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Introduction

Researchers have used a wide variety of geop-
hysical methods to address the problem of
detecting bedrock fractures (e.g. Warrick &
Winslow 1960, Zohdy & Jackson 1969, Palacky
et al. 1981, Aubert et al. 1984). The location of
fractures is essential in the initial stages of the
investigation of water resource potential.
However, very little work has been focused on
the combined use of various methods for fracture
location. At the Geological Survey of Norway, the
applicability of several geophysical methods has
been studied (Renning 1985). These include
refraction seismics, electromagnetic methods
(VLF & slingram), resistivity methods and mag-
netic profiling. The introduction of the ground-
penetrating radar has further contributed to the
delineation and mapping of bedrock fractures
(e.g. Davis & Annan 1989).

A test-site at Utengen, Hvaler, southeastern
Norway, has been subject to geophysical investi-
gations using several methods. The main objecti-
ve of the study was to evaluate the suitability of
the various methods in the mapping of bedrock

fractures. )

Utengen test-site

Utengen is situated on the northwestern penin-
sula of the island of Kjerkay at Hvaler in southe-
astern Norway (Fig. 1). The lithology is domina-
ted by the Precambrian Iddefjord Granite.
Several locations in the Hvaler area have been
subject to extensive hydrogeological investigati-
ons (e.g. Banks & Rohr-Torp 1990, Banks et al.
1992, 19934, b). Utengen was one of these loca-
tions. It was chosen for detailed geophysical
investigations because it lies at the intersection
of several fracture lineaments, and also because
the central part of the site is covered by thin
Quaternary deposits, allowing us to investigate
the performance of geophysical methods
through such a sediment cover (Banks et al.
1993c). The geophysical results from Utengen
are reported by Lauritsen & Ronning (1992) and
Banks et al. (1993c).

Geophysical methods
The following is a brief outline of various geophy-
sical methods applied to mapping of fractures.
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Fig. 1. Location of the investigated area at Utengen.
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Fig. 2. Surface and borehole geophysics from the Utengen test-site. Left column: VLF (A), magnetics (B), resistivity (C), GPR (D).
Right column: formation resistivity (E), SP (F), fluid resistivity (G), temperature (H).
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More comprehensive descriptions of the met-
hods can be found in standard texts, e.g. Telford
et al. (1976) and Kearey & Brooks (1991).

Refraction seismics

Among other parameters, the seismic refraction
method yields information about acoustic wave
velocities in bedrock. Fractures are associated
with velocity lows. This can be an accurate met-
hod in determining fracture position and the
degree of fracturing. The method is, however,
relatively expensive.

Very low frequency electromagnetic
profiling (VLF)

This method utilises electromagnetic (EM) fields
from military transmitters. Due to electrical con-
ductors, a secondary field is superimposed on
the primary field creating an anomaly which can
be detected on a receiver. Fractures commonly
act as electrical conductors due to increased
porosity. A general disadvantage of the method
is that spurious anomalies can be generated by
numerous sources other than fractures, such as
electrically conductive overburden, mineralizati-
ons, power-lines and severe topography.

Magnetic profiling

The method can only be employed in areas whe-
re the bedrock has some content of magnetite.
Fractures are normally associated with magnetic
lows due to oxidation and hydration of magnetite
(Henkel & Guzman 1977). The method should
be used with great care in areas with overbur-
den. Sediments are usually non-magnetic, and
an increase in thickness will also give rise to
magnetic lows.

Resistivity profiling

Fractures generally have lower electrical resisti-
vity than fresh bedrock, and will appear as resis-
tivity lows on resistivity profiles. The method
offers information on fracture location and thick-
ness. The main disadvantage with this method is
the strong influence of conductive overburden
which, if present, masks the response from the
underlying bedrock.

Ground-penetrating radar (GPR)

GPR transmits electromagnetic pulses into the
ground and records reflections from interfaces
separating layers of different dielectric properti-
es. The dielectricity increases with increasing
water content. Fractures normally have a higher
water content than the surrounding non-fractured
bedrock, and may therefore be seen on GPR
records. The method is not suitable in areas with
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electrically conductive overburden (e.g. marine
clay) because of energy absorption.

