermore, the apparent resistivity 
slightly increases in the centre of this low resistivity zone and reaches the highest value of 
about 500 Ωm for the intermediate frequency used at 135 m. This may be the result of 
encapsulated air in a karst cavity. The following resistivity maximum at 155 m with the 
highest values for the highest used frequency is conform with GRAD5. 

The other important RMT apparent resistivity decrease at 90 m is not obviously 
visible in the GRAD data. This may be explained by the fact that the RMT intermediate 
frequency 77.5 kHz indicates with its increasing phase a H-polarisation situation. 

Generally the RMT data show a conductive overburden (about 50 Ωm) over a 
resistive layer (1000 to 3000 Ωm) followed by a low resistive half space (10- 200 Ωm). This 
data set is interpreted as quarternary sediments, limestone / karstified limestone and marls 
respectively. The presence of a conductive overburden explains the fact that all inphase and 
quadrature signals for both VLF-GRAD and RF-EM are inverse. The resistivity values are 
generally higher to the NNW of the main anomaly between 120 and 150 m than to the SSE. 
Furthermore, this anomaly indicates a vertical displacement step. The inversion results 
indicate the contact between limestone and marls at about 40 m depth NNW of the anomaly 
and at only 25 m depth SSE of it. 

Worthwhile noticing is the low resistivity zone between 165 m and 195 m further on, 
coinciding with the wide anomaly GRAD6. While we assume a permeable fracture zone at 
GRAD4 the RMT and imaging data suggest an impermeable zone in the area of GRAD6. 
This may be interpreted as clay-filled epikarst. The gradient data alone do not help to 
distinguish the nature of these two anomalies. 

5.3.3 Geoelectrical tomography 
The dipole-dipole configuration Electrical Imaging data are represented by a 2-D 

inversion. These data provide near surface information from 0 m to a depth of up to 8.5 m. 

As the RMT data, also the 2-D inversion of the Electrical Imaging data shows strong 
variations of true resistivities in the upper 10 m. The root mean square error after two 
iteration steps is with 17 % still quite high but more iterations leaded to unreasonable high 
resistivity values. 

While the imaging data generally confirms the resistivity distribution found with 
RMT, it suffers from its poor penetration depths and from its inability to follow vertical 
structures to greater depths. Particularly the RMT-inversion resistivity minimum (200 Ωm) of 
the main anomaly at 125 m reaching down to 25 m depth, is reflected by very low Imaging 
resistivities of only 40 Ωm for the first 3 m depth, but already 2000 Ωm at 8.5 m. The high 
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resistivity values on both sides of this narrow vertical conductive zone may disable geo-
electrics from following it to greater depths. 

According to the working time required the RMT survey seems to offer more 
information than Electrical Imaging and is more appropriate for mapping vertical 
heterogeneities. 

5.4 VLF-EM GRAD and Seismic on "Profile -5m" 
Fig. 10 shows the first arrival times of the two seismic shots at 65 and 190 m on "Profile -
5m" compared with the 23.4 kHz GRAD data. The information from seismics are conform 

with those from the resistivity methods. The whole area seems to be subdivided into different 
blocks, separated by fractures as indicated by seismic travel time retardations. Seismic 
velocities are generally higher in the western part of the profile than in the eastern part, 
coinciding with higher electric resistivities in the west and lower resistivities in the east. In 
the central part of the profile, where we assume the main discontinuity zone to be due to the 
results from electromagnetic methods, the seismic data also show an increase in travel time. 
In detail we find two prominent travel time delays at 125 m and between 140 and 145 m 
which fit very well with the anomalies detected with the other methods. Another block border 

Figure 10   Comparison of (1) VLF-EM GRAD and (2) Refraction Seismics (Ta = first arrival time) on 
"Profile -5m". Filled triangles belong to shot 1 at 65 m, unfilled triangle to shot 2 at 190 m. 
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may be indicated by the travel time delay between 90 and 95 m, where RMT and Electrical 
Imaging also found decreased electrical resistivities. 

5.4 Strike direction analysis with VLF-EM GRAD and RMT-
Anisotropy 

While the 23.4 kHz GRAD data showed mainly N-S strike directions, particularly for 
the main anomaly GRAD4, the RMT data also gave indications for W-E directions e.g. at 90 
m on "Profile -5m". This is of particular interest because the "Madonna Spring" is situated 
east of our profiles. If the tracer is supposed to arrive at the spring, East-West connections 
within the karstic network should exist. 

