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Abstract: Natural electromagnetic radiation (EMR) impulses are emitted from rocks under stress. Electromagnetic
emission may start during crystal deformation prior to and during the nucleation phase of nanocracks. The emission
direction is either parallel with or normal to the crack surfaces. The EMR magnetic component is measured by the sensor
or aerial of an instrument, the Cerescope, at frequencies from 5 to 50 kHz. Measurements at the surface show directions
of recent stresses remarkably well. A calibration of EMR intensity in terms of stress magnitude is possible in tunnels,
where the overburden pressure can be calculated. Two examples from the Upper Rhine Graben and NW India show
EMR line measurements. In both cases, stress concentrations at fault or bedding surfaces can be detected. These surfaces
can be regarded as tectonically active. Two further examples of EMR determinations in tunnels give more detailed
information on the regional stress field. The example from the Swiss Jura fold-and-thrust belt shows directional results,
with different directions beneath and above the regional detachment horizon at the base of the belt. The example from
central Scandinavia shows a late Caledonian shear zone as a boundary between two recent stress domains, and gives
absolute values of stress.
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it. In this example, the EMR propagation direction is normal
to the crack. The EMR signal is composed of an electric
and a magnetic component, which are both normal to each
other and to the EMR propagation direction. The magnetic
component is measured by the sensor or aerial of an
instrument, which is called the Cerescope (see below).
Although the physical explanation is not always
straightforward, it is now well established that EMR
directions can be related to the directions of nanofractures
and their causative stresses (e.g. Bahat et al. 2005;
Lichtenberger, 2006c). As a consequence, EMR
measurements may be evaluated in order to determine the
directions of recently active stresses and the regional stress
field. Single EMR impulses may last a few milliseconds
(ms). Groups of such electromagnetic impulses at a 100ms
time scale are called bursts. Single impulses can be related
to low stress. Bursts indicate relatively higher stress (Frid,
1997, 2001; Bahat et al. 2005; Lichtenberger, 2006c).
Accordingly, measurements of EMR intensity can also be
used to compare relative intensities and thus values of
stress. In that way, zones or areas of relatively high recent
stresses may be located. Therefore, EMR determinations

INTRODUCTION

During the last few decades, field observations and
laboratory experiments have shown the existence of natural
electromagnetic radiation (EMR), which is emitted from
rocks under stress. The nature of such EMR pulses is well
known from laboratory experiments (e.g. Rabinovitch at al.
1996, 2002; Bahat et al. 2005, and references therein): the
closer a material is brought to its limit of fracture strength
and to frictional sliding the more nanofractures are formed
and the more electromagnetic pulses are emitted.
Electromagnetic emission may also start during crystal
deformation prior to and during the nucleation phase of
nanocracks. Due to the cracking of bonds between ions, a
polarization occurs at the cracks. Any relative movement of
the polarized crack walls gives rise to the emission of EMR.
Since this relative movement of the crack walls is controlled
by the crack orientation, the emission direction of EMR is
also related to the crack orientation. Therefore, the EMR
emission direction is either parallel with or normal to the
crack surfaces (e.g. Lichtenberger, 2006a, c; Reuther and
Moser, 2007). Figure 1 gives a schematic view of a rock
volume with a crack or fracture and EMR originating from

JOURNAL GEOLOGICAL SOCIETY OF INDIA
Vol.75, January 2010, pp.278-288

0016-7622/2010-75-1-278/$ 1.00 © GEOL. SOC. INDIA





JOUR.GEOL.SOC.INDIA, VOL.75, JAN. 2010

280 REINHARD  O.  GREILING AND  HENNES  OBERMEYER

in a rough terrain or underground. The aerial can also be
adjusted for drill hole measurements.

MEASUREMENT  METHODS

If the Cerescope sensor or aerial is aligned parallel with

nanofractures emitting EMR, it will register their
corresponding impulses at a maximum intensity. However,
if the aerial is pointed downwards, towards the earth’s
surface, it will pick up a bulk signal. This bulk signal
corresponds to a particular “bulk stress magnitude”.
The Cerescope allows to measure consecutively at a time
interval of 1 second (s). In that way, measuring points can
be combined into line measurements, similar to other
geophysical measurement methods (e.g. Parasnis,1996;
Milsom, 2003). As a result, the measured line shows relative
EMR intensities or stress values. Peak values indicate stress
concentrations and may be interpreted as loci of active or
potentially active fracture surfaces. A symmetric peak
can be related to a vertical surface, oblique peaks may
be related to inclined fracture surfaces (see below and
Figs. 4b, 5c).

