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Preface

The book Dynamic Tectonics and Karst is designed for scientists, professionals, and
students, working in the field of karst science, tectonics, geomorphology, and
paleoseismology. It tries to systematize the gained knowledge about the relationship
between karst and dynamic tectonics and to present new approaches to the study of
this relationship.

The structure of the book is summarized in the following chapters:

• Chapter 1 is an introductory chapter. It outlines the history of the accomplished
studies dealing with the relationship ‘‘karst and tectonics.’’ This relationship was
mentioned even in the works of the first karstologists at the end of the nineteenth
century. During the last three decades, the study of the dynamic tectonics and
recent geodynamics in karst terrains was a theme of different publications but not
systematized in a complete monograph. We hope that significant contributions to
this field are referred, and especially the less known publications from East
European authors will be of interest for the readers.

• Chapter 2 discusses the fundamental notions related to tectonic stress fields and
the applicable methods for field studies of the relationship ‘‘tectonic stress ?
fracturing ? karst process.’’ Basic theoretical information is given for the
electrical anisotropy of rocks and for earthquake mechanisms in the Earth’s crust
as phenomena that help a lot the correct organization in time and space of the
reconstructed tectonic stress fields. The time sequence of the reconstructed stress
fields is very important for the understanding of the evolution of the karst process
and the correct assessment of the present-day situation in karst areas. A number of
case studies from Bulgaria, Albania, Cuba, and France are presented. They give
better knowledge of how stress fields control the drainage route of water and the
formation of cavities and cave systems. One of the practical aspects of such
studies is normally related to the hydrogeology and problems of water supply and
water pollution. However, another practical issue in investigating karst systems
(especially the active karst) is that it gives knowledge about the youngest, pres-
ent-day stress field which could be offered as an intelligent and low-costing first
approach for planning and control of artificial fracturing in oil and gas fields.

• Chapter 3 is dedicated to methods of study of remains of seismotectonic events in
the caves. Karst systems provide a favorable environment to determine the
geometrical and mechanical parameters and to date them. Methods of study of the
recent geodynamics in karst terrains and the complex methodology are presented.
They include analyses of the spatial orientation of deformed speleothems,
instrumental measurements and monitoring, mechanical measurements and
modeling, and absolute dating of the deformed speleothems. Case studies from
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different karst regions in Bulgaria are presented. The important role of the
movement itself of the tectonic block during the process of rupturing and
displacement along an active fault is denoted. The practical aspects of paleo-
seismological investigations in the caves are closely related to the problems of
seismic hazard evaluation. The number of records of strong earthquakes in the
given area is not sufficient for creation of correct linear regression between the
number N of earthquakes and their magnitudes M for the given time interval and
area. In most cases, the assuring of regression for the strong events can be done
only by using the paleoseismological data.

Many people have helped us in numerous ways during the long years of field-
work. We are especially grateful to the speleologists of clubs ‘‘Akademik’’ and
‘‘Edelweiss’’ of Sofia, as well as from other Bulgarian caving clubs for their friendly
support. Without their help in field studies, such a book could be hardly realized.
Bulgarian Federation of Speleology initiated several expeditions in different
countries and the participation of scientists was one important factor for the suc-
cessful results. Some of these results are discussed in this book. The studies in
France were supported by the speleological club of Saint Herblain.

We thank our colleagues from the Department of Seismotectonics, Department
of Hydrogeology and Department of Geological Hazards of Geological Institute of
Bulgarian Academy of Sciences for the perfect cooperation and help with valuable
information or materials relating to their respective areas of expertise. The team of
the Department of Seismology of Royal Observatory of Belgium has important role
for initiating the study of paleo-earthquakes in Bulgaria. Especially we thank Serge
Delaby from the University of Mons for the practical advices at the beginning of the
paleoseismologic studies in the Bulgarian caves. Special thanks also due to Prof.
Gyozo Szeidovitz and Dr. Katalin Gribovszki from the Seismological Observatory
of the Geodetic and Geophysical Institute in Budapest for the common work in
some of the karst areas in Bulgaria. We highly appreciate the comments of Prof.
D.Sc. Christo Dabovski in Chaps. 1 and 2.

We express explicitly our appreciation to our families. Without their under-
standing during our long absences from home and the support when completing the
manuscript, this book would not have been possible.

Within the frames of this monograph it is complicating to examine absolutely all
the aspects of diversity in the complex relationship between dynamic tectonics and
karst. Working on this book was difficult but always exciting for us. Stimulations for
future studies are what we fervently hope our readers will gain from this modest
effort.

Sofia, September 2013 Stefan Shanov

Konstantin Kostov
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1Tectonic Control on Karst Evolution

1.1 State of Knowledge

The relationship between karst and tectonics is briefly
mentioned in the books by the pioneers of karst sci-
ence: E.A. Martel, Jovan Cvijic, and others. The
structural control on the formation of karst cavities
was described by one of the founders of speleology
Martel in his book ‘‘Les Abimes.’’ Martel thought that
principally all vertical caves are giant marmites,
formed by the mechanical and chemical influence of
waters, swallowed by faults and fractures (Martel
1894).

The tectonic preconditions of karstification have
been also discussed in the 47 fundamental works of
Cvijic, dedicated to the karst geomorphology and
hydrology: ‘‘The uplift of some limestone surface
remote the base level presented by impermeable strata
or zone fill of water resulting in very intensive
development of the karst erosion. The lowering of the
limestone surface causes retroactivity: the zone filled
with water is closer to the surface and the karst ero-
sion is weakened.’’ (Cvijic 1989, p. 181).

The connection between vertical tectonic move-
ments and the development of karst is also described
in the monograph of the Bulgarian geomorphologist
Zheko Radev: ‘‘…Together with the gradual uplifting
of the mountain were changed the dispositions of the
impermeable strata which formed the base of the karst
water. After time this circumstance caused the
mechanical erosion transfer and creating of new
evolutionary levels with remodelling of the karst
terrain…’’: (Radev 1915, p. 130).

The tectonic control on the formation of surface
and underground karst landforms is described in the
literature mostly as an influence of the tectonic

structures (anticlines, synclines, faults, fractures) and
(or) vertical crustal movements as a precondition to
development of leveled karst (Deike1969; Glazek
1989; Choppy 1997; Ekmekci 2003; Yan et al. 2008).
The tectonic control on the formation of karstic
landforms as karren, dolines, sinkholes, poljes, etc.,
has been also discussed for different geographic ter-
ritories (ex. Renault 1968; Habic 1982; Čar 1982,
1985; Bitencourt Rodet 2001; Faivre and Reiffsteck
2002; Popit 2004, and others).

During the last three decades, the study of the dynamic
tectonics and recent geodynamics in karst terrains was a
theme of different publications but not systematized in a
complete monograph. The Symposium ‘‘Karst and
Tectonics,’’ held at the cave site of Han-sur-Lesse,
Belgium in March 1998, brought together researchers
from Belgium, Canada, Czech Republic, France, Great
Britain, Israel, Italy, Luxembourg, Portugal, Romania,
Spain, and Switzerland to report their studies on the
interaction between karst and tectonics. The most
important results of this meeting were published in
Geodynamica Acta 12 no 3–4 (13 papers—Benkovics
et al. 1999; Boinet 1999; Bonnet and Colbeaux 1999;
Crispim 1999; Devos et al. 1999; Fenard et al. 1999; Gilli
1999; Gilli and Delange 1999; Gilli et al. 1999; Lemeille
et al. 1999; Quinif 1999; Rodet 1999; Thery et al. 1999),
Geodynamica Acta 12 no 12 (three papers—Bracq and
Brunin 1999; Hauselmann et al. 1999; Pereira et al. 1999)
in 1999, Geodinamica Acta 13 no 5 in 2000 (two papers—
Astruc et al. 2000; Tognini 2000), and one paper in Bull.
Centre Rech. Elf Explo. Prod. in 2000 (Montenat
et al. 2000).

The ‘‘red line’’ in these papers is that karstification
is a result of tectonics. It was demonstrated in
examples from different areas that karst terrains are

S. Shanov and K. Kostov, Dynamic Tectonics and Karst, Cave and Karst Systems of the World,
DOI: 10.1007/978-3-662-43992-0_1, � Springer-Verlag Berlin Heidelberg 2015
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good recorders of continental deformation in terms of
brittle structures and seismic features. Tectonics
controls the main directions of karst systems and
determines the mechanical limits to the karst expan-
sion. The exact and brief conclusion resulting from
these studies is: ‘‘No dynamic constraints, no karst !’’
(Quinif and Vandycke 2001).

All these contributions emphasize the new quali-
tative view on the relationships between the geody-
namical processes and karst evolution, as well as the
importance of modern quantitative approaches for
deeper understanding of these relations.

The role of tectonic stress fields as a controlling
factor of karst and caves development is relatively
rarely mentioned in the geological and geomorpho-
logical literature. The importance of the paleostress
fields as a speleogenetic precondition is described
in the works of Jeannin (1990), Choppy (1997),
Hauselmann et al. (1999) for selected karst areas in
Switzerland and France. The papers published in this
period by S. Shanov (Chanov 1988a, b; Shanov and
Cousset 1993; Chanov and Benderev 1993; Shanov
1996; Benderev and Shanov 1997; Shanov et al. 2001;
Angelova et al. 1999; Shanov and Georgiev 2001)
reveal the important role of tectonic stresses as the
predestination condition for structuring of karst net-
works in different terrains in France, Cuba, Albania,
and Bulgaria.

Of course, fractures and faults are present as
undisputable factors in all works on karst genesis and
evolution. Many natural causes exist for the formation
of fractures and faults. Factors controlling the occur-
rence of natural, open, permeable fractures, are the
nature and intensity of folding, faulting and in situ
stresses acting on rocks with varying in space
porosity, bedding, and lithology. The rock properties
relating to brittleness are most important for varia-
tions in natural fracture density. These properties may
vary from regional to local scale; they may vary
significantly within the rock formations and between
formations. We focus on in situ studies of fracturing
and its relationship to stress, especially in rocks
potentially capable to be karstified (limestones, dol-
omites, marbles, etc.). Unfortunately, in publications
all over the world focused on problems of karst
genesis and development, this very problem is not
sufficiently discussed, or the fracture systems are not
analyzed from the viewpoint of tectonic stress field.

The neotectonic fracturing in karst regions, espe-
cially in regions of recently active karst, is one of the
important parameters that control the movement of
underground water and the development of karst
systems of underground cave passages and potholes.
In principle, the most convenient paths for the
underground water flow in karstifying massifs are
fractures that are oriented perpendicularly to the
minimum principal stress. These could be tensile
fractures in rock volumes close to the surface, as well
as shear joints, formed under conditions of an older
stress field, but found to be perpendicular to the
minimum compression of the younger tectonic stress
field. In such a case, the underground cave passages
with active water flow (draining channels) should be
oriented perpendicularly to the axis r3 of the youngest
stress field, or under conditions close to the surface—
along the direction of stress r1.

The collector underground channel is the main
element of the cave system with its own specific
individuality. It is connected causally with the
lithology, the superimposed tectonic structure, and
hydrogeological conditions. Finally, ‘‘…it is formed
as a result of channel system reorganization, and is a
consequence of the presence of a less permeable and
less stable fault zone perpendicular to the gradient
direction…’’ (Šušteršič 2003). In brief, since the route
of water-penetrating limestone massifs and causing
karst phenomena is controlled by tectonics, it is
possible to use the inverse route: deduce the style of
tectonic movements from the characteristics of karst
phenomena.

1.2 Practical Applications

Our long experience in the karst regions in different
countries has shown that the karst systems might be a
good marker for arranging in the time the recon-
structed tectonic stress fields, in particular for recog-
nition of the Neotectonic and Quaternary stress fields,
and vice versa, the reconstructed and recognized as
young stress fields can help the forecasting of the
preferential directions of the karst galleries formation
and the related dominant flow of the karst waters.
According to Vandycke and Quinif (2001) ‘‘…karstic
caves are favorable sites for the observation and the
quantification of recent tectonic activity because they

2 1 Tectonic Control on Karst Evolution



constitute a 3-D framework, protected from ero-
sion…’’ These authors have shown that a quantitative
analysis in term of stress inversion, with the help of
striated faults, permitted to reconstruct the stress
tensor responsible for the brittle deformation in
Rochefort Cave (Namur Province, Belgium). The
study of the longest cave in Britain (Farrant and
Simms 2011)—Ogof Draenen (70 km), suggests that
‘‘…presence of laterally extensive open joints, ori-
entated perpendicular to the regional neo-tectonic
principal stress field, determines the depth of flow in
the aquifer, rather than fissure frequency.’’

The linear segments of surface drainages in the
present Buffalo River landscape (USA, Northern
Arkansas) are parallel to the major joint orientations,
and this correlation indicates that erosion and karst
dissolution are enhanced by regional jointing (Hudson
et al. 2009). According to these authors ‘‘…Joints
record past stress events, impart fracture permeability,
and enhance physical and chemical erosion that
contributes to landscape evolution, particularly in
karst regions.’’

Apart from the interest for understanding the tec-
tonic stress field as an important factor for the struc-
tured and not chaotic evolution of the karst systems,
some purely practical issues have raised when
studying the relationship between karst formation and
tectonic stress fields. For example, the paper by
Karfakis and Loupasakis (2006) presents data about
the stress field that caused the main neotectonic
structures in the limestone of the Formation Tour-
kovounia (Greece), the distribution and the geotech-
nical characteristics of the karstic fissures, the
orientation and the geometry of the joint sets, and the
geotechnical parameters of the limestones. The paper
proves that the influence of karst structures on the
geotechnical behavior of the limestones is of signifi-
cant importance for construction works.

The most unexpected application of the analyses
on the fracture systems as a product of the tectonic
stress in karst areas is the possibility to determine the
preferential directions of increased permeability in oil
and gas fields. Especially, this approach is useful
when the youngest tectonic stress field is reflected in
the features of the contemporary active karst. Of
course, the results of the studies on outcrops of
karstified carbonate rocks or in the accessible caves
near the Earth’s surface could not be directly

transferred to the depths of the productive oil and gas
reservoirs. Using outcrop data to characterize the
fracture pattern of a reservoir in depth is not accept-
able (Akbar et al. 1993), because the fracture density
in reservoirs is commonly lower than values recorded
where the same formation outcrops. But, the natural
fractures assumed as a product of the regional tectonic
stresses and their control on the karst networks, can
suggest a preliminary approach when forecasting the
preferential direction for inducing fracturing in the
reservoirs. Induced fractures are expected to have a
preferential orientation subparallel to the natural
fractures, as a general tendency, but not obligatory. In
such a case, the knowledge of the recent stress field,
deduced from the local karst peculiarities, can present
valuable practical information.

For example, the Institute of Karst Geology of
China (Guilin City, Guangxi Province) promoted in
2011 a Project ‘‘Research on the Formation and the
Pattern of Carbonate Fracture Cave System.’’ The aim
of this Project has been through detailed description
and comparative study on the typical karst outcrop area
to identify the carbonate fracture cave system in the
area of Tahe Oilfield, to characterize Ordovician karst
landform units of Tarim oil and gas reservoirs, and to
‘‘…launch construction stress field trial in the test area
of Tahe Oilfield, starting from the dynamic mechanism
of structural cracks, adopting brittle rock fracture cri-
teria, to predict the development condition of tectonic
fractures in the test area, to provide theoretical support
for the establishment of fracture prediction model in
the test area of Tahe Oilfield.’’ (IKG 2011).