 
Figure 11   Strike direction analysis: (1) RMT-Anisotropy Arrows calculated according to Turberg (1994) and 
VLF-EM GRAD Quadrature contour plots of (2) 23.4 kHz / 8°N and (3) 24.0 kHz / 114°N radio transmitters. 

To proof this, we carried out additional VLF-GRAD measurements along all profiles 
with the 24.0 kHz transmitter sending from 114°N. Contour plots of the outphases from 23.4 
kHz and 24.0 kHz results are presented in Fig. 11 together with RMT anisotropy arrows on 
"Profile -5m". Lineamentic anomalies with strike directions varying between 88°N and 
110°N are visible in the 24.0 kHz GRAD contour plot. They fit well with the anisotropy 
arrows at 90 m and 160 m deviating from the general N-S orientation. This explains that the 
23.4 kHz GRAD measurements do not show any particular anomaly at the low resistitvity 
zones at 90 m, which was detected by the RMT and Electrical Imaging system. The 
orientation of this structure deviates too much from the E-Polarisation of the 23.4 kHz 
transmitter. 
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5.6 Dye Tracer Experiment 
According to the geophysical results, we chose the two locations on "Profile 0m" at 127 m 
and 180 m as infiltration sites (IS1 and IS2) for the dye tracer experiment with sampling at 
the "Madonna Spring" (Fig. 4). IS1 is situated, where the geophysics located a major fault 
zone (GRAD4, Fig. 7 & 9). IS2 lies in a 30 m wide zone where the electric resistivity is 
between 50 and 200 Ωm up to a depth of 30 m (Fig. 9). This zone was interpreted as clay-
filled low permeable epikarst and therefore the tracer should not arrive as 

 
Figure 12   Breakthrough curves of dye tracer experiment sampled at "Madonna Spring". 

fast as from IS1. Fig. 12 shows the break-through curves. Uranine and Tinopal injected at IS1 
arrived 154 and 170 minutes respectively after injection. These times yield rather high 
maximum flow velocities of 55 m/h for Uranine and 50 m/h for Tinopal. Both tracers have 
sharp peaks and the concentrations decrease quite fast down to their background values. This 
behaviour is typical for fast flow paths in karst networks. The break-through curves derived 
from the sampled water, which was analysed in the laboratory, generally follow the curves of 
the field flow-through fluorometer, but they are noisier and the measured concentration 
maximum for Uranine is only half the concentration measured by the field fluorometer. For 
Tinopal the peak maximum was not even found. This demonstrates well the advantage of 
field flow-through fluorometers compared to bottle samplers. Amidorhodamine G extra 
injected at IS2 was not detected in any of the samples analysed in the laboratory. 

 

6. CONCLUSIONS 
The combined geophysical survey, verified by a tracer test, detected the most 

fractured and permeable zones at shallow depths, which contribute to fast infiltration into the 
karst flow channel network. It was possible to map a fault with vertical displacement and its 
accompanying fractures. 

Particularly the RF-EM and VLF-GRAD method are able to collect fast resistivity 
contrast data over large areas. With its improved horizontal resolution, the VLF-GRAD 
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method seems to be the best method to locate narrow-spaced fracture pattern. Crossing points 
of fractures and changes of strike direction are likely to be the most permeable locations 
(Fig. 6) and were detected by VLF-GRAD (Fig. 7 & 11). By using two perpendicularly 
orientated radio transmitters, the VLF-GRAD method detected the major N-S structures as 
well as the approximately E-W orientated second order structures in this survey area. The 
presence of the latter, provide the potential flow paths of the tracer down to the "Madonna 
Spring". 

That measuring the gradient enhances the sensitivity for near surface targets, was 
clearly indicated by the fact, that the narrow-spaced structures were detected by the gradient 
method with VLF transmitters. The RF-EM method instead, detected these structures only in 
the LF range and even there not as obvious. To make use of the LF range also for the gradient 
method could therefore be promising for more detailed, very shallow depths investigation. 

Since VLF-GRAD and RF-EM are only sensitive for resistivity contrasts, 
complementary information, allowing the estimation of the nature of the contrasts, is 
sometimes necessary. This information can be provided by RMT or Electrical Imaging. RMT 
is more appropriate for karst survey than Electrical Imaging for two reasons: The first reason 
is that the light weighted RMT equipment enables coverage of large areas with resistivity 
soundings several times faster than with the Geo-Electric Tomography, particularly in rough 
terrains with difficult access. The second reason is the high resolution of RMT for vertical 
conductive heterogeneities like fractures, faults or vertical contacts. A major problem for geo-
electrics is the poor sensitivity to vertical heterogeneities. Dipol-Dipol electrode 
configuration can be used in this case, but it extremely reduces the investigation depths. 
Therefore, information of RMT and Imaging data can be combined in order to get 
information from near surface to greater depth, but Imaging remains too slow to perform 
extensive and fast surveys, which are possible with RMT. 