Orienting the Cerescope aerial in a horizontal position
allows to determine directions and relative magnitude of
horizontal stresses. Such horizontal measurements are best
performed along a (horizontal) full circle at 5º or 10º
intervals, depending on the desired accuracy. Results can
be compiled into a direction rose (Fig. 3a). In general, one
to four major peaks can be observed. As outlined in detail
by Lichtenberger (2006c) and Reuther and Moser (2007), a
single peak is interpreted as due to extensional fractures. As
a consequence, the direction of the fractures is parallel with
that of the maximum horizontal stress. Two or four peaks
can generally be related to shear fractures. In that case, the
maximum horizontal stress direction is in the direction of
the bisector of two conjugate peaks.

Similar to the horizontal directional measurements,
EMR may also be determined in a vertical circle in the
underground, for example in a tunnel. There, the vertical
circle is oriented normal to the tunnel axis (Fig. 3b). In
general, results show four conjugate peaks at c. 45º, 135°,
225°, and 315°, respectively, counting from the top at 0°.
These peaks can be related to a set of conjugate shear
fractures, striking along the tunnel axis and dipping 45°
towards either side (Lichtenberger, 2006a, b, c). As a
consequence of this shear fracture and stress distribution in
a tunnel, line measurements along a tunnel axis should be
performed with the aerial inclined at c. 45º in order to pick
up a good EMR signal (see Fig. 3c and Lichtenberger, 2006a,
b, c).

Measurements at the surface show directions of recent
stresses remarkably well (e.g. Obermeyer et al. 2001;
Reuther et al. 2002; Lichtenberger, 2006a, b, c; Reuther and
Moser, 2007) but not their absolute magnitude. However, a
calibration of EMR intensity in terms of stress magnitude is
possible if the value of the vertical component can be

Fig.2. Details of the Cerescope instrument for EMR detection and
processing. (a) Layout of Cerescope for natural EMR
determination and evaluation, with aerial (signal input) at
top left and data output either acoustically (right) or as data
files (bottom left). CPU: Central Processing Unit, RAM:
Random Access Memory, ROM: Read-Only Memory,
LCD: Liquid Crystal Display, RS232: Serial Port.
(b) Photograph of Cerescope instrument and sensor/aerial.
The latter is 30cm long, excluding the handle. (c) Display
of Cerescope (detail of b, LCD of a), showing the full range
of frequencies between 5 kHz and 50 kHz. The operator
may change the size and position of the band-pass filter in
order to exclude unwanted, anthropogenic signals.
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determined. Lichtenberger (2005; 2006b) showed that the
shear stress in a tunnel is at a minimum, where the
overburden pressure is equal to the maximum horizontal
stress. He calculated the overburden pressure from the
height of the rock column above the tunnel at the shear stress
minimum. This value corresponds not only to the vertical
stress component but is also equal to the horizontal stress
component normal to the tunnel.

HORIZONTAL,  DIRECTIONAL  EMR  MEASURE-
MENTS AND  STRUCTURAL APPLICATIONS

In order to show the application of EMR line
measurements, two examples are outlined here. One of these
is from the Upper Rhine Graben (Germany), a major
continental rift with both extensional and strike-slip
components. The second example is from the Kachchh area
in NW India, where recent compressional and strike-slip
deformation is well documented.