Thus, the significance of studies on the relationship
between tectonic stress fields, fracturing, and karst
formation has not only scientific importance, but is
also of promising practical interest.
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2Tectonic Stress Fields and Karst

2.1 Generalities About the Tectonic
Stress Fields

The notion for the stress from mechanical point
of view was firstly introduced by Augustin Louis
Cauchy (1789–1857). He defined the stress as the
average intensity of the strain applied on surface unit.
According to the general sense of the mechanics ter-
minology the stress has to be understood as the
integrity of the internal strains that appear when the
material is submitted under loads or deformations.
Every resulting deformation, no mater of its spatial
dimensions, has to be analyzed in the context of the
initialing strains. For estimating the state of stress of a
given material, the vectors of the impacting stresses
on every one of the infinite number of elementary
surfaces dividing the material have to be evaluated.
Six are the components forming the stress tensor
inside the elementary volume of given material—
three principal and three tangential (Fig. 2.1).

No mater how complex could be the applied
stresses they can be decomposed at three perpendic-
ularly to each other normal stresses. If the values of
the applied strains are known, it is possible to eval-
uate the values and the directions of these three
principal stresses. The stress tensor defines com-
pletely the state of stress. Practically, it is sufficient to
know the principal stresses for evaluating the state of
stress of the studied material and to determine the
values of the normal and tangential stresses on every
other plane crossing it. For these purposes, the for-
mulas and the circles of Moore can be used. The
method is well described in every book on Engi-
neering Geology and Rock Mechanics (we can sug-
gest the books of Jaeger 1975 or Spenser 1981).

Trollop (1983) introduced the differential defini-
tion of the stress for expressing the basic conditions of
the Theory of Elasticity as continuous mathematical
function (Trollop 1983):

r ¼ lim
da!0

dfn

da
¼ df

da
ð2:1:1Þ

where fn is the normal strain applied on the surface a.
This definition is valuable for ideal continuous

medium. But for discrete and granulate materials (that
are normally all geological bodies) this differential
definition is not acceptable. As it was mentioned
above, the total stress state is completely defined by
the three principal stresses r1, r2, and r3, where:

r1 [ r2 [ r3: ð2:1:2Þ

The characterization of the state of stress in Tec-
tonophysics is defined at least by three vectors of the
principal stresses. If they are equal the state of stress

Fig. 2.1 Stress components impacting the elementary volume
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is defined as uniform; if not,the state of stress is no
uniform. For the uniform state of stress, the values of
the stresses are calculated by the values of the applied
strains. For the no uniform state of stress the values of
the stresses can not be calculate directly, but using the
effect of their impact. Exactly, this approach is used
for qualitative evaluation of the stress by the different
Earth’s sciences. The type of the stress field in Tec-
tonophysics is determined by the space orientation of
the principal stress axes and their relative rates.
Practically, this approach has lead to the definition of
the extensional stress (in spite the impossibility to
accept this type of mechanical deformation inside the
Earth’s crust), the compression stress, the strike
stress, etc.

Angelier (1994) comments that always when a
reconstruction of the stress field is done, one of the
reconstructed axes is subvertical. He explains this
effect with the gravitational field and the free Earth’s
surface. The vertical stress is directly dependent from
the weight of the rocks and the pore strain. Hence, the
tectonic stress is acting, in the most of the cases, on
subhorizontal plane. The reconstruction of the pa-
leostresses from the analyses of the fault systems has
shown that the deviation of the stress axis determined
as a vertical one is surprising small—normally about
10� (Angelier 1994).

The strains creating the deformations in the rocks
can be defined in the space by the ellipsoid, the three
axes A, B, and C of which determine the maximum,
the intermediate, and the minimum strain (Fig. 2.2).
Generally, this ellipsoid is randomly space-oriented
relatively to the geometric characteristics of the rocks
before their deformation. The relationship between
the strain ellipsoid and the stress ellipsoid (axes X,
Y and Z in Fig. 2.2) is not direct, nor simple. The
example in Fig. 2.2 (according to Aubouin et al.
1988) represents the ideal case of isotropic material.
Both the two ellipsoids have the same orientation of
the axes. The maximum deformation is corresponding
to the maximum strain. The general case is the ran-
dom orientation of the ellipsoids to each other. The
field studies on the rock deformations define the ori-
entation of the axes X, Y, and Z. It is not easy, nor
simply to determine the principal stresses r1, r2, and
r3. But in some conditions regarding the orientation
of the principal strains before the deformation,
the relationship between the two ellipsoids can be

simplified. For the structural studies, a simplified
acceptance for the relationship tectonic strain ()
resulting deformations in the rocks is applied.

It is well known that the strain and the stress
relationship does not directly mean fractures forma-
tion, but however strain and stress are causes of
fracturing. Hunt et al. (2011) described the principal
causes of fracture–density variations (Table 2.1), but
concluding immediately that this list of fracture-
causing variables is much more extensive, and often
unique to a particular fracture system.

As a result of the rock fracturing, different types of
single or complex structures appear. The ranging and
mutual relationship can be simplified to the scheme
presented in Fig. 2.3, following Norsk Geologisk
Tidsskrift 69 Supplement (Nystuen 1989).

A fracture is used as a more general term for all
kinds of fracturing caused by mechanical stress in the
rocks. The term is irrespective of whether dislocation
has taken place along the fracture.

A joint is a fracture surface in the rock along which
no displacement has occurred. A joint system is
composed of intersecting joints assumed to have been
formed during the same deformational event.

A fault is a fracture separating two bodies of rock,
which have moved relatively to one another and it is
the fundamental term for a fracture surface in the
Earth’s crust on which displacement has occurred.

Fig. 2.2 Ellipsoid of the acting strain (ABC) and ellipsoid of
the deformations (XYZ). A—maximum compression; B—inter-
mediate compression; C—minimum compression; X—maxi-
mum deformation (lengthening); Y—intermediate deformation;
Z—minimum deformation (shortening) (after Aubouin et al.
1988)
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A fissure, commonly used term in karst studies, is
an open joint or crack. Some fissures appear clearly to
be open, but they could be subsequently filled with
mineral growth, as well as eroded and enlarged by the
water in karstified rocks.

Here a brief overview of the most popular theories
of the shear joints formation will be presented,
because the shear joint systems are widely used in our
studies for reconstruction of the tectonic stress fields’
main axes.

One of the most valid theories of failure of rock-
like materials is this of Coulomb-Navier, widely
accepted in the geotectonic practice. According to this
theory, the shear strength consists of two compo-
nents—cohesion shear strength sc and the frictional
resistance on the corresponding plane sf ¼ lrh (fol-
lowing Stoyanov 1970). The destruction appears
when the tangential stress on the plane reaches the
value of the strength:

sh ¼ sc þ lrh: ð2:1:3Þ

Here h is the shear angle (the orientation of the shear
plane toward the maximum normal stress r1) and l is
the coefficient of internal friction.

The orientation of the shear plane is defined by the
equation:

tg2h ¼ 1
l
: ð2:1:4Þ

It follows, that the shear angle h is depending
exclusively from the type of the material. The theory
is considered to describe with sufficient accuracy, the
destruction of rocks at low and moderate pressures
(Brace 1960; Lundborg 1968).

From physical point of view, the Theory of Griffith
published in 1921, was accepted as more justified,
because it is based on the internal characteristics of
the brittle material. This theory accepts that the real
material contains a number of randomly oriented
micro-joints. Under stress conditions in the material,
at the ends of these joints, a stress concentration is
present. The maximum stress concentration is along
the direction u. If a critical value of the stress is
reached, the micro-joints with orientation u will grow
by secondary micro-fracturing, and finally a macro-
fracturing shall be produced. Following this theory
McClintock and Walsh (1962) proposed the so-called
Modified Griffith’s Theory. They have accepted that
under a minimum pressure the micro-joints are
closed. When differential stresses exist, on the walls
of the joints reactive frictional stress appears, being
proportional to the compression stress. The equation
of destruction is:

su ¼ 2K þ leru: ð2:1:5Þ

Here su is the tangential stress acting on the plane
oriented at the angle u toward the maximum stress r1,
K is the uniaxial tensile strength, le is the frictional
coefficient along the walls of the initial joints (i.e., it

Table 2.1 Causes of fracture-density variation (after Hunt et al. 2011)

Type Parameter Direction of correlation

Material property Rock brittleness Positive

Grain size Negative

Porosity Negative

Bed thickness Negative

In situ Depth Variable effect

Pore pressure May hold fractures open

Strain Structural position Positive with strain

Fig. 2.3 Relationship between the terms fracture, fault, joint,
and fissure (according to Norsk Geologisk Tidsskrift 69,
Supplement 1989)

2.1 Generalities About the Tectonic Stress Fields 9



is a coefficient of external friction), and ru is the
normal stress on the critical planes (it is positive).
Finally, the critical angle of the shear joints is:

tg2u ¼ 1
le

: ð2:1:6Þ

The difference between l (from Eq. 2.1.4) and le is
that the physical meaning of l is not well defined
especially for real rock conditions, while le is a real
physical parameter (Stoyanov 1970).

The caves in karst terrains are a result of the water
erosion along the most open fractures under given
tectonic conditions. In this case, the normal faults and
the tensional fractures (fissures) are most favorable
for the karst network evolution. The study of the
mechanism of formation of fractures in the rocks by
Price (1959, 1966) lead to the conclusion, that the
vertical tensional and shear fractures and faults are
formed as a result of residual elastic stresses during
the post-tectonic uplifting of compressed volumes.
One very important statement in these works is that
these types of structures can be formed only if hori-
zontal tectonic extension exists.

If the Earth’s crust is three-dimensionally ana-
lyzed, only in the state of the own weight of the rocks,
and taking into account that the horizontal enlarge-
ment of given volume is not possible because of the
environment conditions, rx, ry and rz will be the
principal stress axes. It could be written that:

rx ¼ ry ¼
m

1 � m
rz: ð2:1:7Þ

In this case, we accept that the horizontal deforma-
tions along the horizontal axes X and Y, i.e.,
ex = ey = 0, and the axis Z is vertical. The coefficient
of Poisson m is less than 0.5 and rz will be the max-
imum stress = gravitational stress.

Now it is necessary to add the stress from the tectonic
strain. Let us say that the tectonic strain has only hori-
zontal components and the stress effect in every point
can be presented by two perpendicular stresses cx and cy.
The equations of superposition of the horizontal and
gravitational stresses will be (after Stoyanov 1970):

r
0

x ¼
m

1 � m
rz þ cx þ mcy

r
0

y ¼
m

1 � m
rz þ cy þ mcx

r
0

z ¼ rz:

ð2:1:8Þ

Our interest in the formation of suitable conditions for
the karst evolution is directed to the formation of open
fractures. If conditionally, the horizontal stress com-
ponents cy [ cx, than ry [rx. The formation of ten-
sile fractures, as well as normal faults in larger scales,
can be possible under the condition:

r
0

x\r
0

y\r
0

z: ð2:1:9Þ

Because the vertical stress is determined as

r
0
z ¼ rz ¼ ch, where c is the bulk weight of the rock

and h is the depth from the surface, it can be finally
written for the formation of tensile fractures:

cx\cy\
1 � 2m
1 � m

ch � cx: ð2:1:10Þ

Most of the quantitative studies of the tectonic
stress field of the Earth reflect the ongoing contem-
porary processes, and for them direct or indirect data
can be obtained depending of the chosen method of
investigation. The presumption for heritability of the
tendencies from the past geological times can be
applied only for the Quaternary time, under some
conditions it could be accepted also the heritability of
the Neotectonic tendencies for specific regions. Every
reconstruction of the tectonic stress field in older
geological formations needs careful analysis of the
studied parameters, taking into account the multiform
responses of the inverse problem solutions.

When explaining the causes for existing of tectonic
stresses and their evaluated rates, it is necessary to
realize that the analyses cover only relatively narrow
time window and they reflect the contemporary, ‘‘the
moment’’ state (in geological sense) of the tectonic
stress field. Hence, it is of critical importance to
understand what is measured when applying instru-
mental in situ investigations for stress determination.
The terminology used for describing in situ stresses is
analyzed by Amadei (1983). More complete and
hierarchically structured terminology is presented by
Bielenstein and Barron (1971), and it described well
the real situation for the near surface geological for-
mations of the Earth’s crust (Fig. 2.4).

When analyzing the processes of karst formation
and evolution, it is clear that the tectonic factor is the
principal controller of the fracturing in the rocks with
specific brittleness at given structural position of the
rock formations (see Table 2.1). Our experience gives
reason to the assumption that the active tectonic
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stresses (Fig. 2.4) during the process of the evolution
of the karst systems are the main factor for creating of
fissures—tensional fractures or opening of the pre-
existing shear joints, in this way facilitating the water
circulation and formation of underground galleries
with dominant directions.

2.2 Methods of Reconstruction
and Analyses of the Tectonic
Stress Fields

Among the methods for reconstruction of the spatial
direction of the axes of tectonic stress paleo-fields
these ones using the fracturing of the rocks in karst
areas have shown valuable results. The studies of the
striation on tectonic slickensides take a sizable place
in the information collected through the years of study
on different karst terrains. This type of reconstructions
corresponds to the meso-level of the description of the
structures, and where the kinematic characteristics of
the movements between the rock blocks are used.
Here only methods used in the practical works of the
authors for analyses of the tectonic stress fields in
relationship to the karst systems evolution will be
described and discussed.

Another possibility is the analysis of the physical
anisotropy when measuring in situ in karst terrains the
electrical or the seismic characteristics of the rocks.

The information about the contemporary regional
tectonic stress field can be also deduced on the base of
the fault-plane solutions from earthquakes at the
nearest vicinity of the studied karst terrains.

2.2.1 Striations on Tectonic
Slickensides

In these studies, the kinematic characteristics of the
movements between rock blocks are used. They could
appear at the moment of forming of joints and faults or
the orientation of older disruptions could favor the rel-
ative movement of adjacent blocks under the conditions
of younger tectonic stress field. The orientation of the
normal principal tectonic stresses could be recon-
structed through meso-structural analysis, using the
concept about the relation of movement along shear
joints with tectonic stresses (Ramsay 1980; Gamond
1983). The basic working hypothesis, called by the
name of Wallace-Both (Angelier 1994) is that if there is
a movement and the system ‘‘stress () fracturing’’ is
examined independently of environment, then the rela-
tive displacement should be parallel to and along the
direction of the shearing stress. In Sect. 2.1 the basic
relationships have been presented (Griffith’s Theory).

The critics of this hypothesis point out as its main
defect the fact that, due to the complicated real
geometry and the interrelation of faults and joints, a
considerable local deviation of the principal normal
stresses always appears. The practical analytical
results of a great number of conjugated disruption
surfaces with movements along them show (Angelier
1994) that amazing constancy is kept and small angle
error in the orientation of the shearing stresses s. The
digital modeling (Dupin et al. 1983—cited after
Angelier 1994) has shown that the variances depend on
the geometry of the intercrossing of the joints, but these
variances are very small, within the limits of the error

Fig. 2.4 Terminology for the
measured in situ tectonic
stress fields (following the
hierarchy proposed by
Bielenstein and Barron 1971)
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of measuring, and practically the movement is always
parallel to the medium shearing stress. Thus, the
practical usage of Wallace-Both’ hypothesis has been
confirmed. Numerous researchers created methods and
computer programs for reconstructions of tectonic
stress directions, using this very hypothesis (good
analyses and practical references could be found in
Sassi and Carey-Gailhardis 1987; Vergely et al. 1987).

The programme FAULT (Caputo 1989) uses three
methods for reconstruction of the principal stress axes
by measurements of spatially oriented striations on
slickenside and the types of movement on them
(Fig. 2.5).

2.2.1.1 Right Dihedron Method
The RDM (after Angelier and Mechler 1977) uses the
main hypothesis that the material is preliminary frac-
tured and the size of movement along every single
surface is much smaller than the size of the studied rock
body. The plane orthogonal to the striation on the
disruption surface is defined as a complementary plane.
Both planes divide the space around the disruption
surface into four rectangular dihedrons (sectors). Every
two conjugated dihedrons contain the axes r1 and r3,
which could be presented into a stereographic projec-
tion. In a set of measurements, the sectors are defined
as zones of action of r1 and r3 axes.