That geophysical investigations can detect high permeability zones in karst was 
validated by the tracer injection at the infiltration site IS1 ("Profile 0m", 127 m). With IS2 
("Profile 0m", 180 m) we wanted to show an example for an impermeable zone and as a 
matter of fact the dye Amidorhodamine G extra (ARGe) injected at IS2 was not recovered at 
the spring within the sampling period. However, the missing of ARGe may have several 
reasons. According to the quite low electric resistivity values around IS2 (Fig. 9) from 
surface to circa 30 m depths over 35 m horizontal distance we interpret this zone as clay 
filled and therefore low permeable zone without any fast connection to the karst network. 
This explains particular the zero recovery at the spring according to the sorptive properties of 
ARGe. Tinopal instead, which is even more sorptive and was infiltrated at IS1, arrived at the 
spring because it had been quickly transported to the network. Another possibility might be 
that the fault zone represents a water catchment border and that there is simply no connection 
from IS2 to the network feeding the "Madonna Spring". To validate this hypothesis sampling 
at more springs would need to be done. 

The ability of mapping highly permeable fracture zones in limestone is a valuable 
contribution to karst and porous groundwater vulnerability mapping and protection strategy. 
Particularly the continuously and ground-contactless measuring VLF-EM-GRAD method 
enables to quickly get information about fracture density, size of fractures and their 
orientation with high resolution over large areas. 
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2.2 Method comparison at Bure / Le Maira (JU, Switzerland) 
This section focuses on the problematic of the interpretation of Geoelectric 

Tomography data in karstic areas. Results from different Geoelectric Tomography 
electrode configurations are compared with results from RMT, VLF-EM GRAD and 
borehole data. 

2.2.1 Study Area 
The study area is situated between the two villages of Le Maira and Bure (Cant. 

Jura, Switzerland) in the Ajoie area of the Swiss Table Jura Mountains (Figure 15), where 
Malm limestones (Sequanian, Rauracian) overlay Oxfordian marls. This area features a 
regional N-S orientated discontinuity zone and the "Milandre Cave" network. It is one of 
the important test sites of the CHYN. An important number of former and actual 
hydrogeological and geophysical experiments have been carried out (RMT by Turberg 
(1994) and RF-EM by Stiefelhagen (1998)). Furthermore, several boreholes exist along 
"Profile1" (Figure 15and Figure 16). 

 

Figure 15:   Map of Switzerland 
(right) and of study area (left). The 
black dots in the North and South of 
"Profile1" indicate the RMT stations 
from Turberg (1994). The red line 
indicates the "Milandre Cave". MIL 
1,2,3 and FN1,2 are the locations of 
boreholes. 

Profile 1 crosses a trench. Stiefelhagen (1998) assumed that the Milandre Cave may 
follow this trench. But neither geophysical results nor drillings confirmed that hypothesis. 
Maybe this trench arose from a collapse of the assumed cave. The boreholes in  
indicate compact limestone in the eastern part of "Profile 1" (FN1 and FN2) and clay 
filled limestone from the top up to 50 m depth in the area of the trench (MIL1,2,3) as well 
as at the western end of the profile (MIL9). 

Figure 16
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Figure 16   Boreholes along "Profile1". 

2.2.2 Data and observations 
Figure 17 compares results from RMT measurements (apparent resistivity and 

phase) carried out by Turberg (1994) with Geoelectric Tomography and VLF-EM GRAD 
data. 

2.2.2.1 RMT 
The two RMT profiles "No14" and "No15" are parallel to "Profile1". The latter is 

the profile where the GRAD and tomography data were collected. The distance between 
"No14" and "Profile1" measures 10 m and between "Profile1" and "No15" about 20 m. 

In order to obtain sharp resistivity and phase contrasts to map both the boarders of 
the trench as well as possible internal discontinuities, Turberg (1994) chose W-E 
orientated transmitters (162 kHz and 63.8 kHz) to measure in H-polarization. The station 
spacing was 10 m, the electrode spacing 5 m. 