Marginal  Fault  of  the  Upper  Rhine  Graben  Rift

The Upper Rhine Graben (URG) is a major continental

rift in central Europe, which
extends for almost 300 km in
length and c. 40 km in width. It is
bound in the east by the Black
Forest and Odenwald hills, in the
west by the Vosges and Pfälzer
Wald hills, which form the
morphological expression of the
rift shoulders. The present rift
basin floor is covered by
Quaternary sediments, which, in
places, are fringed by Paleogene
and Neogene rocks. Information
on the structural evolution and
stress distribution of the URG is
available from earlier studies (e.g.
Schumacher, 2001; Dèzes et al.
2004; Rotstein et al. 2005;
Cardozo and Behrmann, 2006).
Accordingly, the early evolution
started with extension in E-W
direction during Paleogene times.
Subsequent sinistral transform
movement terminated before Plio-
Pleistocene times. The irregular
geometry of the active faults in the
URG caused along-strike changes
in deformational character, with

Fig.3. EMR measurement methods. (a) Horizontal, directional measurement, with display
from 0º to 360º and corresponding direction rose. (b) Vertical directional measurement
in a tunnel, data output as in (a); 1: Cerescope sensor/aerial, 2: Cerescope instrument,
3: clinometer. (c) Linear measurement in a tunnel with the aerial inclined at c. 45º;
numbers as in (b).

local transpression in the south, mostly strike-slip movement
in the centre, and transtension in the north. Following
Schumacher (2001), the northern part of the URG is a pull-
apart basin with N-S extension. Other studies, however,
documented an E-W asymmetry, with subsidence
concentrated at the eastern margin of the northern URG
(e.g. Haimberger et al. 2005; Peters and van Balen, 2006;
Peters, 2007). According to Dèzes et al. (2004) and
Reinecker et al. (2004), regional horizontal stresses are
compressive, with a maximum in NW-SE direction
(Fig. 4a). In addition, recent stresses are also influenced by
local fault geometries and easy-slip horizons (see discussion
by Ritter et al. 2007).

Whilst the overall structure of the rift is well established,
it is difficult to determine the active faults of the rift in detail.
Therefore, the second author of this paper covered a number
of sections within the rift and at the rift margins with EMR
line measurements. One of these sections across the eastern
rift margin is displayed in Figure 4b. It shows the major rift
margin fault as a steeply W dipping structure. In addition,
minor faults in the adjacent rift shoulder can also be
identified. They dip steeply towards the rift.
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EMR  at  Intraplate  Compressional  Structures in the
Kachchh  Region,  NW  India

As an example of EMR results in an area of recent
convergence and transpression, Figure 5c shows a section

across a thrust fault and related anticline from the Kachchh
Mainland Fault (KMF) in the Kachchh basin of NW India
(Fig. 5b). The Kachchh basin originated as a rift basin with
subsidence along normal faults and sedimentary infill. A
subsequent inversion stage led to buckling, uplift, block
rotation along normal faults (Biswas, 1987), and fault-related
folding along the thrusts (Mathew et al. 2006; Karanth and
Gadhavi, 2007). The Kachchh basin is also known for its
recent recurrent earthquake episodes and has experienced
moderate to large earthquakes from historic to modern times
(Malik et al., 1999; Karanth et al. 2001; Biswas and Khattri,
2002). Therefore, the Kachchh basin provides a classic
example of structural inversion. The inverted faults trend
E-W, and associated ridges represent fault-related anticlines
(Mathew et al. 2006). The forelimbs and backlimbs of these
anticlines show slickensides associated with bedding parallel
shear surfaces. In places, graben structures are observed
along the hinge zone of anticlines due to tensile fracturing.
The section (Fig.5c) is taken from the recent work by Mallik
et al. (2008) and shows EMR signals, which are emitted
both from low angle surfaces and from more steeply inclined
surfaces. Whilst the low angle surfaces can be correlated
with bedding-slip surfaces, the steeply dipping surfaces
correspond to extensional faults observed at the fold hinge
(Mallik et al. 2008; Fig.5c).

VERTICAL  SECTION  EMR  MEASUREMENTS  IN
TUNNELS AND  3D  STRESS  DISTRIBUTION

As outlined above, EMR deter-minations in the
underground may be performed by taking directional
measurements along a vertical circle, normal to the tunnel
axis (Fig. 3b, c). Apart from the engineering geological
results in terms of tunnel stability, such EMR data also
provide information on the regional stress field both with
regard to its direction and its magnitude. The first example
from the Swiss Jura shows directional results, whilst
the second example from Scandinavia also gives stress
values.