2.2.1.2 Method of Pressure (P) and Tension
(T) Axes (P/T)

It is based on the assumption that in homogeneous
and isotropic materials, the axis of maximum exten-
sion is under 45� toward the disruption surface and

the movement direction. Correspondingly, the axis of
maximum compression is at 90� toward it.

2.2.1.3 Method of the Smallest Squares
This method complements the procedures for evalu-
ation of the spatial position of the principal axes of
stress field, and through it the final result of data
processing is formed. The reconstructed principal
axes of tectonic stress should be orthogonal toward
each other, but they might be dispersed around a
center, depending on the data. Exactly, through the
method of the smallest squares the position of this
center is determined for every principal axis observ-
ing the condition for spatial orthogonality between
them (Caputo and Caputo 1989).

The main problem that arises at work with stria-
tions on slickensides is that the registered movements
along various surfaces, even very close (within one
outcrop), could not reflect synphase movements. If
within the rock volume there is a more than one
tectonic impact provoking movement along joints and
faults, it is obligatory during the field measurements
to find out or at least to suspect the relative temporary
sequence of the impacts. The accuracy of the final
result is depending from the number of the measured
surfaces with striations. It is represented by stereo-
gram (lower hemisphere) with results from RDM and
P/T methods (Fig. 2.6).

2.2.2 Shear Joint Systems

The tectonic fracturing of the rocks gives valuable
information about the stress field that caused it and
about the orientation of dynamic axes, although it is
difficult to extract this information. In spite of the lack
of kinematic indicators on most of the joints, they
have great potential for reconstruction of the paleo-
stress fields. Especially, this can be used when the
joint sets keep consistent spatial orientation on wide
areas (Dunne and Hancock 1994). Examples from a
platform region were presented and discussed by
Shanov (2005). Conjugated joint systems exist in all
cases of spatial orientation of the principal axes of
particular tectonic stress fields, which should be
studied for the reconstruction of the paleo-stresses. In
the most simple case, which is observed at pre-
liminary undeformed rocks (as the young sediments
are), there is a simple relation between the geometry

Fig. 2.5 Measured parameters as input datum for the Pro-
gramme FAULT: dip direction, dip, pitch and sense of
movement (N—normal, I—reverse, D—dextral, S—sinistral)
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of the conjugated joints and faults and the stress field,
defined with its principal axes r1, r2, and r3 (Angelier
1994). Nikolaev (1977) developed a method for sta-
tistical processing and interpretation of joints with
good opportunities at various practical structural
studies. After analyzing important quantity of joint
diagrams, he concluded that the joints’ maximums are
always distinguished by more or less expressed
asymmetry and eccentricity. Accepting that the joints
grouped into maximums have been formed at a con-
stant regional tectonic stress field, he concluded that
the angle between the conjugated joints changes in a
particular way (Fig. 2.7) during the joints’ formation.

This change is explained with the fact that the
appearance of every new joint causes some change in
the stress conditions in its close vicinity. The uni-
versal pressure changes and this leads to change in the
shear angle h, at which the next joints originate.
Explanation can be easily found if we consider the
relationship (2.1.4) from Sect. 2.1. The creation of a
new joint leads to decreasing of l (the coefficient of
friction), and consequently the angle h for every next
discontinuity will grow, i.e., the dispersion of the
joints will be oriented toward the minimum tectonic
stress r3.

Similar conclusions were also made by Engelder
(1994). According to him, when a pair of shear joints
is developed, a torsion of the joint plane appears due
to local changes in the stress field, which under
particular conditions might lead to the forming of en-
echelon segments. As a whole, an asymmetric distri-
bution of frequencies is obtained in the joint sets
(Fig. 2.7), which is expressed through the forming of
eccentric fields of density on the density diagrams. As

a rule, the extension of iso-areas disperses toward the
axis of minimum stress r3.

From the Griffith theory (Griffith 1924), it is
known that the joints are not distributed in their own
plane, but concentrated toward a direction closer to
r1. This tendency of deviation of the joints’ own
planes toward the direction of maximum stress is

Fig. 2.6 Solution (lower hemisphere) on 6 data from the karst
region of Lakatnik (Western Balkan Mountain—Bulgaria).
a Input data; b Reconstruction of the principal stress axes.

Close to the symbols for r1, r2 and r3 on the right of the
stereonet the azimuth, the dip angles and the Last Square Error
(in brackets) are plotted

Fig. 2.7 Schematic 3D model of the shear joints’ formation
and their asymmetric dispersion (following the idea of
Nikolaev 1977)
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shown also experimentally. At conjugated brittle-
plastic shear zones, the angle 2h between them
(Fig. 2.7) can vary from 40� to 130� toward r1

(Dunne and Hancock 1994). This is especially
important for such rock types as dolomites, lime-
stones (the dominant karstified rocks), or alternations
of sandstones and more clayey rocks. The usage of
joints sets dispersion toward the minimum tectonic
stress protects from incorrect determinations of r1 and
r3 axes.

A specific and substantial part of the method is the
presentation of measurement data as a rectangular
diagram of the joints’ density. In a Cartesian coor-
dinate system along one axis, the joints’ dip angles
are plotted and along the other axis, the azimuth
angles of the dip direction are shown. Shanov and
Stoyanov (1986) made an analysis and grounded the
advantages of Nikolaev’s method of presentation. It
completely satisfies the conformity requirement
regarding the most frequently observed joints: sub-
vertical ones. Regardless of its ‘‘matrix’’ shape, this
diagram should be examined also as the transfor-
mation of the spherical surface—its projection on
unfolded cylindrical surface is tangent to the equator
of the sphere.

Finally, the plotting of the centers and the ends of
the conjugated joint groups on stereograph projection
(Wulf’s stereonet) gives the possibility to recognize
the principal stress axes r1, r2, and r3. They should
be orthogonal and the axis r3 is perpendicular to the
favorable plane for formation of tensile fractures.
Hence, the plane is containing the projection of the

axes r1 and r2. Karst cave networks usually are
formed by the water erosion on these planes.

Practically, during field works, it can be recom-
mended to perform between 50 and 100 measure-
ments of joints from the chosen outcrop without
giving any priority to some of the existing joint sys-
tems. But it is very important to note the coupling of
the systems, their spatial superposition, and if possi-
ble the relative time sequence. As an example, in
Fig. 2.8 is plotted the rectangular diagram of the
shear’s joints density from the karst area of Cherepish
(Western Balkan Mountain—Bulgaria). The inter-
pretation of the results is presented in Fig. 2.9.

Comments
Stress field A: The direction of the maximum com-
pression is NE–SW. It corresponds to the main
compression direction during the Middle Laramian
tectonic phase. The probability for appearance of
open fractures and normal faults striking NE–SW and
dipping to SE exists (the gray colored surface).

Stress field B: The maximum compression is
directed NNE–SSW. This characteristic corresponds to
the advance toward NNE of thrust sheet from South.
The formation of new open fractures is of low proba-
bility, because their strike is close to the direction of the
existing fractures from the previous tectonic impact.

Stress field C: The fracturing is due to the Neotec-
tonic stress field. The deduced surface of normal
faulting (in gray color) is corresponding to the geom-
etry of the nearest regional fault. The dominant part of
the galleries of the caves of the area follows this

Fig. 2.8 A rectangular diagram of the shear’s joints density in the karst area of Cherepish (Western Balkan Mountain—Bulgaria).
The sense of dispersion of the pair groups of joints is indicated (colored arrows)
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direction. Especially, the cave ‘‘Labirinta’’ is one of the
example of the tectonic control on the formation of
preferentially oriented galleries that follow the trend of
the open (tensional) fractures deduced from the
reconstruction using the shear joints. Here, the impact
of the youngest tectonic stress field is evident
(Fig. 2.10).

2.2.3 Physical Anisotropy

The physical anisotropy of the rock massifs is the
variance of its physical characteristics, depending on
the direction of their measurement. The causes for the
rock anisotropy can be summarized, as follows (after
Uhov 1975):

Fig. 2.9 Reconstructions of the tectonic stress fields (lower
hemisphere) using the shear joints groups from Fig. 2.8.
a Paleocene deformations (Middle Laramian tectonic phase).

b Late Eocene deformations (Late Illyriyan tectonic phase).
c Neotectonic deformations

Fig. 2.10 Geological scheme of the karst area of Cherepish
(from the Geological map of Bulgaria, Sheet ‘‘Vratsa’’ 1991). The
position and the map of the Labirinta Cave are indicated. Lower
Cretaceous: 1—Lutibrod formation (oolitic and sandy lime-
stones); 2—Cherepish formation (massive organogenic lime-
stones); 3—Mramoren formation (marls with layers of clayey
limestones and sandstones); Jurassic—Lower Cretaceous:

4—Slivnitsa formation (massive limestones); Carboniferous—
Permian: 5—Vrana formation (breccia-conglomerates, conglom-
erates); 6—Buk formation (conglomerates, sandstones, siltstones,
argillites); Cambrian: 7—Berkovitsa group (metamorphosed
argillites, siltstones, marbles and sandstones); Fault structures:
8—overthrust; 9—fault
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1. Heterogeneity of the composition and the physical
status, caused by the lithological changeability of
the rocks in the massif, by the depositional char-
acter, by the folding and fracturing in various
localities, including big faults, intrusions, frag-
mentation zones, weathering processes, and water
influx.

2. Heterogeneity of the stress condition, caused by
the natural stresses in the rock massifs.

3. Large-scale heterogeneity—varies by quality and
quantity features of the rocks in studying different
volumes from them.
The mineral composition of sedimentary rocks,

particularly limestones and dolomites, plays a rela-
tively insignificant role for the anisotropy at meso-
and macro-level. The folded structures and the faults
impact substantially the physical properties of the
rocks, and the resulting rocks anisotropy depends to a
great extent on the particular type of deformations and
the position of the studied site relatively to these
structures. The question about the ‘‘scale effect’’ is
also a complex phenomenon and the conformity with
it is an obligatory condition for realistic interpreta-
tions. For this reason, in geophysical practice, the
term ‘‘apparent anisotropy’’ is used, instead of the
term ‘‘anisotropy’’ applied mostly for the mineral
characteristics (Sheriff 1984).

Two factors are extremely significant at all levels
of the studies—the fracturing and the tectonic stres-
ses. As the fracturing is predominantly a result of the
impact of the consecutive acts during the geological
time of tectonic stresses in the rocks, in fact every
study of rock anisotropy in situ could be also pre-
sented as a study of the history of tectonic stresses for
a particular site. The following working hypotheses
should be kept in mind, while the results and analyses
presented are obtained from sedimentary terrains
predominantly:
1. The fracturing of sedimentary rocks is due to the

tectonic stress fields, acting after the rocks
lithification.

2. All changes in the direction of principal normal
stress axes in space have been reflected in the rock
massifs through formation of new joint systems.
Our experience has shown that normally more than
three sequences of tectonic impacts are difficult to
be detected.

3. The anisotropy in the brittle rock varieties (lime-
stones, dolomites, sandstones) is due mainly to the

rupture joint system. There is a reason to suggest
that after the first-joint system arises, every con-
secutive by time tectonic stress field will act on
already disrupted medium, and will have a weaker
deformation effect. The extensional fractures have
a definite advantage in anisotropy forming, and
their usage at paleotectonic stresses reconstruction
is grounded from other authors as well (for
example, Letouzey 1986; Caputo and Caputo
1988). Practically, these extensional fractures are
presenting the preferential underground routes of
the water. The knowledge of the anisotropy in
karst areas can be used for determining the dom-
inant direction of the underground karst galleries.

4. In clayey rocks, marls, non-lithified sediments as
sands and their varieties, a well-expressed frac-
turing is not observed, or is missing at all. How-
ever, in such kind of materials a compaction along
the direction of maximum stress (at regime of
compression) or decompaction along the direction
of minimum pressure (at regime of extension) is
obtained. In both cases, the initial isotropy of the
rock material is disturbed.
One of the approaches for anisotropy determina-

tion in rocks is to investigate the physical parameters,
such as the electrical resistivity. Our experience has
provided a number of successful implementation of
this type of studies especially on karst terrains.

Some important basic principles are necessary to
be presented here for understanding the relationship
of the electrical anisotropy measurements and the
anisotropic characteristics of the rocks. Theoretical
and practical information can be found in many
handbooks in different languages. We can suggest the
textbook of Sharma (1997) presenting at compre-
hensible way the modern basis of the geoelectrical
survey, including theoretical principles, field proce-
dures and interpretation techniques.

The commonly used method for electrical mea-
surements is to drive an electrical current through the
ground and to measure the resulting potential differ-
ences on the surface. Electrically better or poorer
conducting layers deflect the current and distort the
normal potential. Thus, when measuring subsurface
variations in electrical resistivity it us possible to
detect the anomalous conditions and inhomogeneities
within the ground. Different schema of field mea-
surements and related specific methods of interpre-
tations give the possibility to recognize the
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peculiarities of the electrical properties of the rocks at
different depths and to build the corresponding geo-
logical model.

The prospection with direct current is widely
applied and very useful for determination of the
anisotropic characteristics of the rocks. The karstified
rocks are, as rule, bad conductors of electricity.
Geological processes as faulting, dissolution, shear-
ing, jointing, weathering, and alteration can increase
the fluid permeability of the rocks and contribute to
the formation of patterns of lower electrical resistiv-
ity. In this case, the minerals of the karstified rocks
are practically insulators and the electrical conduction
is due to the electrolytes (groundwater, wet clayey
substance, etc.) filling the pore space and the fissures.
If the fractures or the underground karst galleries are
without electrically conductive filling (air), these
inhomogeneities will have higher (infinite) electrical
resistivity relatively to the rock’s matrix.

The measurements by direct electrical current can
be performed using point or dipole sources. The dis-
position of the electrodes on the ground determines
the geometrical type of the array. The most common
disposition of the electrodes is shown in Fig. 2.11.

The aim is to measure the potential difference
DU between the electrodes M and N when a direct
current I is applied between the electrodes A and B. If
the resistance between opposite faces of the con-
ducting body with length L and uniform cross-sec-
tional area S is R, the resistivity q in homogenous
material from single point source is:

q ¼ S � R

L
: ð2:2:1Þ

The resistivity SI unit is ohm meter (Xm).
When electrical current I is applied, and the mea-

sured potential difference is DU, then the relationship
with the electrical resistance R is given by Ohm’s law:

DU ¼ R � I: ð2:2:2Þ

Using Eq. (2.2.1) the above relationship can be
written, as follows:

q ¼ DU

I
� S

L
: ð2:2:3Þ

At a distance r, away from the source electrode
(A or B), the hemisphere has a surface area S = 2pr2,
so if L = r, and DUMN = UM - UN:

q ¼ UM � UN

IAB
� 2pr: ð2:2:4Þ

The potentials in points M and N are the sums of the
potentials from the current electrodes A and B, the
electrical current being +I and -I, respectively:

UM ¼ UA
M þ UB

M ¼ q � I

2p
1

rAM
� q � I

2p
1

rBM

UN ¼ UA
N þ UB

N ¼ q � I

2p
1

rAN
� q � I

2p
1

rBN
:

ð2:2:5Þ

So, the resistivity for uniform homogenous volume in
the upper hemisphere is:

q ¼ DUMN

IAB

2p
1

rAM
� 1

rBM
� 1

rAN
þ 1

rBN

: ð2:2:6Þ

The relative disposition of the electrodes deter-
mine the so-called ‘‘coefficient of the array’’—k:

k ¼ 2p
1

rAM
� 1

rAN
� 1

rBM
þ 1

rBN

: ð2:2:7Þ

Practically, at meso- and macro-level, the rocks are
neither uniform, nor homogenous. At given position
between the electrodes, the electrical current passes
trough composite rock material with imposed sec-
ondary brittle or ductile deformations. This fact
argues the use of the term ‘‘apparent resistivity’’ qa

for the measured in situ resistivity. The final equita-
tion becomes:

qa ¼ k
DU

I
: ð2:2:8Þ

Fig. 2.11 Four electrodes array AMNB. A and B are the
current electrodes (C1 and C2 in some textbooks), and M and
N (respectively P1 and P2) are the electrodes measuring the
potential difference
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The apparent resistivity is a function of the specific
electrical resistivity of the rocks, the thickness and the
depth of the layers and other rock inhomogeneities as
fractures and the type of their filling substance. Thus,
the electrical field should be not symmetric in the
space. Its configuration will depend on the superpo-
sition of the electrical conductivity of the studied
‘‘package’’ of layers and structures. The same is valid
for the electrical resistivity.