The RMT data delineate the trench on both profiles as a zone of low apparent 
resistivity (80 to 100 Ωm) and increased phase, while on the northern profile "No14" 
additional internal variations are visible. The data along the profile coincide with the 
information from the boreholes. 

2.2.2.2 VLF-EM GRAD 
The GRADIENT data were recorded with 4 Hz datalogger sample frequency and 

the 23.4 kHz (orientation 8° N) radio transmitter on "Profile1". Inphase and quadrature 
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Figure 17:   Comparison of RMT, Geoelectric Tomography and RMT data over a profile crossing a 
trench in karstified limestone of the Swiss Table Jura Mountains.
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show numerous resistivity contrasts. The most important one is at the borehole MIL1. 
The data delineate the trench edges and internal structures. The inphase peak orientation 
is coherent with the resistivity information from RMT and Geoelectric Tomography. 
Particularly the resistivity distribution of the dipole-dipole configuration at about 8 m 
depth coincides with the GRAD peaks. This provides valuable information about the 
depth range of the VLF-EM GRAD measurements. 

2.2.2.3 Geoelectric Tomography 
The Geoelectric Tomography data were recorded along "Profile1" with 32 

electrodes and a unit electrode spacing of 5 m. Three electrode configurations were used: 
Dipole-Dipole, Schlumberger-Wenner and Wenner. These three configurations have 
decreasing sensitivity for vertical structures and increasing penetration depth respectively 
in the order of mentioning. Figure 17 shows 2D inversion resistivity pseudosections 
calculated with the program RES2DINV (Loke & Barker 1996). 

All configurations show resistivities typical for compact limestone in the eastern 
part of the profile conform to RMT and borehole data (FN2). Generally lower resistivities 
are found in the central part, where the profile crosses the trench, and in the eastern part. 
This coincides with the former observations from the other methods and boreholes. 

However, a detailed look at the resistivity distribution pattern shows: 

• Data from different electrode configurations are not coherent to each other. 

o Example: The relatively high resistivities of about 800 Ωm in the 
dipole-dipole data around profile meters 220 and 180 at 8 to 9 m depth can 
not be found in the results of the two other electrode configurations. 

• The resistivity data do not correlate with the geological borehole information. 

o MIL1,2,3 indicate clay filled fissured limestone up to 50 m depth and 
more. The resistivity values of the tomography give the impression of 
compact limestone starting at 6 m depth! 

• The pseudosections do not provide the image of karstified rock. 

o Instead of sharp, vertical elongated resistivity changes as can be assumed 
for dike boarders or fractures, the tomography rather gives the impression 
of a limestone host rock with varying thickness of overburden. 

2.2.3 Discussion 
Since the efficiency of the RMT and the VLF-EM GRAD methods were already 

discussed in the previous case studies of the published papers, here the results of the 
Geoelectric Tomography data are emphasized. 

The main reasons of the inconsistent tomography data is the fact that this method 
tends to present sudden changes of the electric resistivity as gradual changes (Zhou et al. 
2000). Moreover, the sensitivity for vertical structures as assumed appearing in karst is 
generally poor for geoelectric methods. Only the dipole-dipole configuration is able to 
detect sudden resistivity changes of small extension in this case study, but suffers from 
poor penetration depth, because the "signal to noise ratio" decreases remarkably at greater 

  



Chapter 2 – Case studies 105 

depths (Loke 1999). It may be that the increased resistivity values at 4 to 9 m depth 
around the boreholes MIL 1, 2, and 3 are produced by air filled fractures, as MIL1 
showed open fractures at 30 m and MIL2 at 10 m depth (Stiefelhagen 1998). However, if 
this should be the case, at least the inversion results of the Schlumberger-Wenner and the 
Wenner configuration lead to wrong interpretations of these increased resistivity values.
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3 Conclusions 
The case studies presented in this work show, that geophysical methods are now 

able to provide valuable information of the subsurface, which can be used for the various 
aspects of karst groundwater vulnerability assessment. They provide information about 
overburden thickness and consistency and can map fractures and fault zones and their 
fillings from the near-surface to depth. 

3.1 Electromagnetic methods 
Particularly the presented electromagnetic methods RMT, RF-EM and VLF-EM 

GRAD are fully adapted for imaging the "high-permeability-singularities" of carbonate 
rocks. 

Advantages of the RMT, RF-EM and VLF-EM GRAD method: 

• They have the necessary resolution. 