The  Swiss Jura  Fold-and-Thrust  Belt

The Swiss Jura is part of the marginal fold-and-thrust
belt of the Alpine orogen and one of the classic examples of
a thin-skinned fold-and-thrust belt (e.g. Mosar, 1999; Becker,
2000; Madritsch et al. 2008). It overlies autochthonous,
crystalline basement of Variscan age with a discontinuous
cover of late Permian and early Triassic clastic sequences.
Mid- to late-Triassic evaporites acted as detachment
horizons, mostly “Gipskeuper” in the S and anhydrite of
mid-Muschelkalk age in the N. The overlying sequences of

Fig.4. (a) Tectonic map of the north-central part of the Upper
Rhine Graben rift with available data on maximum
horizontal stress directions (Reinecker et al. 2004;
Lichtenberger, 2006b). The locations of the section in (b)
and of the Heidelberg research drill hole (see Fig. 8) are
indicated. (b) EMR section across Rhine rift marginal faults
at Grötzingen, NE of Karlsruhe (49°01'37.45"N
08°30'40.45"E to 49°01'36.22"N 08°30'46.96"E).
Horizontal length in m, vertical scale in arbitrary energy
units. Thick dashed lines show interpretation of anomalies
as due to zones of stress concentrations and potentially
active faults.
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Jurassic limestones with subordinate
shales were thrusted and folded at a late
stage of Alpine orogeny in late Neogene
times. The Swiss Jura occupies the NW
corner of the orogen, at the northern end
of the western Alpine arc. Accordingly, the
folds and thrusts curve from E-W
directions in the E to N-S in the SW (Fig.
6a, b), and reflect tectonic transport from
the interior of the orogen in the SE towards
the foreland. Folds dominate in the western
part and thrusts in the north-east. Strike-
slip faults acted as transfer zones between
folds and thrusts. From this deformation
pattern, the syn-deformational maximum
horizontal stress directions can be
assumed as normal to the folds and thrusts,
i.e. radially away from the centre of the
western Alpine arc.

Determinations of the recent stresses
show a different pattern, with two distinct
directions of maximum horizontal stress,
N-S in the centre and the SW of the arc,
and NW-SE in the SE, E, and NW of the
Jura belt (Becker, 1999; 2000). Sub-
sequent work by the second author of this
paper in road and railway tunnels allowed
to deter-mine maximum horizontal
stresses at numerous further locations and
at different structural levels within the
Swiss Jura and its autochthonous foreland
(Fig. 6). Results from autochthonous
basement rocks and their cover show fairly
uniform NW-SE directions (N135ºE ± 5º).
This direction compares well with the
results of earlier stress determinations by
other, traditional methods and by
earthquake data (e.g. Becker, 1999; 2000;
Reinecker et al. 2004, Madritsch et al.
2008). These directions are also typical
for the wider region of the European
plate north of the Alps (compare with
Reinecker et al. 2004, and Lichtenberger,
2006a, b, c). In contrast to these stress
directions, results from the allochthonous
rocks of the fold-and-thrust belt show
maximum horizontal stress directions
varying from N-S to NE-SW (c. N05ºE-
N50ºE). These recent stress directions in
the allochthonous rocks are generally

Fig.5. (a) Location of the Kachchh area (box) within the stress provinces of central
southern Asia: Mid-Continental Stress Province (MCSP), Southern Shield (SS),
Bengal Basin (BB) and Assam Wedge (AW). (b) Major fault zones of the Kachchh
area (thick, dashed lines) and the direction of the recent maximum horizontal
stress (open arrows), redrawn from Mallik et al. (2008). NPF: Nagar Parkar
Fault, ABF: Allahbund Fault, IBF: Island Belt Fault, GF: Gedi Fault, KMF:
Kachchh Mainland Fault, SWF: South Wagad Fault, KHF: Katrol Hill Fault,
NKF: North Kathiawar Fault. The location of an EMR section across the KMF
at Kas as shown in (c) is indicated. (c) EMR section measurements across the
antiform overlying the blind fault tip of the Kachchh Mainland thrust fault (KMF),
redrawn from Mallik et al. (2008). The section was measured twice in order to
test the reliability and variation of the EMR results. Grey lines show the
interpretation of anomalies as due to layer-parallel slip surfaces (shallow dips)
at the steep limb of the KMF tip fold and extensional fractures at the hinge and
the shallow limb (steep dips). The third section at the bottom gives a schematic
view of the structure, inspired by Mathew et al. (2006) and Karanth and Gadhavi
(2007).
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oriented subparallel with adjacent strike-slip faults
(Fig. 6b).