Borehole geophysics

Several logging methods have been developed
to give a great amount of downhole information.
The Geological Survey of Norway applies a sim-
ple data acquisition system, measuring formation
resistivity with three different electrode configu-
rations. The system also records fluid resistivity,
temperature and self potential. Recorded data
can provide information on the location of fractu-
res/fissures in bedrock and the sites of water
inflow.

Results

The test profile is shown in Fig. 1. Data from
each applied method are shown in Fig. 2. A rise
in the VLF-Re curve (Fig. 2A) from position 20 is
caused by a power-line at position -20. A steep
dip in the curve from positions 60 to 80 is inter-
preted to be caused by a conductive zone in the
ground. Small variations in the VLF-Im curve
(ellipticity) indicate moderate conductivity.

Magnetic data (Fig. 2B) show irregularities
from positions 0 to 30 due to the power-line. A
magnetic low from positions 50 to 80 coincides
with the VLF anomaly. The magnetic low is pro-
bably caused by a combination of fractured
bedrock and increased soil thickness as indica-
ted by a GPR record (not shown).

The resistivity profile (measured with gradient
configuration, Fig. 2C) has a low from positions
45 to 80. This coincides with both VLF and mag-
netic anomalies, but also with increased soil
thickness. Soil resistivity measured by a pole-
dipole configuration is in the order of 30-50
ohmm, while the bedrock has a resistivity in the
order of 2000-4000 ohmm. Modelling of VLF,
magnetic and resistivity data (not presented
here) shows that the anomalies can be explained
by overburden material alone with a maximum
depth of 5 m. However, from GPR profiling the
soil thickness is interpreted to be less than 2 m
which means that the anomalies are partly cau-
sed by bedrock fracturing. In glaciated terrain,
outcropping fracture zones are commonly ero-
ded by ice making a depression in the bedrock
surface. Thus, the overburden is often thicker
above fracture zones.

The GPR record is shown in Fig. 2D, and it is
presented with the subtraction of neighbouring
traces to enhance dipping reflectors. The record
reveals reflectors dipping in both directions. The
reflectors are probably representing bedrock
fractures. The fractures appear most densely
distributed between positions 60 and 90.
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Fig. 3. Interpretation of the GPR record.

Reflectors are not as steep as they appear due
to differing length and depth scale. True dips are
in the order of 20-30°. The good penetration is
rather surprising due to the low overburden
resistivity (30-50 ohmm).

Borehole geophysics has been performed in a
borehole shown in Fig. 1. A section showing the
borehole on the interpreted GPR record is pre-
sented in Fig. 3. Resistivity lows (Fig. 2E) can be
seen at depths of 7, 9 and 25-27 m. The first two
of these correspond with reflections on the GPR
record. The deepest reflector had to be migrated
to match the resistivity log. The SP log (Fig. 2F)
indicates porous structures at 5-7.5 and 25-33
m, coinciding with the position of resistivity ano-
malies. Fluid resistivity (Fig. 2G) and temperatu-
re (Fig. 2H) logs are anomalous at 7 and 9 m
indicating water inflow. The largest fluid resistivi-
ty anomaly is at a depth of 9 m. There is no indi-
cation of water inflow at 26 m. Results from bore-
hole geophysics correspond with observations
made during drilling, where fractures were
encountered at 7.5 and 9.3 metres.

Conclusions

At the Utengen test-site, several geophysical
methods have been employed for the detection
of bedrock fractures. The results are in good
agreement with the location of fractures actually
penetrated during drilling, and confirmed by
borehole geophysics. VLF, magnetics and resis-
tivity all gave anomalies in an area which could
be explained by a combination of overburden
and bedrock fracturing. Ground-penetrating
radar was particularly successful at detecting
low-angle fractures even with low overburden
resistivity. The combined use of geophysical
methods yielded most information.
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