• Their measurement speed enables covering of large areas at groundwater 
catchment scale. 

• The amount of work force required is reduced compared to other common 
methods. A minimum of two operators is sufficient. 

• The methods are applicable in difficult terrain. 

• The ground-contactless methods RF-EM and VLF-EM GRAD can be used with a 
vehicle. 

• While repeating a profile with different transmitter frequencies, the dip of 
resistivity contrasts can be estimated with RF-EM. 

• RMT offers horizontal and vertical resistivity distribution 

o to proof the nature of RF-EM/VLF-GRAD anomalies 

o to detect the underlying impermeable zone (e.g. marls under limestone) 

Particular advantages of the VLF-EM GRAD method: 

• Distinguishes clearly heterogeneous from homogeneous zones. 

o Indirect approach to permeability distribution imaging. 

• The VLF-EM GRAD method increases the possibilities for imaging neighbouring 
near-surface structures on large areas: 

o Paper 5 highlights the issue of superimposed RF-EM anomalies. Paper 2 
and Paper 7 in contrast demonstrate the efficiency of VLF-EM GRAD to 
detect internal structures of larger discontinuity zones. 

o Fig. 8 in Paper 7 indicates a horizontal resolution of the VLF-EM GRAD 
of a resistivity contrast frequency of about 2 m (RF-EM: 7-10 m). 

• It offers a qualitative indication of the presence of epikarst: 

o huge number of low-amplitude anomalies 
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• It increases data quality and stability compared to RF-EM. Moreover, "inphase" 
signals are stable. 

o This is important because in the E-Polarisation case, the inphase-polarity 
can determine whether an anomaly is conductive or resistive (see 
"Paper 2", Fig. 7: signals over CLB and Doline and "Paper 7", Fig. 9). 

• It offers the highest "horizontal resolution"/"measurement speed" ratio of all 
methods presented in this study. 

The gradient method enhances the detection of near-surface structures. Another 
illustration from the "Les Breuleux" survey (Paper 3 and 6) with in-situ validation 
 

 
possibilities at the quarry wall is given in . However, to quantitatively identify 
the contributing depths is not possible. For RMT and RF-EM, the depth of information 
can be estimated by the skin depth for a chosen frequency and a given resistivity of the 
ground. From the comparison of VLF-EM GRAD results with results from RF-EM we 
can at least qualitatively say that the VLF-EM GRAD detects structures, which are at or 
above the skindepth of about 230 kHz. In terms of karstified limestone the detected 
structures are located in the first 15 meters depth. The comparison with dipole-dipole 
Geoelectric Imaging in Figure 17 in Chapter 2.2 demonstrates, that the GRADIENT 
method already detects structures at about 8 m depth in that case history. This indicates 
that a gradient device utilizing frequencies from the LF range shows significant potential 
as a tool for very shallow depths subsurface mapping. 

Figure 18

Figure 18   VLF-EM GRAD 19.6 kHz quadrature contour and surface plots with photo of 
"Les Breuleux Quarry" (JU). The transmitter is sending from orientation -40°N. The parallel 
lines in the contour map indicate the profiles. "Profile 2.5m" is ca. 8m behind the quarry 
wall. Anomalies I and II coincide with the fractures I and II at the quarry wall. The filled 
"shaft" at ca. 43 m is also visible in the data. 
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Limitations of the EM methods: 

• The presence of a thick conductive overburden limits the penetration depth. 

• Dependency on remote transmitters: 

o Not all frequencies and directions are available all over the world. 

• Sensitivity to electromagnetic noise (current power cables, metallic fences, tubes, 
etc.): 

o Responses from these artificial structures superimpose the signals from 
geological structures. The VLF-EM GRAD method is less affected from 
that (e.g.: 5 m distance from a metallic fence is sufficient) 

• Scalar instead of tensor measurements: 

o Measuring only one polarisation direction as a compromise for easy field 
application prohibits the full data interpretation possibilities known from 
the Magnetotelluric and Geomagnetic Deep Sounding (GDS) method. 

3.2 Self-potential 
The application of the self-potential method to karst was interesting because of the 

simplicity of the equipment and the relative rapid progress of measurements. Moreover, 
considering that streaming potentials are one origin of the self-potential the method holds 
some promise for hydrogeological investigations in the sense of mapping the high 
permeability zones in karst. 