These data imply that the detachment horizon at the base
of the Swiss Jura fold-and-thrust belt presently acts as a
boundary between two tiers, which have distinctly different
stress fields. This result is consistent with observations by
Madritsch et al. (2008) of local decoupling between
basement and cover in the area adjacent to the west. These

authors presume a thick-skinned recent tectonic activity at
a regional scale, due to compression and underplating in
the Alpine foreland. Alternatively, the stress pattern in the
upper tier may be gravity driven and caused by the
topographic load of the Alps in the S and SE.

Neotectonics  in  a  Part  of West-central  Scandinavia

The western margin of Scandinavia is dominated by

Fig.6. Tectonic maps of the NE and central Swiss Jura fold-and-thrust belt and available data
on recent maximum horizontal stress directions (shown as thick black lines) from (a)
the tier below the basal detachment and (b) above the detachment (compiled from
Becker, 1999, 2000, and Obermeyer, unpublished data). (c) Example of EMR directional
data from the tier below the detachment of the Swiss Jura, in the adjacent Black Forest
(Rickenbach, 47°37'0.75"N 7°57'1.61"E). The location of the diagram is indicated on
(a), scale in arbitrary energy units.

the Scandinavian Caledonides of
Palaeozoic age, which overlie the
older continental basement of the
Fennoscandian  Shield. This area is
a classic one for plate tectonics and
the Wilson cycle, where the break-
up of Rodinia, the formation and
subduction of the Iapetus Ocean, the
formation of Laurussia, and, finally,
the development of the North-
Atlantic Ocean are well documented
(see Gayer, 1985; 1989; Gee and
Sturt, 1985; Lundqvist and Autio,
2000; Eide, 2002; Roberts et al.
2007). The most obvious structural
imprint is that of Caledonian
convergence, compression, and
transpression. However, these
structures were reactivated and/or
overprinted by late Caledonian
extension and by subsequent brittle
deformation throughout Mesozoic
and Cainozoic times (e.g. Fossen
and Rykkelid, 1992; Eide, 2002;
Osmundsen et al. 2003). Recent
tectonic activity, as it is expressed
by post-glacial faults and recent
earthquakes, may either be related
to the effects of post-glacial rebound
following the removal of the load of
the late Pleistocene inland ice, or to
plate tectonic effects, probably the
ridge push of the North-Atlantic
mid-ocean ridge (e.g. Eide, 2002;
Fredén, 1994).

During a sequence of EMR
surface measurements it was also
possible to determine EMR in a
tunnel, the Steinf-jellet road tunnel
in NE Trøndelag, Norway. This
tunnel cuts across one of the major
Caledonian shear zones, the nappe

Central Swiss Jura
Fold Belt

Faults

Traces of anticlines

Thrust

Molasse

Sediments of the Upper Rhine Graben

Mesozoic rocks
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boundary between the Upper and the Uppermost
Allochthons, which also represents the suture between
oceanic (Iapetus) terranes , and a continental, active
margin terrane (Laurentia, Roberts et al. 2007). This suture
acted as a compressional shear zone during Caledonian
convergence and was overprinted by late Caledonian
transtensional deformation (Osmundsen et al. 2003).
Subsequently, it may have been reactivated during strike-
slip movement at the Møre-Trøndelag fault zone in Mesozoic
times, and during extension in the North-Atlantic realm
during Mesozoic and Cainozoic times (e.g. Eide, 2002).
Figure 7a shows the location of the Steinfjellet tunnel in

west-central Scandinavia together with the available
directions of recent maximum stresses, which are WNW-
ESE to NW-SE. The results of EMR cross section
measurements in the Steinfjellet tunnel are compiled in
Fig.7b. The height of the overburden allows to calculate
the vertical stress component. Based on this information,
the EMR signals can be related to maximum shear stress
values (Lichtenberger 2005; 2006b; see also section
measurement methods, above). A significant change in
impulse numbers and stress magnitude occurs at c. 900m
southeast of the northwestern tunnel entrance, with a sudden
increase from less than 2000 to more than 3000 (Fig.7b). At