Let us consider the simplest case, representing a
package of horizontal layers with electrical resistivity
of every layer q1, q2, q3, … qN (Fig. 2.12).

In this model L = 1. The thickness of the layers is
h1, h2, h3, … hN. From Eq. (2.2.1) is seen that the
resistance R is:

R ¼ q � L

S
: ð2:2:9Þ

The parallel conductivity Ci when the electrical
current is applied on the transversal walls of every
layer i is:

Ci ¼
1
Ri

¼ hi

qi
: ð2:2:10Þ

The transversal resistance TRi when the electrical
current is applied from the top and the bottom of the
layers’ package is:

TRi ¼ Ri ¼ qihi: ð2:2:11Þ

From Eqs. (2.2.10) and (2.2.11) it can be deter-
mined that:

hi ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

CiTRi

p

qi ¼
ffiffiffiffiffiffiffiffiffiffi

TRi

Ci
:

r ð2:2:12Þ

For the total thickness H ¼
P

N

i¼1
hi the total parallel

conductivity C and the total transversal resistance TR
are:

C ¼
X

N

i¼1

hi

qi

TR ¼
X

N

i¼1

hiqi:

ð2:2:13Þ

The average parallel resistivity ql and the average
transversal resistivity qt will be:

ql ¼
H

C

qt ¼
TR
H

:

ð2:2:14Þ

It is proven that always the transversal resistivity qt

is higher than the parallel resistivity ql (Hmelevskoy
1984).

Let us now consider a more complicated and close
to the practice case, when the layers are dipping from
the surface at angle a and the measurement of the
electrical resistivity is executed using the symmetric
four electrodes array Schlumberger (Fig. 2.13). The
array can be oriented randomly on the surface,
crossing the parallel layers at angle b.

Without entering in the theoretical details, it can be
shown (Yakubovskiy 1973) that:

qa ¼
ql

ffiffiffiffi

qt
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qlðcos2 b þ sin2 b � cos2 aÞ þ qt sin2 b � sin2 a
q :

ð2:2:15Þ

Fig. 2.12 Model of a sequence of horizontal layers
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Two extreme case exist—when the array is parallel
to the layering (or to the extension of the inhomogene-
ities), i.e., b = 0, and when the array is perpendicular to
the layering (b = p/2). For the first case the maximum
apparent resistivity will be measured, because:

qað0Þ ¼
ffiffiffiffiffiffiffiffiffiffi

ql:qt
p ¼ qmax: ð2:2:16Þ

For the second case the apparent resistivity is
lower

qa p=2ð Þ ¼
ffiffiffiffiffiffiffiffi

qlqt
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 þ k2 � 1
� �

sin2 a
q

¼ qmax
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 þ k2 � 1
� �

sin2 a
q : ð2:2:17Þ

Here k is the coefficient of macro-anisotropy,
because it characterizes the integral anisotropy of the
studied rock volume and it is k[ 1:

k ¼
ffiffiffiffi

qt

ql

r

: ð2:2:18Þ

It is evident, that qað0Þ[ qaðp=2Þ. The measured
apparent resistivity parallel to the elongation of the
inhomogeneities is higher then perpendicularly to
them. So, this is the ‘‘paradox of the anisotropy,’’
because in reality the transversal resistivity qt is
higher than the parallel resistivity ql.

In practice, using arrays with different azimuths
around a given point and with different distance
between the electrodes A and B, it is possible to obtain
the electrical anisotropy ellipse for different depths
(Azimuthal Vertical Electrical Sounding). For differ-
ent depths (different stratigraphic layers), the ellipse
of the electrical anisotropy can be obtained, which is
closely related to the rock bedding and fracturing
through the ‘‘paradox of anisotropy.’’ In most of the

practical cases, the longest axis of the electrical
anisotropy in horizontal plane is coinciding with the
dominant direction of the tensile fractures, normally
controlling the general orientation of the karst
galleries.

As example, a study in karst area in Bulgaria is
presented here.

2.2.3.1 Rumiantsevo Region (Central North
Bulgaria)

The investigation aimed to study the space position of
3 m high karst cavity crossed by an exploration well at
a depth of 19.6 m below the surface. The studied area is
located near the village of Rumiantsevo (North Bul-
garia). This is a potential area for a future mining of
limestones from Kailaka Formation. It is built of white,
massif, and organic limestones with various biological
inclusions. The age is considered to be Upper Maes-
trichtian. Limestones are easily karstified near the
fractured zones and faults. The region of nearby Kar-
lukovo village is known with its numerous surface
negative karst forms and many caves (Fig. 2.14).

Above-mentioned modification of Vertical Elec-
trical Sounding (VES) method was used to applying
an azimuth scheme on the site where Well No.10
crossed an underground cave. An important data on
the electric anisotropy of the rock at different depths
and prevailing direction of the fractures could be
obtained by using this scheme of measurements. VES
1 is coinciding with the wellhead. Knowing the real
depth of the layers and the crossed cavity, the survey
at this site was as a ‘‘parametric’’ VES, because the
information from the well was used for calibration of
the rock resistivity (Fig. 2.15). When fixing the
known depths, it was possible to evaluate the real
pseudo-resistivities of the cross-section. Nevertheless,
the automatic interpretation of the curve by the

Fig. 2.13 Model of field
measurement of the electrical
resistivity of layered rocks
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program IPI2WIN gave the position of the cave
between 22.5 and 29.9 m from the surface. The only
point on the electrical curve showing the presence of
the cave is at AB/2 = 25 m. This length of the elec-
trical current supplying array was used for the Method
of Dipole Profiling.

Two types of limestones (according to their elec-
tric properties) are present in the geological cross-
section of the area. Limestones of comparatively high
electric resistivity (1,000 Xm) are defined near the
surface, particularly in the northeastern part of the
area. They could be identified with the third horizon
of Kailaka Formation. Limestones of lower resistivity
(400–600 Xm) are disposed below them with a top at
about 11–15 m depth from the surface. They could be

identified with the second horizon of Kailaka For-
mation. Karst forms are found only in the horizon of
lower resistivity. No available data exist for presence
of such forms in the overlying limestones of higher
resistivity. Electric resistivity of karst cavities is high
(practically tends to infinity). According to VES
curves, qa is in the range of 4,000–5,000 Xm.

Measurements at 4 azimuths (N 0, 45, 90, and
135�) were carried out near the wellhead. The result
from the array AB/2 = 25 m is very important. It
gave information from the depth of the karst cavity
crossed by the well (Fig. 2.16). Abrupt changes of
electric parameters (coefficient of anisotropy, eccen-
tricity, direction of the long axis of the anisotropy
ellipse and electrical resistivity) of the rocks were

Fig. 2.14 Geological map of the studied area near the village
of Rumyantsevo (according to Tsankov 1991): 1. Alluvial
deposits—sands, gravels, clays; 2. Paleogene marls, sandstones,

siltstones, clays; 3. Upper Maestrichtian limestone; 4. Lower
Cretaceous sandstones, marls, siltstones; 5. a rivers; b karstic
springs; 6. dolines; 7. villages; 8. studied area
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Fig. 2.16 Graphic
characteristics of changing
electric anisotropy in
limestone layers with depth

Fig. 2.15 Interpretation of
VES 1 curve (Software
IP2WIN). The thickness of
the layers is according to the
well log. The error of the
approximation is 5.8 %
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detected at depths corresponding to arrays AB/2
= 10 m and AB/2 = 25 m.

Lithological alternation is the possible reason for the
shallow level (AB/2 = 10 m), while for greater depth
(AB/2 = 25 m), this could reflect only the presence of
karst cavity elongated in NE–SW direction (Fig. 2.17).

Dipole profiling in 65 points located in the area
using the scheme of Middle Gradients was applied
with 50 m spacing between the current electrodes
A and B. A map of apparent electric resistivity of the
southern part of the studied area has been compiled
(Fig. 2.18). It is evident, that the discovered by Well
10 karstic cavity is reflected by the elongated toward
SW electrical anomaly with values higher then
850 Xm. But the very high resistivities in the northern
part of the studied area, probably related to near sur-
face limestone forming the third horizon of Kailaka
Formation, can mask any other existence of karst
structures below these layers. The high electrical
resistivity could be also related to karst structures in the
upper part of the section, but this can be verified only
by drilling. The practical conclusion is that the karst
cavity zone intersected by the well is probably devel-
oping as underground gallery in southwest direction. It
drains the system toward the open surface karst and
underground forms at the southwest of the studied area.

2.2.4 Earthquake Fault-Plane Solutions

The knowledge of the processes inside the earth-
quakes foci at first look is not evidently related to the

processes of karst formation and evolution. But a
broader understanding of the contemporary Earth’s
dynamics and its direct impact on the faulting and
fracturing of the rock volumes leads to the inevitable
conclusion that these two phenomena are final results
at different levels of the tectonic stresses. The
mechanism in the focus of every earthquake is an
informative source today about the regional (strong
earthquakes) and local (weaker earthquakes) tectonic
stress characteristics. It has been demonstrated in
Sect. 2.2.2 how the tectonic stresses control the
principal tendencies of the formation of the under-
ground karst systems of galleries. Furthermore, if the
karstified rocks are situated inside a tectonic province
with contemporary expressed activity, the earth-
quakes could be the factor for secondary moment
deformations of the speleosediments. This phenom-
ena and its significance is discussed in Chap. 3. That
is why some basic information on the mechanism of
formation of the dislocation in the earthquake focus,
and how it is recognized by ‘‘the fault plane solution’’
from the records of the seismic waves will be
presented.

Reid (1911) presented his theory about the ‘‘elastic
rebound’’ in his classic study on the dislocations
along the fault system San Andreas after the earth-
quake in San Francisco in 1906. Reid formulated five
principal statements in the theory (after Stacey 1972),
as follows:
1. The rocks destruction causing tectonic earthquake

comes as a result of accumulation of elastic
deformation beyond the limit that rock can with-
stand. The deformation arises at relative move-
ment of neighboring blocks in the Earth’s crust.

2. The relative displacement of the blocks is not
sudden at the moment of disruption, but it
increases gradually for a longer or shorter periods
of time.

3. The movement at the moment of earthquake con-
sists only of ‘‘elastic rebound’’—a sharp moving of
the fault’ walls up to the position, where the elastic
deformations are missing. This movement is visual
only to a few miles far from the fault.

4. The seismic waves originate out of the fault sur-
face. First, the area of the surface where they arise
out is very small, but after that it increases fast and
becomes very large, but the velocity of its propa-
gation does not exceed the shear wave’s velocity
of the rocks.

Fig. 2.17 Ellipse of anisotropy of the apparent resistivity values
measured by array AB/2 = 25 m at 4 azimuths (Rumyantsevo,
North Bulgaria). Direction of the long axis of anisotropy—N 24�;
Coefficient of anisotropy—1.29; Eccentricity—0.348
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5. The energy released during the earthquake,
immediately before the earthquake, is the energy
of the elastic deformation of the rocks.
This theory also initiates the development of the

Dislocation theory of earthquakes. Without any
details upon the theory (very well shown in the works
of Stacey 1972; Cox and Hart 1989, and others), it is
important to note that this theory created the basis for
explanation of the character of the emitted seismic
waves, depending on the type of movement along the
dislocation. The main idea is to present the final
dislocation in the earthquake focus as an equivalent of
a pair of stresses with or without moment. There is no
united opinion about which of both cases describes
more precisely the processes in the focal zone. In any
case, the pair of stresses with moment describes better
the arising of medium disruption, moving along it,
and creation of waves of ‘‘contraction’’ and ‘‘dilat-
ancy’’ (Fig. 2.19), which are registered with different
polarity of their first breaks on the seismograms.

Usually, the study of the seismic source is through
analysis of the seismic waves’ records on seismic
stations, outlying from the focal zone at a distance

bigger than the size of the focus. It means, loss of a
considerable quantity of information due to fading of
the high frequencies with the distance. Nevertheless,

Fig. 2.18 Detailed map of
the apparent electric
resistivity anomaly zone
around Well 10. The dots are
the points of measuring of the
apparent electrical resistivity

Fig. 2.19 Formation of waves of ‘‘contraction’’ and ‘‘dilat-
ancy’’ in the earthquake focus (following Drumia and Shebalin
1985)
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the parameters of the focus and the processes in it are
calculated, sufficiently, for the tectonic studies accu-
racy through these records. The regions of positive
and negative first breaks (first arrival) of longitudinal
waves enter on circle in Wolf’ Projection, and both
possible nodal planes are defined (Fig. 2.20).

The movement occurred along one of the nodal
planes. The direction of tectonic compression (P) and
tectonic tension (T) are situated at the two opposite
bisectors of the angles defined by the nodal planes.
The crossing of the nodal planes defines the inter-
mediate axis B. These three axes are practically
indirectly related to the principal axes of tectonic
stresses within the rocks r1(P), r2 (B) and r3(T).

The interpretation of focal mechanisms for tectonic
analysis has to make the distinction between the fault-
plane and the auxiliary plane. The ambiguity of this
interpretation is that it cannot be made from the focal
mechanism itself and it must be based on comparison
with the local geological structures. The main prob-
lem is connected with the synonymous determination
of the nodal plane, along which the movement is
performed, and it could be realized through additional
tectonic and geophysical information only. The other
uncertainty arises in attempting to relate the P and
T axes with r1 and r3 axes of the tectonic stress field.
Various inversion schemes have been developed

(Gephard and Forsyth 1984; Michael 1987). The
assumption of these methods is that the orientations of
the principal stress axes are constant within the vol-
ume, which is being analyzed. Such dynamic inter-
pretation of focal mechanism data is not always
appropriate (Scholz 2002). For some areas, limited
number of earthquakes has fault-plane solutions, for
weaker earthquakes (M \ 4) it could be expected
determination of the focal mechanism only in the case
of sufficient records from seismic stations around the
epicentral area.

For the karst areas, the nearest earthquakes with
determined fault-plane solutions can give useful
information about the tendency of spatial orientation
of the active (with water stream) galleries. These
galleries, by their definition, have to be oriented
approximately at along the same direction as the axis
P (the compression) or perpendicularly to the axes
T (tectonic extension).

2.2.5 Time Sequence
of the Reconstructed Stress Fields

When working in karst areas, any collected informa-
tion concerning the reconstructions of the stress fields
can be of importance for ranging the tectonic impacts
consecutively in the geological time scale, and to make
the conclusions for the relationship between tectonics
and karst evolution. Normally, a number of paleotec-
tonic stress fields can be reconstructed. The first of
evident bench marks for ranging them in the time is the
age of the concerned karstified rocks. The first impact
forming fractures had been obligatory manifested after
the formation and lithification of the rocks, not earlier.
The next steps are to find reconstructions of the stress
field in the area in younger sediments than these con-
taining the karst system. These sediments can provide
information about the stress fields after their formation,
but the deformations obligatory have impacted the
older rock sequences. The last step is to compare the
reconstructions of the stress field with the fault-plane
solutions from nearest earthquakes, if available. These
solutions give immediate information closely corre-
sponding to today stress conditions and they can help
the correct interpretation. The appropriate arrangement
in time of the deformations can be successful only
when using all available geological, geomorphologi-
cal, hydrogeological, geophysical, and geodetic

Fig. 2.20 Example of stereographic projection (lower hemi-
sphere) with recorded first brakes of type ‘‘contraction’’ C and
‘‘dilatancy’’ D by the seismic stations from different azimuths
around the earthquake focus (Georgiev and Shanov 1991—
Reproduced by permission of Bulgarian Geophysical Journal).
The nodal planes and the position of P and T axes are
determined
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information. The maps of the known karst galleries are
necessary to make the most possible realistic conclu-
sions for the features of the karst formation and evo-
lution in the area concerned.