Overall, the SP profiling results over the "Chez le Brandt cave" area presented in 
"Paper 1", confirm the anomaly pattern of the EM methods, which have been shown to be 
capable of detecting high permeability zones. However, while comparing the anomalies 
of the different methods, one can see that sometimes SP anomalies with important 
amplitudes coincide with moderate EM anomalies (e.g. SP1 in "Paper 1") and vice versa. 
One explication for this phenomenon may be that the EM methods only detect the 
geological discontinuity structures, which may transport water. The SP method may be 
more sensitive for the existence or absence of flowing water (see anomalies over "Chez le 
Brandt Cave" and "Doline Cave" in Fig. 13 of Paper 1). Consequently, further 
investigation on this issue might hold some promise for hydrogeological studies. As a 
tool for mapping on the water catchment scale, the method might be a bit too slow. 
Otherwise, the chosen sample interval of 1 m and less in "Paper 1" may not be necessary. 

Paper 4 illustrated the "imaging" of the "Chez le Brandt Cave"generated by using 
the self-potential surface (SPS) method. If the method has detected the bottom of the 
cave, namely the contact between the unsaturated zone (karstified limestone) and the 
underlying impermeable zone (marls) or the top (contact of karstified limestone/ air) is 
not sure yet. However, the calculated potential surface qualitatively coincides very well 
with the geological cross-section of the cave. Nevertheless, this example showed that SP 
anomalies are linked to hydrogeological parameters. However, detection of the cave 
topography on the surface using the SPS method can only be achieved, if the estimation 
of the vertical self-potential gradient with depth is possible. For this purpose, the cave 
needs to be accessible or information from boreholes must be available. 
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3.3 Geoelectric methods 
According to the results presented in "Paper 7" and the additional Bure case study 

in Chapter 2.2, the common geoelectric mapping method "geoelectric tomography" is not 
an appropriate approach to integrated large-scale carbonate aquifer investigation. It 
cannot resolve the heterogeneous nature of carbonate rocks but at near surface. The field 
application is quite cumbersome even though the method improved the traditional 
geoelectrics. The disadvantages of the method in heterogeneous rock systems are recently 
compensated with further data processing and the application of electrode-arrays 
particularly sensitive for narrow and vertical elongated resistivity anomalies like fractures 
and faults. The geoelectric null-array configuration e.g. provides significantly more 
accurate data in high-resolution fracture detection at very shallow depth ("Paper 6") and 
is therefore a promising array for tomography. 

Even though geoelectrics can provide high-resolution data at shallow depths and 
the research in this work was focused on near surface geophysics concerning the epikarst, 
the geoelectric methods are considered as an unsuitable tool for mapping large areas 
compared to the EM methods presented. Due to their relative expensive field application 
and rather slow profiling speed, they are more appropriate for detailed studies at local 
scale. 

3.4 Summary 
• The EM methods presented provide integrated information concerning the density 

and the horizontal and vertical distribution of karst structures as fractures and 
faults. Consequently, they indirectly provide the distribution of high-permeability 
zones in carbonate rocks at the water-catchment scale from shallow to greater 
depths. Thus, they provide valuable parameters for karst groundwater protection 
concepts. 

• The continuously measuring, VLF-EM GRAD method enables the imaging of 
carbonate rock structures with an appearance frequency of 2 m within the first 15 
m depth without further data-processing. This approach makes mapping of 
epikarst possible. 

• The self-potential method is suitable for karst structure mapping. Its ability to 
detect the presence or absence of water-flow should be considered for further 
research. 

• Geoelectric Tomography is not an appropriate approach to integrated large-scale 
carbonate aquifer investigation as a stand-alone method. 

• The integrated application of the reconnaissance EM mapping methods together 
with additional methods for detailed local scale investigation, such as electrical 
tomography, provides a detailed image of the subsurface. 
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4 Outlook 
The results of this PhD work encourage proposing the following ideas for further 

research regarding the VLF-EM GRAD method: 

• 2D forward modeling of the VLF-EM GRAD response of simple resistivity 
distributions and karst structures 

• Extension of the frequency range of the VLF-EM GRAD method to the LF 
range 

o This will enable the gradient method for detailed small scale structure 
detection at very shallow depth (0-10 m). 

• Calculation of apparent resistivities from VLF-EM GRAD data 
o The measured parameters of the VLF-GRAD method offers the possibility 

for the application of the Vertical Gradient Magnetometry (VGM) method 
(Jones 1983; Meyer 1965; Radic 1994; Schmucker 1986; Spitzer et al. 
2000). Different from Cagniard (1953a) the VGM method estimates the 
surface impedance only from magnetic measurements based on Ampere's 
flux law, where the vertical gradient of the horizontal magnetic field 
component is proportional to the horizontal electric field component. 