Fig.7. (a) Map of central Scandinavia with available stress data, compiled from Reinecker et al. (2004) and Lichtenberger (2005,
unpublished report). Parts of the Nesna Shear Zone and the Møre-Trøndelag Fault Complex, respectively, are taken from Osmundsen
et al. (2003). Note location of Steinfjellet tunnel cutting across the Nesna Shear Zone. (b) EMR results from the Steinfjellet
tunnel, between 64°53'17.40"N 13°12'51.60"E (left) and 64°54'23.40"N 13°15'15.60"E (right), redrawn from Lichtenberger
(2005, unpublished report). For location see (a). Note a distinct change in the anomaly pattern at around 900m from the northwestern
entrance, where the Nesna Shear Zone is located.
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this position the major structural boundary between the
Upper and Uppermost Allochthons, which was reactivated
as the late Caledonian Nesna Shear Zone, has been mapped
at the surface, i.e. above the tunnel (e.g. Osmundsen et al.
2003). Accordingly, the observed change in stress indicates
the location of the major, regional shear zone or fault. As is
obvious from the stress results, this shear zone is also a
boundary of different recent stress domains. Therefore, it
can be regarded as still being active and in a state of
reactivation.

DISCUSSION

The presented examples show EMR determinations and
their results, which can be interpreted in terms of recent

stresses and their spatial distribution. These results are useful
for solving problems of applied geology, for example, stress
concentrations in tunnel walls, which may lead to failures,
or the distribution of stresses at slopes, which may indicate
active slides or similar phenomena. Applications of EMR
during the last decade have demonstrated their use and
reliability (see, e.g. Frid 1997, 2001; Liu and He, 2001;
Obermeyer et al. 2001; Lauterbach 2002; Bahat et al. 2005;
Wang et al. 2005). Figures 5c and 8a show the good
reproducibility of EMR measurement results.

However, for future scientific applications it will be
necessary to add detailed structural geological studies. At
the outcrop scale, the distribution and orientation of
fractures, joints, and faults are an important complement
(e.g. Lichtenberger 2005). Similarly, microstructural

Fig.8. (a) EMR signals at two fixed stations, located at the Heidelberg research drill hole (49°25'
37.64"N 8°39'43.70"E, location on Fig.4a; horizontal scale in hours, vertical scale in arbitrary
energy units). The black curve at the top refers to the station at the drill site itself (scale at left),
the grey one (bottom, scale at right) to a station 5km farther north. Note good comparability,
even for an exceptionally high signal, which is probably anthropogenic. (b) EMR signals over
24 hours (June, 20th to 21st, 2008) from the Heidelberg drill site, as in (a). Note strong variation
in intensities, which may represent both tectonic, “spheric”, and anthropogenic signals.

studies will have to show the
character and distribution of
fractures as related to the rock
fabric and individual mineral
grains (e.g. Mallik et al. 2008).
Ultimately, electron micro-
probe studies may be carried
out towards the aim of
documenting the very frac-
tures that emit the measured
EMR signals. In that way, it
may be possible to provide
positive evidence on the
origin of EMR from fracturing
minerals or rock materials.
Such evidence is also needed
in order to advance a theoreti-
cal physical model for the
origin of EMR (see discus-
sions by Bahat et al. 2005;
Lichtenberger, 2006c).

A different aspect
concerns continuous obser-
vations of EMR signals and
their possible variations with
time, for example, depen-
dence on tidal movements or
extraterrestrial, astronomic
influences. Detailed measure-
ments over time intervals of
hours showed variations,
which may be relatively small
and perhaps related to earth
tides (Fig. 8). However, there
are also more intense distur-
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bances, which may last for seconds (e.g. peak in Fig. 8a),
but which may also cover periods of hours (e.g. variations
in Fig. 8b, in particular some “lows”; see also Lichtenberger,
2006b, c). These disturbances, sometimes called “spherics”,
call for continuous observations of EMR signals. Such
observations may help to show whether EMR variations are
related to variations in lithospheric stress at different
time scales (e.g. Bahat et al. 2005; Rabinovitch et al. 2007),
and may reflect stress variations during and between
earthquake events.
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