An example from the Moesian Platform (Northern
Bulgaria) is presented below.

Orlova Chuka Cave, North Bulgaria
The cave Orlova Chuka (means Eagle rocky peak) is
located on the left bank of Cherni Lom River
(Fig. 2.21). The cave is a complex system of galleries,
caves, and large and small halls. It is the second in
Bulgaria by the total length of its galleries—13,437 m.
The cave is formed in Cretaceous (Aptian-Urgonian)

limestones and calcareous sandstones. According to
Radulov (2002), the morphological features of the cave
galleries suggest a phreatic origin. The cave system lies
just below an old river terrace at elevation about 60 m
above the present floodplain of Cherny Lom River,
tributary of Danube River. Terrace at 60 m corre-
sponds to an erosion surface formed in the southern
margin of the so-called Dacian Basin during the Plio-
cene and Early Pleistocene. Erosional surface is cut
2.59 Ma BP, and the alluvium deposits over it extend
to the beginning of loess formation in NE Bulgaria.
The main phreatic stage of cave formation should be
assigned to the same time span. Brunhes/Matuyama
geomagnetic boundary (0.78 Ma BP) has been found

Fig. 2.21 Regional scheme,
nearest earthquake fault-plane
solution and geological
background of the Orlova
Chuka Cave area (North
Bulgaria). The fault-plane
solution for Hlebarovo
Earthquake (Ms = 4.7) is
based on the data published
by Shanov et al. (1988). The
geological map is based on
Sheet ‘‘Byala’’ from the
Geological Map of Bulgaria
in scale 1:100 000 (Filipov
1992) 1—Loess cover;
2—Aptian limestones (Lower
cretaceous); 3—fault
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at 1.20 m below the top of sedimentary sequence in an
excavation in the cave (Evlogiev et al. 1997).

The reconstruction of the stress fields in the SE
Moesian Platform in Bulgaria has been made by means
of earthquake fault-plane solutions, tectonic fractures,
and fold patterns (Shanov 2005) in rocks restricted
stratigraphically from the Early Cretaceous up to the
Late Pliocene. The philosophy of the study is that the
recognition of the older stress fields for a given area can
be successful if the characteristics of the youngest ones
are known. The contemporary stress field is discussed
using the fault-plane solutions from earthquakes and
the kinematics of the activated faults. The reconstruc-
tion of the Post-Pliocene paleo-stress field was made
by studies of conjugate shear joints systems in Upper
Pliocene limestones, covering the area east of the
location of the cave and containing traces from only
one tectonic deformation (Post-Pliocene).

Measurements of elements of tectonic fractures
were also performed in situ on more than 60 outcrops
of rocks of Aptian age. A more complete study of the
tectonic meso- and micro-structures has been per-
formed on the Sarmatian sediments in the SE Moesian
Platform. This study includes a description of the
discovered folds, brittle tectonic analysis, and recon-
struction of the Post-Sarmatian paleo-stress field. As a
result, it was deduced that the compression after the
Early Cretaceous period is NE-SW directed. The
direction of compression since Sarmatian to Early

Quaternary was NW-SE. A clockwise rotation of the
main stress axes was established for a number of sites.
The contemporary contraction is directed also
NW-SE, according to the fault-plane solutions deter-
mined for crustal earthquakes in the region. This
result is tested using the data from the GPS mea-
surement recently performed in this part of the Balkan
Peninsula (Shanov 2005).

Having in mind this regional analysis, it is easier to
understand the results from the reconstruction of the
tectonic stress fields using measurements of joints
(106 joints) from an outcrop at the entrance of the
Orlova Chuka Cave (Fig. 2.22).

At the first stage of its formation, the Post-
Cretaceous fracturing (the age is not evaluated but the
deformation happened before the end of Sarmatian
time) probably had some role to predestine the NE–
SW trend of the open fractures, able to form karstic
galleries (solution A in Fig. 2.22). In any case the
longest gallery in the cave is parallel to the regional
fault striking NE–SW.

The second impact B was due to the more recent
deformations, probably related to the Post-Sarmatian
processes. The Post-Sarmatian (Late Neogene?)
deformations marked a total change of the preferential
direction of cave formation due to the interchange of
the orientations of r1 and r3 tectonic stress axes.
Since this time, because the tectonic regime as gen-
eral tendencies has not changed till present, the main

Fig. 2.22 Map of the Orlova
Chuka Cave (North Bulgaria)
with rose-diagram of the
cumulative length (in %) of
the galleries, compared to the
directions of the open (tensile)
fractures (in gray on diagrams
A and B) generated by the
tectonic stress fields in the
Aptian limestones
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tectonic stress field axes keep their general orientation
and the consecutive dominant NW-SE direction of the
largest galleries in the cave. The main phreatic stage
of cave formation and especially the formation of the
large halls can be assigned to this period. The today
stress field has not impacted the galleries trend,
because the cave has been not active at least during
the last 0.7 Ma.

The comparison of the reconstructed tectonic stress
fields with the dominants directions of the galleries of
the Orlova Chuka Cave confirms totally the tectonic
control of the cave formation (Fig. 2.22).

2.3 Tectonic Stress Control on Karst
Systems: Case Studies

The presented case studies are from different coun-
tries and different tectonic context had impacted the
formation of the karst systems. Nevertheless, the
tectonic control is always present and the contempo-
rary processes of karst evolution show clear rela-
tionship with the youngest fracturing, i.e., with the
recent tectonic stress field characteristics.

2.3.1 Albania: Tectonic Factor for Karst
Formation in the Albanian
Dinarides

2.3.1.1 Short Geological and Tectonic
Characteristics

The structural complex characterizing the exception-
ally complex geological structure of the not so large
Albanian territory is named by Albanian geologists
Albanides (Biçoku et al. 1978). Both basic mega-
structural units of the Albanides—North Albanides
and South Albanides (related with the Helenides) are
separated by the Shkodra - Pejio transversal zone
representing an old paleogeographic province. The
tectonic domains display different deformation styles.
The External domain, where the presented studies
were performed, including Paleogene and younger
units of the Krasta–C�ukali and other tectonic zones to
the west, has been affected by compression, mani-
fested in west-directed folds, thrust faults and oblique
strike-slip fault systems (Dilek and Koçiu 2004). The
karst of Albanian Dinarides (Albanian Alps zone

according to some authors) is considered as continu-
ation of the High Karst of Dinarides (Fig. 2.23).

The lower part of the geological section is repre-
sented by terrigenous sediments of Permian to Lower
Triassic age. They are covered by carbonate sedi-
ments. Their accumulation began during the Middle
Triassic. Bauxites were formed in the same time. A
continuous sedimentation of neritic limestone fol-
lowed to Maastrichtian time. Jurassic pelagic lime-
stones with silicitic layers occur in the eastern part of
the Albanian Dinarides. This part (called also Val-
bone Subzone) is considered as an independent tran-
sitional element of uplifted Vermosh flysh, which
covers a period from Maastrichtian to Eocene.

At the end of the Eocene, the zone of the Albanian
Dinarides was deformed and thrusted to the south
over the zone Krasta-C�ukali. From structural point of
view, the Albanian Dinarides are a monocline dipping
northwest. The large Valbone anticline is located to
the northeast and the large Malesia-Madhe syncline is
situated to the northwest.

The region in which the expeditions of the Bul-
garian Speleological Federation worked during four
consecutive years (beginning from 1990) is a part of
the North Albanides. According to the age of the
more intense folding, the region belongs to the areas
deformed at the end of the Eocene. More detailed
structural and tectonic investigations in 1994 have
been carried out on the territory of the SE limb of
Malesia-Madhe syncline, and especially near its axial
part. The geology of this territory is represented
mainly by carbonate complexes of Lower Jurassic up
to Lower Cretaceous (Barremian-Aptian) age. The
results of the structural-geological studies were pub-
lished by Shanov (1999). Here, the tectonic control on
the karst formation in the studied area is discussed
following this publication.

Different-order faults determine the formation of
the tectonic block structure of the limestone massif.
They are long-term acting faults with quite explicitly
manifested neotectonic activity affecting the relief
and the karstic processes in the region. The recent
activity of some of the faults is manifested by con-
centration of earthquake foci along them (Fig. 2.24).
The fault Rapsh- Boçani is quite active during the
recent tectonic stage (No. 4 in Figs. 2.24 and 2.25).

It is clear, that energy accumulation occurs along
this fault, periodically being released by earthquakes
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in the zones of its crossings with other regional
faults (e.g., with fault No. 1—Pjetroshan- Velicikut-
Kozhnje, or with fault No. 3—Böge-Budace). Fol-
lowing the most general considerations reflected on
the geological map of the region, it could be assumed
that, in the contemporary tectonic stage, there is an
uplift of the northern adjacent to the fault block and
subsidence of the southern one. This is a continuation
of the tendency of neotectonic development of the
region, which has predestined the contemporary

relief. The neotectonic stage is marked by intense
uplift total amplitude in some parts more than
2,000 m.

2.3.1.2 Geological and Hydrogeological
Conditions of Karst Formation

During the whole Mesozoic after Early Triassic time,
the depositional settings, existing almost continuously
up to the beginning of the Maastrichtian, resulted in
the formation of a thick limestone complex. The

Fig. 2.23 Regional tectonic
scheme of North Albania (after
Biçoku and Aliaj 1973a, b and
the Geological Map of Albania
in scale 1:200 000—Harta
Geologjike 1981). Isolines of
the maximum uplift in metres
during the Neotectonic stage
are shown (Shanov 1999—
Reproduced by permission of
Geologica Balcanica)
1—Zone Gashi, uplifted after
Early Paleogene; 2—Zone of
the High Karst, uplifted after
the end of early Paleogene;
3—Zone of Albanian
Dinarides (Albanian Alps),
uplifted during the first half of
the Paleogene; 4—Zone Kras-
Cukali, uplifted during the
second half of the Paleogene;
5—Neotectonic superimposed
depressions; 6—thrust front
lines
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following tectonic events during the Alpine tectono-
genetic phases and especially the intense overthru-
sting of a part of the limestones complex to the South
increased the thickness of the rock complex
(Fig. 2.26).

The neotectonic uplift and denudation led to the
contemporary complex relief, with altitudes exceed-
ing 2,000 m. It could be supposed that the thickness
of the carbonate rocks, now subjected to karstifica-
tion, is more than 1,500 m. An argument for this
supposition is the concentration of important karstic
springs at altitude of some tens of meters over sea
level and running out of impressive quantities of fresh
water in Shkodra Lake and Adriatic Sea. The tectonic
factor should be also taken into account—fault sets
that facilitate the drainage of superficial water outflow
by channels, which do not allow always the formation
of accessible karstic cavities.

According to the Hydrogeological Map of PSR of
Albania M 1:200 000 (1981), the fault marked by the

line Pjetroshan-Velicikut-Kozhnje plays the role of
main distributor of underground water outflow in the
region localized west-northwest of Böge settlement.
There are concentrations of karstic springs along the
northwestern fault wall. Probably, an enormous
underground water flow is drained by the same fault,
coming out on the surface near the village of Pjetro-
shan by a well-developed karst spring system. One of
the springs has a discharge up to 4 m3/s.

At the same time, the southeastern fault wall,
constituted by faulted blocks, offers all conditions
needed for draining of huge superficial water quanti-
ties (most of all atmospheric) and their running
toward the drainage zone. The investigated region is
localized in joints-karstic type of water-bearing sys-
tem having an effective infiltration ratio about
0.6–0.7. In these conditions, the atmospheric waters
penetrate fast in the water-bearing system and flow
toward their natural drainage level. In this way, no
conditions stimulating the development of horizontal

Fig. 2.24 Main fault structures and epicenters of recorded
earthquakes for the period 1961–1988 in the studied area
(Shanov 1999—Reproduced by permission of Geologica Bal-
canica) Earthquake magnitudes: 1—M \ 2.0; 2—M = 2.1–3.0;

3—M = 3.1–4.0; 4—M = 4.1–5.0; 5—M = 5.1–6.0; Faults:
6—normal faults; 7—thrusts; More important regional faults:
Pjetroshan-Veliçikut-Kozhnje; 2—Dobromiri; 3—Böge- Bud-
ace; 4—Rapsh-Boçani; 5—Ducal
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karst system could practically exist. The conditions
for vertical channels precipices are much better.
Several expeditions of the Bulgarian Speleological
Federation just prove the mass development of prec-
ipices reaching depths from tens to 500 m (Fig. 2.27).

The speleological as well as the geological struc-
tural investigations in the karstic massif to the
northwest of Böge settlement (Fig. 2.23) clarified
additionally some problems and showed a strong
significance of the fault tectonics as a factor for
precipices and caverns formation in the most frag-
mented by young displacements zones.

The measurements of the space elements of joint
systems and tectonic striations on different surfaces of
outcrops have been carried out only at 16 points
(Fig. 2.28) because of relief complexity, its difficult
access and the limited time for field observations. The
information turned to be sufficient for reconstruction
of the main tectonic deformation phases after Early
Jurassic times up to present days, which determine the
main relief characteristics as well as the superficial
and underground karst features.

2.3.1.3 Investigation Methods
Three basic methods were used for reconstruction of
the principal axes of the tectonic stress field. Detailed
analysis of the final results from each observation
point allowed to distinguish the different deformation
phases imprinted in the structure of the joint systems
of the karstic massif and controlling the basic char-
acteristics of the karstic processes and to determine
their age.

Fault-Plane Solutions from Earthquakes

Only one fault-plane solution was available for the
purposes of the investigation, i.e., an earthquake with
magnitude M = 5.1 (f November 3, 1968) and epi-
center localized to the southwest of the studied region
(N 42.10, E 19.35�). The data are taken from the
paper of Muço (1994).

Tectonic Stress Field Reconstruction

from Striations on Slickensides

These investigations occupy the most significant place
in the collected information because, in 11 points of

Fig. 2.25 Geological scheme of the investigated territory NW
of the Böge settlement (North Albania), carried out on the base of
Geological Map of Albania in scale 1:200 000 (1981) (Shanov
1999—Reproduced by permission of Geologica Balcanica)
1—Upper Triassic limestones and dolomites; 2—Lower Jurassic
limestones and dolomites; 3—Middle–Upper Jurassic undivided

limestones and dolomites; 4—Upper Jurassic limestones and
clayey sands; 5—Tithonian limestones; 6—Lower Cretaceous
limestones, carbonate limestones, clayey sands; 7—Quaternary
sediments in superimposed depressions; 8—faults: 1—Pjetro-
shan-Velicikut-Kozhnje; 2—Dobromiri; 3—Böge—Budace;
4—Rapsh–Boçani
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structural studies, indicators of displacements on the
joint and fault surfaces have been found—exception-
ally well-preserved tectonic striations covering in
some cases surfaces of several square meters.

Reconstruction of the Tectonic Stress Fields Using

Tectonic Shear Joints

This study has been carried out following the method
of Nikolaev (1977), which has been already com-
mented. In the region studied, mass measurements of
joints have been carried out in four outcrops.

2.3.1.4 Results
Structural investigations applied for rock formations
of different age (but within the Jurassic Period) allow
to differentiate the reconstructed tectonic stresses in
time. Table 2.2 shows diagrams of the reconstructed
tectonic stress fields for the sites of performed mea-
surements, which are related to a certain tectonic
phase of a global scale. This turned out to be the most
logical scheme when interpreting and comparing
reconstructions for the sequence of Jurassic lime-
stones of different age.