• Construction of a portable radio transmitter 
o A portable transmitter could fill the gap of missing frequencies and 

transmitter directions 
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VLF-EM GRAD Operation Manual 
The VLF-EM GRAD antenna is compatible to the formerly developed RF-EM 

equipment components: RECEIVER, DATALOGGER and BATTERY-PACK. A detailed 
description of the RF-EM components, the measurement procedure and the data 
download and processing-software is explained in the appendix of the PhD thesis of 
Stiefelhagen (1998) (appendix in English). Nevertheless, a short description is given here. 

While using the DATALOGGER, the data are recorded to one binary file to the 
PCMCIA memory card. These cards can be read by notebooks for instance. With the help 
of the "VLF-EM" program package (included on this PhD CD-ROM) the data can be 
downloaded and converted to ASCI files to the computer. Furthermore, additional data 
processing is possible with this package. For the detailed description of the "VLF-EM" 
program package the reader is referred to the appendix of Stiefelhagen (1998). 

Components 
GRADIENT ANTENNA (15 – 25 kHz) 

 
Fig. A - 1:   (l): Complete antenna; (r): Detailed view of the electronic box (from top to bottom): 
"TRANSMITTER DIRECTION LABEL TX", SWITCHER "REF+GR" (measurement mode) or "GR" (transmitter 
direction estimation mode), SOCKET for CABLE1. 
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RF-EM RECEIVER (15 – 300 kHz) 

 
Fig. A - 2:    Front view of RF-EM receiver. Two different frequencies can be pre-tuned. Switcher 
"REF/MOT" has to be in position "REF" while measuring. 

DATALOGGER 

 
Fig. A - 3:   Front panel of Datalogger. From left to right: Socket for Remote Control; Switcher for Sample 
Frequency (up = 4 Hz, down = 1 Hz); Memory Card slot. 
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DATALOGGER REMOTE CONTROL 

 
Fig. A - 4:   Datalogger RemoteControl with cable. Box (from left to right): (1) Switcher position "STP" = 
STOP, "S/S" = RECORD; (2) LED; (3) Switcher "MARK" 

 

MEMORY CARD (2 MB) and MEMORY CARD BATTERY (3V, BR2325) 

 
Fig. A - 5:   Memory Card with Battery (Type: BR2325, 3V) 
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BATTERY-PACK for DATALOGGER- and RF-EM RECEIVER-power supply 

 
Fig. A - 6:   Front panel of BATTERY-PACK with "ON/OFF Switcher", Fuses and Sockets for power supply 
cables to DATALOGGER and RECEIVER. Pack includes two 12 Volt PB Accus. 

 

CABLE 1: GRADIENT ANTENNA ↔ RECEIVER 

 
Fig. A - 7:   Cable1: Connection between ANTENNA and RECEIVER. Left plug connects to ANTENNA; right 
plug connects to RECEIVER. 
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CABLE 2: BATTERY PACK ↔ RECEIVER 

 
Fig. A - 8:   Cable 2: for power supply of the RECEIVER. 

 

CABLE 3: DATALOGGER ↔ RECEIVER, BATTERY PACK (has 3 plugs) 

 
Fig. A - 9:   Cable 3: for power supply of DATALOGGER and data transfer from RECEIVER to DATALOGGER. 
Plugs to connect to (from left to right): (1) DATALOGGER back panel; (2) BATTERY-PACK; (3) RECEIVER 
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CABLE 4: Battery Pack Charging Cable 

 
Fig. A - 10:   Cable 4: for charging the Battery-Pack. Use chargers for PB Accus! 

Operating procedure 
Important Note: When making connections to the BATTERY-PACK, always plug in 
the cable to the device first, then afterwards to the BATTERY-PACK in order to 
prevent short circuits caused by the open end of the cable touching the (wet) 
ground or grass! 

Assembling the system 
1. Connect ANTENNA to RECEIVER with CABLE 1. 