Fig. 2.26 Highly deformed
and fractured limestones
forming the borders of the
valley of Böge
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The youngest (Quaternary and recent) tectonic
stress field is defined by the fault-plane solution of the
only available earthquake focus near the territory
studied. Its features (NW–SE compression and

NE–SW extension) could be found in the recon-
structions for sites 13, 14, and 9. The tectonic stress
field is characterized by changed stress axes as com-
pared to those of the Neotectonic (post-Miocene)

Fig. 2.27 Typical sub-
vertical karst precipice in
Albanian Dinarides

Fig. 2.28 Scheme of fault
ruptures in the region
investigated in 1994, sites of
structural measurements and
base karst forms orientations
in plan view 1—fault with
undetermined type of
displacements; 2—normal
fault; 3—strike-slip fault;
4—thrust; 5—sites of
structural measurements;
6—speleological camps. Fault
numbers follow these in
Fig. 2.25: 1—Pjetroshan-
Velicikut-Kozhnjc;
2—Dobromiri;
4—Rapsh–Boçani
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Table 2.2 Reconstructed time sequence of the tectonic stress fields for the studied area of Albanian Dinarides (Shanov 1999—
Reproduced by permission of Geologica Balcanica)
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stage, where the minimum tectonic stress r3 of NW–
SE to E–W trend generated formation of neotectonic
superimposed depressions generally elongated NE-SW
(see Fig. 2.23). The compression was subvertical
(uplifting) and it is well expressed by the striations on
the tectonic slickenside at sites 6, 10, 12, and 13.

The most intense deformations can be referred to
the Pyrenean phase (end Eocene). Then, under the
conditions of strong pressure of almost N–S direction
(see sites 5, 13, and 4), a southward thrusting of the
Albanian Dinarides onto the Krasta-C�ukali zone
occurred. After the Middle Jurassic, Late Cimmerian,
and after that, Laramian tectonic deformations affec-
ted the massif of limestones and dolomites. Recon-
structions in sites 13, 14, 15, 16, and 2 are a clear
evidence of this. The Laramian Phase is characterized
by a strong subhorizontal northwest-southeast trend-
ing minimum principal stress r3.

The Late Cimmerian Phase shows features, which
are very similar to the contemporary tectonic stress
field. Taking into consideration that during the

Pyrenean Phase the whole massif has been displaced
to the south, presumably with some rotation, both
most ancient phases posse an element of relativity in
reconstructed directions of their principal tectonic
stress axes.

2.3.1.5 Relations Between Karst Formation
and Concrete Tectonic Conditions

The first step for determination of tectonic factors,
influencing karst formation, is the analysis of the
principal stresses that have led to the now observed
structural ruptures in the discussed rock massif. The
karst formation has started most likely at the end of
the Eocene-Oligocene stage. By this time, the dis-
placements of the limestone massif to the south had
calmed down, and its intense uplifting started.

The detailed observations carried out in the sites of
reconstruction of the tectonic stress field have resulted
in some changes of the ideas concerning the fault
network of the area. On the one hand, the normal
faults are complicated by strike-slip displacements,

Table 2.2 (continued)
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being of the youngest age, and they correspond to the
youngest (contemporary) tectonic stress field
(Table 2.2). The well-expressed thrust structures
(sites 3, 5, and 6) appear as relicts of the Laramian
tectonic phase deformations. In the zones of shearing
and mylonitization, there are conditions for formation
(mainly because of mechanical export of particles by
the water) of small horizontal cavities, which seldom
reach more than several tens of meters (for example at
sites 5 and 6). Their orientation is along the slip
surface.

During the Pyrenean Phase, strong normal faulting
along the ruptures of NE-SW direction and opening of
joints systems into the same direction occurred. Most
investigated vertical precipice caves developed on
these joints. It is worth to emphasize that they all
belong to zones with well- manifested faults.

Precipices near sites 10, 11, 12, and 16 are located
along morphologically well-manifested fault still not
shown on official maps. All these precipices are
located in brecciated zones with clear tectonic slic-
kensides and striations on them.

During the Pyrenean phase, tensile stresses varied
locally from NW–SE to NE–SW direction, and the
compression was oriented N–S or sub-vertically
(uplifting of the massif). The subvertical compression
lasted also during the Neotectonic stage when the
orientation of the minimum stress r3 favored both the
existence of earlier formed open cracks of NW–SE
direction (sites 13 and 15—open karren and preci-
pices; in case of site 1—widely open karren up to
several meters). Some evidence of strike-slip dis-
placements can be seen on site 14. The controlling
role of the faults for the process of massif karstifica-
tion is best observed in areas of Upper Jurassic clay
sandstone, where caves could not exist without the
influence of the tectonic factor. Strong faulting and
crack opening favor mechanical export of debris and
the formation of typical karstic precipices.

The contemporary displacements are not so active
but in case of NW–SE orientation of r1 they have led
to some clear strike-slip displacements along the
Dobromiri Fault. Besides that, the erosion rate obvi-
ously becomes dominating over the uplifting process,
and this results in sealing of many of the superficial
karstic forms with deluvial materials. Thus, in spite of
the high permeability for atmospheric waters into the
karstic massif, the vertical type of open karstic

systems are conserved only within fault zones, where,
nevertheless, the young tectonic displacements do not
allow their fast colmatation with materials from the
rock weathering.

The sharp-shaped relief is a result not only of
tectonic displacements, but also of chemical destruc-
tion of limestones and dolomites by rains and snow.
The long lasting snow cover at this altitude (between
1,000 and 1,500 m) is a factor for chemical erosion
durability through the year. Special analyses in the
region for atmospheric waters aggression potential, as
well as of the snow covering melting waters have not
been done. Such an investigation would deepen the
analysis of the reasons for the strong superficial and
underground karstic processes in Albanian Dinarides.

2.3.2 Bulgaria: Tectonic Stress Fields
Studies in Karst Systems

Bulgaria covers an area of 111,000 km2. About 23 %
of this area consists of carbonate rocks (i.e., pure
limestone or dolomite) that host over 5,000 caves.
Carbonate rocks, in which the majority of karst is
developed, were formed during the Triassic, Jurassic,
Cretaceous, and Tertiary periods. Less extensive karst
with minor significance with respect to cave and
karst development exists in Proterozoic marbles of
Rila-Rhodopes area (Fig. 2.29).

Geomorphologically, there is an expressed dis-
tinction between the four principal regions (Popov
1982): (I) Danube Plain (Moesian Platform) in the
northern part of Bulgaria; (II) Stara Planina (Balkan)
Zone; (III) Intermediate Zone occupying the central
parts of the country; (IV) Rila-Rhodopes Zone in the
south (Fig. 2.29). The boundaries between the regions
are roughly coinciding with faults and fault segments
activated during the Neotectonic stage, some of them
active till now and controlling the contemporary ter-
rain morphology (USGS 2004). Only some of the
active faults are recognized by the method of Paleo-
seismology (Meyer et al. 2007; Vanneste et al.
Vanneste et al. 2006), the others are plotted on the
base of published data (Cadet and Funiciello 2004;
Georgiev et al. 2007; Kastelic et al. 2011; Radulov
et al. 2006, 2011, 2012; Tzankov et al. 1998;
Vapcarov et al. 1974; Vrablianski 1974), or verified
during field works for different projects.
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The regions differ with respect to their cave and
karst development, and on these grounds each of them
was further subdivided into several karst districts. The
Danube Plain has been discussed in Sect. 2.2 by the
study of the area of Orlova Chuka Cave amd exam-
ples from the other regions are also presented .

2.3.2.1 Western Balkan Mountain
Western Balkan Mountain (Western Bulgaria), part of
Stara Planina Zone, is known with important karst
systems draining significant quantities of fresh water.
This is an expressed mountainous area. The altitudes
of the main ridge vary between 1,000 and 2,000 m,
and the lowest part in Iskar River gorge is at
300–400 m. From hydrogeological view, six inde-
pendent karst regions are distinguished in Western
Balkan Mountain (Benderev et al. 2005). Case studies
will be presented for three of them: VR—Vratsa karst

region; LAK—Lakatnik karst region; I-G—Iskrets-
Gubesh karst region. Their relative position is marked
in Fig. 2.29.

Vratza Karst Region (VR)

Vratsa Karst Region, situated in the northern part of
Western Balkan Mountain, is formed in deformed
limestone layers of Jurassic and Lower Cretaceous
age. The faults have been of important role for the
development and evolution of the karst system.
Studies on the tectonic stress fields (Fig. 2.30) were
performed principally on Vratsa Block during spele-
ological expeditions in 1985 and 1986 (analyses of
the fracturing) and the preliminary results were pub-
lished later (Chanov 1988). New data were included
in this study, based on studies of striations on slic-
kensides, electrical anisotropy, as well as reference on
fault-plane solution from an earthquake in the

Fig. 2.29 Outcrops of karstified rocks on the territory of
Bulgaria and principal karst zones, according to Popov (1982)
Main regions: I—Danube Plain (Moesian platform); II—Stara
Planina (Balkan) Zone; III—Intermediate Zone; IV—Rila-
Rhodopes Zone Karstified rocks: 1—Proterozoic marbles;

2—Triassic limestones; 3—Jurassic limestones; 4—Upper
Cretaceous limestones; 5—Maastrichtian limestones; 6—
Paleogene limestones; 7—Sarmatian limestones; Faults: 8—
strike-slip or undetermined type of movement; 9—normal
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Fig. 2.30 Geological map of the area of Vratsa Block based on
the Geological Map of Bulgaria, scale 1:100 000, sheet Berkovitsa
(Haudutov and Dimitrova 1992) and Tronkov (1965) with the sites
of reconstructions of the tectonic stress field and the principal
caves. 1—aQh: alluvial deposits; 2—prQp - h: proluvial deposits;
3—aQp: alluvial deposits of the older terraces; 4—dQp: deluvial-
proluvial sediments; 5—lK1

ap: limestones, marles and carbonate
sandstones (Lyutibrod formation); 6—čK1

ap: Urgonian limestones
(Cherepish formation); 7—slJ2

t - K1
v: limestones of Slivnitsa

formation; 8—XXJ2
c - K1

bs: micritic limestones of Yavorets
formation; 9—pJ2

bj - b: bioclastic limestones (Polaten formation);

10—e/stJ2
a - bj: black argillites of Stefanets Member; 11—XIV

J1
h - J2

a: sandy bioclastic limestones of Kostenets formation;
12—XII T2

l - T2
k: dolomites, marls and argillites from Beli Izvor

formation; 13—PeT1: Petrohan Terrigenous formation; 14—vr
P1: Permian breccias and conglomerates of Vrana formation;
15—fault; 16—normal fault; 17—overthrust; 18—spring;
19—caves with horizontal projection of the main galleries:
L—Ledenika Cave; B-14—Barki 14; B-7—Barki 7; A-25—Aca-
demic 25; B—Beliar; 20—a site of study of the fracturing; b site of
study of the electrical anisotropy
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Moesian Platform, reflecting the contemporary ten-
dencies of the tectonic processes near the studied area
(Georgiev and Shanov 1991).

Vratsa Block is an integral part of the large
Berkovitsa Block-Anticlinorium structure (after
Tronkov 1965). The northern border of the block is a
remarkable flexure, built of sediments of Triassic,
Jurassic and Early Cretaceous age (Fig. 2.31). The
flexure is discussed as the ductile effect of the move-
ments along a large fault, located northwards of the
flexure, and covered now by younger sediments. An
important role during the tectonic evolution of Vratsa
Block has been attributed to the longitudinal and
transversal faults. According to Tronkov (1965), the
analyses of all tectonic structures of Vratsa Block show
their genetic relationship to the lateral strain acting
with direction NNE–SSW (N30–40—N210–220�).
This is the direction of the short deformation axis, the
long axis being directed N120–130�. The faults in this
situation appear as shear structures.

Hydrogeological Characteristics

From hydrogeological view, the regional geological,
tectonic, physical, and geographical conditions pre-
destined the presence of a totally drained monoclynal
slope dipping toward north with two principal karst
aquifers—Triassic and Middle Jurassic. A relatively
thin terrigenous rock complex (Lower and Middle
Jurassic) is dividing the two aquifers. The common

regional water basis is formed by Lower Triassic
sandstones. These rocks are relatively highly elevated
with respect to the local erosion basis. The northern
basis of erosion is the Vratsa Plane, separated from
the studied karst area by the Kostelevo Fault
(Fig. 2.30).

There is now sufficient data for the Lower Triassic
aquifer. It is represented by a few outcrops in the
northern and eastern peripheries of the basin. The rocks
are weekly karstified. The aquifer receives its water
from the atmospheric precipitation, as well as by
infiltration from the lying on top karstic aquifer. A few
springs are draining it; the biggest of them is Chigoril
with discharge rate of 7–11 l/s (Antonov and Danchev
1980). But the more constant and independent from the
atmospheric conditions discharge of the spring Chi-
goril is indicating the control of the water by the fault of
Chigoril. The vertical rate of displacement was eval-
uated to be more than 300 m (Chanov 1988).

The principal aquifer (Upper Jurassic—Lower
Cretaceous) is totally exposed on the surface. This
fact predestines the high level of karstification related
to the possibility of intensive feeding from the
atmospheric precipitation. According to Spasov et al.
(1998), more than 54 % of the atmospheric precipi-
tation (in average 1,000 mm/m2 per year) is feeding
the underground waters. Part of the water forms
temporal streams on the surface, but the water is
quickly drained in the dolines. The karst springs

Fig. 2.31 View on the
eastern boundary of Vratsa
Block, Bulgaria
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situated in the northern part of Vratsa Mountain are
draining the aquifer. Most of them are of ascending
type.

Characteristics of the Karst of Vratsa Karst Region

The rainfalls are one of the most important factors
determining the active development of the karst pro-
cesses in the region. The classic type of karst is rep-
resented in the upper part of the mountain (Scorpil
and Scorpil 1895, 1898; Radev 1915; Mishev and
Popov 1958: Markowicz et al. 1972; Kostov 1997). Its
formation is also controlled by tectonic factors, as
well as by the geomorphological evolution of the area
(Ilieva et al. 1981; Angelova et al. 1995, 1999).

Vratsa Karst Region represents a plateau with steep,
even vertical slopes, except the narrow band from the
south connecting it with the adjacent karst basin. It is
built by a north-northeast dipping monoclyne of
limestone layers of Late Jurassic and Early Cretaceous
age (Fig. 2.30). They are separated from the underly-
ing Iskar Carbonate Formation by a thin layer of non-
karstified rocks of Early Middle Cretaceous age. The
principal erosion basis is in the northeastern part of the
plateau. The principal karst springs appear at that
place. But, as a general rule for the entire area, the
boundary between the karstified and non-karstified
rocks is above the level of the local river network.

The principal part of the basin is characterized by
outcropping on the surface karst with abundant karst
forms. Some of the dolines are with dimensions
1–2 km2, the biggest one reaching 2–2.2 km2. The
underground karst forms are predominant. More than
70 caves and precipices are known in this area, most
of them in the limestones of Late Jurassic-Early
Cretaceous age. Some zoning can be traced from
southwest to northeast. The southwestern part con-
tains relatively little horizontal caves. Above them,
near the peaks Streshero and Ostria, there are con-
siderable and complicated as morphology precipices.
Here are the deepest Bulgarian caves Barkite 14, the
caves Beliar, Barkite 8, Mijishnitsa. All of them begin
from dolines and continue as a system of steps or
dipping generally toward northwest segments, fol-
lowing the upper boundary of the underlying karst
resisting rocks. Little water streams exist in every one
of the caves, their discharges are depending directly
from the atmospheric precipitation. The horizontal
projections of these caves on the surface are shown in
Fig. 2.30.

Typical precipices of different depths characterize
the zone along the northeastern border of the plateau.
The deeper one is Haydoushka Precipice, near the
Ivan Pousti Monastery. Its entrance begins with a
108 m deep well. Horizontal caves are also known,
some of them with springs. These ones are grouped
near the Saint Ivan Pousti Monastery, the longest cave
being of 546 m, and with a water stream inside. The
tectonic control of karst along the border of the pla-
teau is well expressed near Ivan Pousti Monastery
(Fig. 2.32).

The seven longest caves of the region include
75 % of the total length of the galleries. The ratio
between total vertical to total horizontal lengths
shows the domination of the vertical karstification
over the horizontal.

The karst formation began during the Early Mio-
cene and continued during Pontian and Pliocene time.
When Popov (1964) studied the genesis of Ledenika
Cave, he showed that its formation dates from the
beginning of the Dacian time, and it is related to the
Pontian level of denudation. The same period of for-
mation can be attributed to the caves and the preci-
pices in the high parts of the plateau.

Results from the Tectonic Stress Fields

Reconstructions

The reconstruction of the tectonic stress fields was the
first step of the study. The second one was to adjust
the received solutions in a tectonically logic scheme
for the time of manifestation of a given tectonic
strain. This scheme (Table 2.3) reflects the possible
temporal evolution of the tectonic stress axes orien-
tation for the area of Vratsa Block.

Looking at the performed reconstructions of the
tectonic stress fields, the most coinciding with the
described above tectonic deformations in macro scale
are these from the method using the shear joints.

The oldest deformations are detected on site No 5
where the Triassic limestones retain the ‘‘memory’’
for two impacts. The first one is related to the Early
Cimmerian Tectonic Phase (at the end of Upper Tri-
assic time), and the second—to the Late Cimmerian
Tectonic Phase (the second half of Upper Jurassic
time). The limestones of Polaten Formation (site No
4) were also deformed during the Late Cimmerian
Tectonic Phase. A second tectonic stress field is
reflected in the fracturing, and it was reconstructed on
sites No 1, 2, 3, and 6.
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We suppose that this tectonic stress field is related
to the Sub-Hercinian Tectonic Phase (at the end of the
Turonian). On these three sites, a second group of
clearly expressed joint systems exists, assumed to be a
result of the Pyrenean Tectonic Phase (end of the
Eocene). The importance of the deformations from
the Sub-Hercinian Tectonic Phase is reflected also as
well expressed orientation of the ellipse of anisotropy
of the Lower Cretaceous limestones (Vertical Elec-
trical Sounding at the site E1). Less expressed is the
anisotropy ellipse for the upper part of the electrical
profile. The long axis of the ellipse could be accepted

as an indication of younger deformations, but arbi-
trary attributed to the Pyrenean Tectonic Phase.

Only one of the sites of the measurements (No 6)
has shown deformations that could be related, with
some level of probability, to the Neotectonic stage.
The argument for this is the similarity of the recon-
structed tectonic stress axes directions to the result of
the fault-plane solution from the earthquake with
magnitude M = 3.6 northwards of the studied area.
But, all analyzed data do not show evidence for car-
dinal changes of the principal directions of tectonic
strain after the Pyrenean Tectonic Phase.

Fig. 2.32 Expressive
tectonic control on the karst
along the southern boundary
of Vratsa Block near Ivan
Pousti Monastery, Bulgaria
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Table 2.3 Reconstruction of the sequence of tectonic impact on the rocks of Vratsa Karst Region
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This fact is reflected in the general NE–SW ori-
entation of the karst galleries in the region. Analyzing
the changes of principal stress axes from the Sub-
Hercinian to the Pyrenean Phase, it is possible to
deduce left rotation of the structures. For the most
recent processes such a deformation was not estab-
lished. The karst systems of the area are of precipice
type, actually active, and draining the superficial and
underground waters toward northeast. The contem-
porary configuration of the karst systems is possible
only when the minimum tectonic stress axis r3 is
nearly vertical.

Lakatnik Karst Region (LAK)

The Lakatnik karst spring ‘‘Jitoliub’’ is discharging
waters drained from the southeastern part of the rel-
atively higher karstified zone (LAK in Fig. 2.29) at
the source neighborhood (Fig. 2.33)—Milanovo
Basin. One of the biggest caves in Bulgaria—Tem-
nata Dupka (more than 5 km long) is integrating the
old karst levels, as well as the present active galleries
and their natural water outflow—the spring
‘‘Jitoliub’’.

The necessity to use this water leads to ecological
problems of the water qualities. One of the most
important problems in the area is the correct recog-
nition of the sites of the potential pollutant of the karst

waters. A study on this problem in the context of the
tectonic control of the underground cave galleries was
published (Benderev et al. 2001).

Geological and Hydrogeological Background

Milanovo Basin (Fig. 2.34) with a surface of 101 km2

is one of the biggest karst basins in Western Balkan
Mountain (Benderev et al. 1987). Plakalnitsa Fault
separates the basin on the northeast from the karst
basins of Vratsa Karst Region. The rate of total ver-
tical displacement along the fault is 500 m, and it
disturbs the hydrological discontinuity of the karsti-
fied complexes of aquifers. The other borders are the
abrupt slopes from south and southeast toward Iskar
River, from southwest toward Proboynitza River, and
Varshets and Ozirovo valleys from northwest. A flat
plateau with average altitude of about 1,200 m is the
highest part of Milanovo Basin, dominating the Iskar
River valley (altitude 300–350 m).

Milanovo Karst Basin is build of Mesozoic rocks,
overlying different in age Paleozoic basement (dom-
inating granodiorite—granite complex) and Lower
Triassic sediments of Petrohan Terrigenous Group.
The lithological features of the Upper Triassic rocks
determine the existence of one thick complex able to
be karstified (Fig. 2.35), separated partially by the
carbonate-terrigenous materials of Babino Formation

Fig. 2.33 Karst spring
‘‘Jitoliub’’, Milanovo Karst
Basin, Lakatnik Karst Region,
Bulgaria
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in two sub-complexes of limestones and dolomites
(Mogila Formation with thickness of 150–350 m
composed of Opletnia and Lakatnik Members, and
Milanovo and Rusinovdel Formation—mainly dol-
omites). The lowest part of the sequence is most
susceptible toward karstification processes.

The upper part of the Triassic rocks profile is com-
posed of various terrigenous and carbonate-terrigenous
rocks of Komshtitsa Formation and partially by the
locally presented Jurassic terrigenous rocks of Kostina
Formation.

Milanovo Karst Basin contains 103 caves and prec-
ipices, the horizontal or inclined caves being predomi-
nant. The ratio of the total altitude change to the length
of the karst galleries is 0.07, and it presents the domi-
nation of the horizontal karstification. The velocity of
the underground karst hydrological system hollowing is

lower than the erosion on the surface and the
entrenchment of Iskar River. For this reason, the lowest
point of water discharging of Milanovo Karst Basin, the
spring ‘‘Jitoliub’’ near Lakatnik Railway Station, is
10 m above the level of Iskar River. Milanovo Basin is
receiving its water from the atmospheric precipitation,
as well from the local rivers. Water losses were detected
at the riverbed of Proboynitza River and some of its
tributaries. The average total discharge of the basin
springs is 1,341 l/s, or presented as a module of the
groundwater flow—13.3 l/s.km2. The minimum dis-
charge is 197.5 l/s. The important part of the natural
resources belongs to the spring of ‘‘Jitoliub’’ draining
Lakatnik Karst Region. Some quantity of this water is
used for supply of potable water.

The area near the railway station of Lakatnik is
known with the largest quantity of underground karst

Fig. 2.34 General geological scheme of Milanovo Karst Basin
(after Benderev et al. 2001) 1—Terrigenous and carbonate-
terrigenous rocks of Komshtitsa formation and Kostina forma-
tion; 2—Upper part of Triassic carbonate complex (Rusinovdel
formation); 3—Intermediate Triassic carbonate-terrigenous
layer (Babino formation); 4—Lower part of Triassic carbonate

complex (Svidol and Mogila formations); 5—Paleozoic rock
basement (granite complex) and Petrohan Terrigenous Group;
6—fault of unknown type of movement; 7—normal fault;
8—thrust; 9—Karst springs; 10—Rivers; Main faults: (1)
Plakalnitsa, (2) Pop-Sokolets, and (3) Proboynitsa
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forms—62 % of the caves of Milanovo Karst Basin.
Most of the caves are not very long, but the largest
cave is the only active one in the area—Temnata
Dupka Cave with more than 5 km of galleries. This
cave is situated at about 40 m just above the spring of
‘‘Jitoliub.’’ The cave is a complicated labyrinth type
system with underground river running out its waters
trough the spring ‘‘Jitoliub.’’ The spring water is a
mixture between the underground flow from Pro-
boynitza River and the atmospheric precipitation
drained by Temnata Dupka Cave from the whole
catchment zone. Analyses show, that when the spring
discharge is low, the rate of feeding from Proboynitza
River is less than 50 %, and it decreases with
increasing spring discharge.

Tectonic Stress Fields and Preferential Directions

of the Karst Galleries

Three methodologies were used for reconstruction of
the tectonic stress axes (Benderev et al. 2001). The
first one is based on the analysis of conjugated shear
joints systems (Nikolaev 1977) and the direction of
dispersion of their maximums. The measurements
performed at site I in Fig. 2.34 (I a and I b diagrams

on Table 2.4) have been analyzed. The second
methodology is based on the kinematics characteris-
tics of the movements on the rock block bounding
surfaces—striations on slickensides. Clear traces of
movements were found at the two sites (I and II,
Fig. 2.34), and the analyses showed practically the
same solution for the tectonic stress field character-
istics. The summarized solution is plotted in
Table 2.4 (diagram II).

Electrical anisotropy studies were performed near
Sokolets Peak (site E2—Fig. 2.34). The ellipses of
anisotropy were constructed using two arrays—AB/2
= 12.5 m and AB/2 = 80.0 m. The short array gives
information for the first 10 m, the long array—for a
depth of about 50 m below the surface. There is a
clear coincidence of the long axes of the electrical
anisotropy with the horizontal projections of the r1

axes of the two reconstructed tectonic stress fields
(Table 2.4, diagrams E2 a and E2 b). The limestones
are from the Triassic Carbonate Complex (T2) and as
a whole they are mostly affected by the Late Cim-
merian Tectonic Phase. The main tectonic faults of
the area strike NW–SE, likewise the axis of the
anisotropy for array AB/2 = 80.0 m.

Fig. 2.35 View of the lithostratigraphic sequence above the spring ‘‘Jitoliub’’, Milanovo Karst Basin (Bulgaria)
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Better expressed is the eccentricity of the ellipse of
electrical anisotropy near the surface. At site No. E2,
the most intensive karstification is determined for the
first 10–15 m. It is well seen, that the long axis of the
anisotropy for AB/2 = 12.5 m is oriented NE–SW
and it can be interpreted as reflection of the com-
pression during the Pyrenean Tectonic Phase, realized
through a number of thrusts (see Fig. 2.34), and cre-
ating conditions for opening of fractures along the
same direction, and consequently their erosion and
karst formation.

The conclusions about the reconstructed stress
fields and the origin of the karst system are:

1. The first tectonic deformation of the whole Trias-
sic carbonate rock complex is probably related to
forces causing the overthrusting movements along
the longitudinal faults of Milanovo Karst Basin
(diagram Ia on Table 2.4). Following the studies
of Tronkov (1965) it can be accepted that the
deformations were a result of the Late Cimmerian
Tectonic Phase at the end of the Jurassic period. It
coincides with the tectonic stress field of the same
age, reconstructed northward in Vratsa Karst
Region (see Table 2.3, site No. 5). Conditions for
opening of NW oriented fractures were created.
But this is not related to the initial time of draining

Table 2.4 Reconstruction of the sequence of tectonic impact on the rocks of Lakatnik Karst Region
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of the ground waters and the formation of the NW-
SE branch of the karst galleries of Temnata Dupka
Cave (Table 2.4). This direction is even contem-
porary active and this fact suggests a coincidence
of today stress axes orientations with these at the
end of the Jurassic.

The inferred age of initiation of the karst for-
mation process is 4.5 MA, i.e., from the beginning
of the Pliocene (Angelova et al. 1999), and it was
probably facilitated by the fractures created or
reactivated during the next stage of deformations.

2. The second stage of deformation created a new
system of shear joints (diagram I b on Table 2.4),
but some of the older joint surfaces were also
translators of the block movements. The striations
on the slickensides confirm the existence of this
tectonic stress field (diagram II on Table 2.4). This
stress field favored the opening of the northeast-
wards striking shear joints of the older deformation
stage (see diagram I a on Table 2.4) and their
transformation in fissures. The regional studies
(Chanov 1988) have given reasons for the impact
of the Pyrenean Tectonic Phase on this process, as
it was discussed above for the specific features of
Vratsa Karst Region. It can be accepted that the
same regional tectonic stress conditions had
remained from the Oligocene to the Pliocene
Epoch, when the process of karst formation star-
ted. The northeast–southwest directed galleries of
the Temnata Dupka Cave reflect exactly this situ-
ation (Table 2.4).

Iskrets-Gubesh Karst Region (I-G)

Iskrets-Gubesh Karst Region (I-G) is the third area of
Western Balkan Mountain where the geodynamic
processes have a direct impact on the evolution of the
karst system (Fig. 2.29). The studies, related to the
karst tectonics of the area (Paskalev et al. 1992) and
to the impact of the blasts from the local quarries on
the discharge of Iskrets karst springs (Shanov et al.
2001; Shanov and Benderev 2005) supplied the nec-
essary data for understanding the close relationship
between the local tectonics, the tectonic stress fields
and the karst features of the region.

During the twentieth century, the springs dried up
several times. After Vranchea Earthquake from 1977
(M = 7.2) at a distance of about 400 km from the
site, the discharge rate dropped down from 5.5 to
0.5 m3/s during 7.5 h (Paskalev et al. 1992). Later,

the discharge rate raised abruptly to 13.5 m3/s, and
began to decrease gradually (Fig. 2.36). Similar event
happened during the local Svoge Earthquake of 1979,
as well as on the April 11, 1982, when any significant
earthquake was not recorded at the localities, nor in
the whole Balkan Region.

The question for the seismic impact is of impor-
tance for the local authorities because of the signifi-
cance of the springs as a major source of fresh water
for the municipality of the town of Svoge. The nor-
mally used quantities are of the rate of 150 l/s. The
impact from the blasts in the quarries has not the
potential to disturb the normal discharge of the springs
(Shanov et al. 2001; Shanov and Benderev 2005). The
only factor for such disturbances can be the local
tectonics and the dynamics of the processes inside the
karst system.

Iskrets Karst Springs have a very variable dis-
charge—from 280 to more than 50,000 l/s (Benderev
1989). They drained more than 80 % of the territory
of Ponor Mountain (a part of Western Balkan
Mountain). The springs are related to the karst system
of the upper part of the Triassic Aquifer of Iskar
Carbonate Group. The atmospheric precipitations on
the feeding area of the springs (about 140 km2) pro-
vide the principal quantities of water—62 % of the
average annual discharge of the springs. Geological,
tectonic and geomorphological conditions predestine
the existence of water saturated zone north of the
springs. The underground lake surface inside the
neighboring Dushnika Cave has a level at 2 m above
the springs’ level (Fig. 2.37). The level of the

Fig. 2.36 Changes of the discharge rate of Iskrets Karst
Springs after Vrancea Earthquake of 04.03.1977, M = 7.2
(Paskalev et al. 1992—Reproduced by permission of Bulletin of
Bulgarian Geological Society)

46 2 Tectonic Stress Fields and Karst



underground lake can rise abruptly even to 13 m after
intensive atmospheric precipitations and snow melt-
ing. In this case, a river appears from the lower
entrance of the cave.