2. Connect RECEIVER to BATTERY-PACK with CABLE 2 

3. Connect REMOTE CONTROL to DATALOGGER 

4. Connect DATALOGGER to RECEIVER with CABLE 3 (Data Plug) 

5. Connect DATALOGGER to BATTERY-PACK with CABLE 3 (Battery Plug) 

6. Plug in MEMORY CARD into DATALOGGER slot (check MEMORY CARD 
BATTERY before with voltmeter) 

7. Deactivate the write protection of the MEMORY CARD 

Carrying out measurements 

Preparation 
1. Switch on RECEIVER 

2. Choose frequency 

a. Transmitter position should be parallel to assumed structure strike 
direction and vertical to profile direction to guarantee E-Polarisation 
situation). Two frequencies can be pre-tuned. 
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3. Check transmitter orientation with the help of signal sound: 

a. Turn ANTENNA (antenna-switcher position "GR", Fig. A - 1) to find 
the sound minimum: The "transmitter-direction-label TX" indicates 
then the transmitter orientation with an uncertainty of 180°. 

b. Once the transmitter orientation is checked, push the "antenna-
switcher" to the position "REF+GR" (Fig. A - 1). This is then the 
signal maximum position, which is used for the measurement. Note: 
The "TRANSMITTER-DIRECTION-LABEL TX" has to show into the 
real position of the remote radio transmitter (known from lists); 
otherwise, the recorded signals are of switched mathematical 
signs. If the real position is unknown, make sure that for all profiles, 
which are carried out with the same frequency, the arrow is 
consistently orientated towards the same direction. The real 
orientation can be figured out later by comparing the results from 
known transmitters. If necessary, the recorded data may be corrected 
by multiplying with -1. 

4. Choose DATALOGGER frequency (Fig. A - 3) 

a. 1 Hz mode: Inphase, Quadrature and Reference Signal is stored. 

b. 4 Hz mode: Inphase and Quadrature is stored. 

5. Switch DATALOGGER power on (switcher at BATTERY-PACK; Fig. A - 1) 

6. Wait one minute for finishing of MEMORY CARD erasing 

Profiling and using the Remote Control 
7. Start walking and push left switcher on REMOTE CONTROL down to position 

"S/S" to start recording (Fig. A - 4). 

a. Check, if the red LED on the REMOTE CONTROL blinks (slow at 1 Hz 
mode, fast at 4 Hz mode). If the LED does not blink, check the 
system. 

8. Use the "MARK" switcher to make marks in the recorded data. 

a. The marks can later be used for converting the samples into 
distances (view "VLF-EM" program package in the appendix of 
Stiefelhagen (1998)). 

b. The marks may also be used to record the position of geographical 
prominent features along profiles. 

9. If for any reason you have to stop recording on a profile, switch the left 
switcher on the REMOTE CONTROL back to the position "STP". 

a. To continue the profile just switch to "S/S" again. 

10. End of profile: Switch to position "STP" and make a MARK afterwards. 

a. This switcher sequence creates an "End Of Profile-Mark" in the data 
and opens a new file for recording the next profile. 
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Downloading the data 
11. Activate the write protection of the MEMORY CARD 

12. Switch off DATALOGGER power on the BATTERY-PACK 

13. Remove the MEMORY CARD out of the DATALOGGER 

14. Deactivate the MEMORY CARD write protection and plug in the MEMORY 
CARD into the PCMCIA slot of a PC, where the "VLF-EM" program 
package is installed. 

15. Use the command "bt" to download and convert the data from binary to 
ASCI format (further necessary details in Stiefelhagen (1998)) 

Once the DATALOGGER power was switched off, the MEMORY CARD will be erased 
when switching the power on again (view step 6: one minute waiting time!). 

VLF-EM program package 
The detailed explication can be found in Stiefelhagen (1998). The program was 

originally written for the Microsoft platforms DOS, Windows 95 and Windows 98. For 
the use under Windows 2000 some little modifications must be done manually. The 
program package must be installed from Floppy Disks. To create a three-disk installation 
set, copy the content of each of the folders "install", "install2" and "sinstall", which are 
found on the "PhD CD-ROM", to one floppy disk respectively. 

To install the program, run the command "VLF_INST.BAT" from the "install" or 
the "sinstall" (lighter version without source codes) floppy disk. During the installation 
process, the AUTOEXEC.BAT file is modified. Under Windows 2000 skip this step. 
These modifications must be done manually in the "Environmental Variables" mask of 
the system properties under Windows 2000. The sample parameters are found in 
AUTOEXEC_VLF-EM_WIN98.BAT, which is also stored on this "PhD CD-ROM". Use 
these values. 

Some of the default installed batch files (BT.BAT, GNUPLOT.BAT and TX.BAT) 
must be modified to run under Windows 2000. The appropriate files can be found on this 
PhD CD-ROM. 
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