Geological Background

Triassic and Jurassic autochthonous sediments crop
out in the area of Iskrets Karst Springs (Fig. 2.38).
These rocks represent a part of the northern limb of
Izdremets-Gubesh syncline. To the north of the vil-
lage of Breze, it is cut by a number of E–W oriented
faults. An important tectonic role is attributed to the
N–S trending Ejdan-Breze normal fault (Fig. 2.38).
Practically, the structures in the autochthonous sedi-
ments are controlling the underground water streams.

Svoge Allochtone is a structure built of the two
regional Breze and Iskrets overthrusts. In the area of
Iskrets Karst Spring, the Breze overthrust covers the
sediments of the autochthone. The overthrust repre-
sents a complicated structure, including a number of
overthrusted imbrications (Fig. 2.38). The plane of
thrusting is almost sub-horizontal, and only its frontal
part is inclined southward. The overthrust is com-
posed of Triassic and Jurassic sediments.

Iskrets Overthrust is the most important allochth-
onous structure in the area. It covers and is younger
than Breze Overthrust. It is built of Ordovician rocks.
Folds and faults were formed in its frontal part.

The most important faults are (Fig. 2.38):
Topilia Faults. They are two subparallel faults

situated northwards of the village of Breze, strike N
100–110�. The southern one is well seen in the
morphology, the northern one is displacing Quater-
nary blockages, and this could be a reason to suppose
their recent activity.

Sulio Fault is a normal fault striking N 130–140�.
It continues to the east, outside the studied area. The
southern block is subsided.

Ejdan-Breze Fault is a normal fault with right-
lateral component of the movements. The horizontal
displacement is evaluated at 250 m, while the vertical
one is 40–55 m. The western block is subsided. The
interpretation is (according to Paskalev et al. 1992)
that the right-lateral movements appeared first and
lately, during the Illyrian Tectonic Phase, the vertical
displacement occurred. The fault is not displacing
Topilia Faults and other northwards located faults, but
it disturbs the structures of the overthrusted
imbrications.

Tchernovodene Fault is one of the important tec-
tonic structures near Iskrets Karst Springs. Its northern
block is built of Babino Formation (Upper Anisian),
Milanovo Formation (Ladinian) and Rusinovdel For-
mation (Ladinian—Middle Carnian), and the southern
block is composed of the sediments of Opletnia
Member (Lower-Upper Anisian). The performed

Fig. 2.37 View of the
entrance of Dushnika Cave
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geophysical studies have shown that the northern block
subsided (Paskalev et al. 1992).

Dushnika Fault. It cuts the sediments of Opletnia
Member, to the south of Iskrets Karst Springs. The
advance of Iskrets Overthrust toward north created
conditions for activation of the fault as inverse
structure, and probably it created conditions for bar-
raging the underground water flow and the formation
of the springs.

Tectonic Stress Fields Reconstructions

and Directions of the Karst Galleries

Two methods were applied for the analysis of the
tectonic stress fields—Nikolaev’s Method (Nikolaev
1977) based on the dispersion of the shear joints
density and studies of the electrical anisotropy.

The shear joints analyses are based on data from
three sites in the vicinity of the karst springs and
Dushnika Cave (Fig. 2.39). The reconstructions gave

Fig. 2.38 Geological map of
the area of Iskrets Karst
Springs (according to Paskalev
et al. 1992—Reproduced by
permission of Bulletin of
Bulgarian Geological Society)
1—Quaternary alluvium
(gravel and sands);
2—Quaternary colluvium
(rubbles); 3—Lower
Cretaceous (Salash
formation); 4—Tithonian-
Berriasian (Glojene
formation); 5—Lower-Middle
Bajocian (Etropole
Formation); 6—Sinemurian
(Ozirovo formation);
7—Hettangian (Kostino
formation); 8—Ladinian
(Milanovo formation);
9—Upper Anisian (Babino
Formation); 10—Anisian
(Lakatnik Member);
11 —Middle Anisian
(Opletnia Member);
12—Lower Triassic (Petrohan
Terrigenous Group);
13—Ordovician (Grohoten
formation); 14—fault with
unknown movements of the
blocks; 15—normal fault;
16—overthrust; 17—Cave
Dushnika; 18—Iskrets Karst
springs; Faults: (1) Topilia
faults; (2) Sulio fault;
(3) Ejdan-Breze fault;
(4) Tchernovodene fault;
(5) Dushnika fault
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similar solutions for all sites. The summarized dia-
grams using 110 measurements from the sites repre-
sent the statistically most stable solution. Two distinct
tectonic impacts have been inferred that created two
preferential directions of open fractures in the lime-
stones of Opletnia Member. These two directions
have the same orientations as shown for Vratsa and
Lakatnik karst regions—NW–SE and NE–SW
(Table 2.5). The first one is controlling these galleries
of Dushnika Cave that are now active, the second is
more or less coinciding with the orientation of the
entrance part of the cave.

If so, the first tectonic deformation is the same that
impacted the Triassic carbonate rocks in Western
Balkan Mountain, and it is accepted to be a result of
the Late Cimmerian Tectonic Phase at the end of the
Jurassic period. Conditions for opening of NW

fractures were created. These fractures obviously
control the NW-SE branch of the karst galleries
(Table 2.5).

The second reconstructed stress field favored the
opening of the northeastwards striking fissures. The
regional studies and the presented above interpreta-
tions for Vratsa and Lakatnik karst regions have
demonstrated that the resulting deformations, most
probably, reflect the impact of the Pyrenean Tectonic
Phase, and that the same regional tectonic stress
conditions had remained from the Oligocene to the
Pliocene. The NE–SW oriented galleries of Dushnika
Cave reflect one more time this situation (Table 2.5).
The ellipse of the electrical anisotropy for the first
15 m from the surface (AB/2 = 30) has its long axis
oriented exactly in this direction. The fault-plane
solution for the nearest earthquake of 09.03.1980,

Fig. 2.39 Situation at the
vicinity of Dushnika Cave
with a scheme of the cave and
the sites of performed studies
1—Limestones of Opletnia
Member (Lower–Upper
Anisian); 2—Quaternary
sediments (mainly alluvial);
3—Site of measurements of
shear joints; 4—Site of
performed electrical
anisotropy studies
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M = 4.4 (Table 2.5) gives also reason to postulate
that the general orientation of the tectonic stress field
has been not changed drastically since the deforma-
tional processes during the Pyrenean Tectonic Phase
till now.

The orientation of the long axis of the electrical
anisotropy at N 5� for depths of about 30 m (AB/2
= 60 m) has not any response on the diagram of the
karst galleries (Table 2.5). But for Vratsa Karst
Region the same orientation was detected in the
Lower Cretaceous limestones and it was attributed to
the Sub-Hercinian Tectonic Phase (end of Turonian
time). In the studied area in the vicinity of Dushnika
Cave we can only suppose that this orientation is due
to the satellite fractures related to the well expressed
N–S striking Ejdan-Breze Fault, reflected also in the
morphology of the terrain as factor for the local N–S
orientation of the valley of Breze River.

The cause for interruption of the underground
water flow during strong seismic events is probably
related to tectonic deformation or rock collapses with
temporary formation of barrages inside the unknown
parts of the Cave Dushnika northward of the Iskrets
Karst Springs, especially in the area of Chernovodene
Fault (Fig. 2.38). The existence of unknown large
underground spaces has been proved by geophysical
studies to the north of the known parts of the cave
(Paskalev et al. 1992).

2.3.2.2 Central Balkan Area: Karlukovo
Karst Region

One of the most spectacular karst areas on the terri-
tory of Bulgaria is Karlukovo Karst Region (KAR). It
is located in the Central Balkan, in the morphological
structure named Central Fore Balkan (Fig. 2.29). It is
known especially for the cave with the spectacular

Table 2.5 Reconstruction of the sequence of tectonic impact on the rocks of Iskrets-Gubesh Karst Region
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highest cave entrance in Bulgaria (42.5 m) of Pro-
hodna Cave (Fig. 2.40), as well as for the multiple
vertical and horizontal caves in the area.

Geological Background

Karlukovo Karst Region is situated in Lukovit Syn-
cline. This is a well-expressed asymmetric structure in
the northern part of the Fore Balkan, affecting car-
bonate sediments of Campanian, Maastrichtian and
Paleocene age, and complicated by fold and faults
(Karagjuleva 1971). The area of direct interest is
situated northwards of the village of Karlukovo
(Fig. 2.41). Dominant sediments are the limestones of
Kailaka Formation—Late Maastrichtian; they build
the westernmost part of Lukovit Syncline. Aptian and
Albian sediments of Roman Formation (sands and
marls) occur southward.

Maastrichtian limestones are highly fractured and
karstified. This fact and the canyon type erosional
incisions suggest relatively young tectonic activity,
closely related to the karst processes. The faults,
crossing the area of interest, are not well recognized
geologically. The geophysical works during
1985–1986 (electrical profiling and WLF profiling—
personal unpublished data of S. Shanov) discovered
the existence of a covered fault, controlling the karst
in the area.

The most significant results from the performed
geophysical works were:

• It was proven that a significant fault exists, named
Karlukovo Fault, striking NW–SE. The fault is
natural westwards prolongation of the regional
Brestnik-Preslav Flexure (Fig. 2.41);

• The fault is dividing the less karstified limestones
to the north from intensively karstified limestones
of the southern block. All important karst caves are
located directly south of the fault;

• Karlukovo Fault offers an explanation of the
hydrogeological features of the area, including the
karst springs;

• New unknown karst cavities were predicted to the
south of Karlukovo Fault and after a long period of
exploration of Bankovitsa Cave, the speleologists
discovered in 2008 new galleries with an under-
ground river. These galleries coincide with the
geophysical anomalies and their trend corresponds
to the reconstructed preferred directions of the open
fissures when analyzing the tectonic stress fields.
The scheme in Fig. 2.42 shows the main sites of

the performed structural and geophysical studies, as
well as the maps of the caves.

Tectonic Stress Fields Reconstructions

As in the above-discussed case studies, two methods
were applied to analyze the tectonic stress fields—
Nikolaev’s Method (1977), based on the dispersion of
shear joints density, and studies of the electrical
anisotropy.

Fig. 2.40 Remote view to
the entrance of Prohodna
Cave, Karlukovo Karst
Region, Central Balkan,
Bulgaria
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The summarized data on the shear joints from sites
1, 2, and 3 (302 measurements) were statistically
processed and as a result two tectonic stress fields
were reconstructed that had affected the Maastrichtian
limestones (Fig. 2.42, diagrams A and B).

The first stress field is characterized by sub-hori-
zontal maximum compression in NW–SE direction,
while the minimum tectonic stress axis is also sub-hor-
izontal and NE–SW oriented. This situation is favorable
for opening of fissures dipping 75� northeastwards
(strike N 115�). The strike is more or less coinciding
with the general direction of Karlukovo Fault.

In the second stress field, r1 and r3 are also sub-
horizontal, but the compression is NE–SW directed,
whereas the minimum stress axis strikes NW–SE. In
this case the fractures striking N 18� and dipping 80�
are optimally oriented for opening and karstification.

These two fields have impacted the limestones
during the Late Alpine Tectonic Phase when the main
structures of the Balkan Montain were formed (45 Ma
ago). The local tectonic stress conditions provoked
the formation of Karlukovo Fault and the relative
uplift of its southern block. The initial conditions for

karst formation were created and they were more
active in the southern block being exposed to more
intensive denudation.

Later, probably during Neotectonic time, the gen-
eral N–S compression created conditions for devel-
opment of NNE–SSW fissures. The process was
relatively fast and lead to the formation of canyon
type valleys in the southern block, at some sites cut-
ting the older karst forms. During Neotectonic time,
the total uplift of the area is evaluated at about 300 m
(Vrablianski 1974).

Studies of the electrical anisotropy were performed
at three sites (Fig. 2.42) with array AB/2 = 30 m. Site
KE 1 and KE 3 have similar solutions and the long
axes of the electrical anisotropy ellipses are more or
less corresponding to the strike of Karlukovo Fault,
i.e., they reflect the first tectonic stress field. Site KE 2
is practically inside the fault zone, it has different
orientation of the anisotropy axis, corresponding
exactly to the second reconstructed stress field. The
possible interpretation is that it reflects superimposed
deformations of the trend of Karlukovo Fault leading
to its sinusoidal curvature.

Fig. 2.41 Geological map of the region of Karlukovo Village.
1—Roman formation rmK1

a - al (sandstones and marls); 2—Ter-
rigenous-carbonate formation 14K2

cn - m; 3—Kailaka formation
kK2

m (limestones); 4—sandstones, siltstones, clays and marls

13Pg2; 5—Ugarchin formation ugPg2 (sandstones, clays, marls
and siltstones); 6—Opanets formation opN1

b (clays and lime-
stones); 7—fault covered by younger sediments; 8—flexure;
9—fault line according to gravimetric data; 10—studied territory
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Looking on the maps of the caves in the area
(Fig. 2.42) it is clear, that the tendency of the cave
galleries is to follow one of the preferential directions
of open fractures, created by the principal tectonic
impacts on the Maastrichtian limestones.

2.3.2.3 Intermediate Zone—Bosnek Karst
Region

The karst system in Triassic limestones near the vil-
lage of Bosnek (Southwestern Bulgaria) contains the
longest Bulgarian cave - Duhlata (more than 17 km of
total length of the galleries). Bosnek karst Region
(BOS—Fig. 2.29), from tectonic point of view,
belongs to Golo Burdo thrust unit (Jelev 1982;
Gochev 1983; Zagorchev et al. 1994). Important
structural and geophysical studies were done in this
area for understanding the tectonic control on the
karst formation and to explain better the hydrogeo-
logical features of the area (Benderev and Shanov,
1997; Shanov et al. 2001; Mihailova et al. 2006).
Results from these studies will be analyzed and dis-
cussed below.

Geological Background

The karst-rock complex consists of Triassic carbonate
rocks (Fig. 2.43). They overlie red sandstones, con-
glomerates and siltstones. The siltstones were trans-
formed into quartzite at the contact zone of Vitosha
pluton. The carbonate rocks cover an area of 23 km2

and are about 200 m thick. Thick packages (about
50 m) of argillite and siltstone divide the carbonate
rocks, playing the role of local aquicludes. The beds
situated below these packages consist of limestone,
and over them—of dolomite. Jurassic and Cretaceous
rocks locally occur in the NE part of the area. A set of
faults of different age of formation and activation has
complicated the tectonic structure of the area, and in
some cases, these faults control the relief, as well as
the features of the karst system. The relief is typically
mountainous—about 800 masl near the dam lake of
Studena and up to 1,400 m in the NE part. The waters
of Struma river principally, and also from other
smaller rivers in the area, are the main factor for the
karstification. The river loses its flow in the area of
the contact between sandstone and carbonate rocks, as

Fig. 2.42 Scheme of the studied territory NE of the village of
Karlukovo with diagrams from the studied sites 1—Quaternary
deposits; 2—Maastrichtian limestones; 3—rock slope (canyon

type); 4—fault; 5—cave entrance and horizontal projection of
the galleries; 6—karst springs; 7—site of measuring of shear
joints; 8—site of study of the electrical anisotropy
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well as at the zones of the faults inter-crossing eastof
the village of Bosnek. Two karst springs, situated in
the northern part of Bosnek, disgorge their water
again into the river of Struma (Fig. 2.43).

Exactly between the places of water losses and the
springs near the village of Bosnek, the longest cave in
Bulgaria named Duhlata is situated, with total galleries
length over 17 km. Our studies on the tectonic stress
fields and their impact on the hydrogeological pecu-
liarities of the area (Benderev and Shanov 1997) have
shown that tectonic stress fields created during the
geological history systems of fractures, controlling the
underground waters in the processes of karst formation.

The boundaries of Triassic carbonate complexes,
are commonly tectonic that is predestined by the
structural position of the discussed area. Orogenic
processes and the related karst evolution are con-
trolled by Pernik Fault Zone (Bonchev 1961, 1971;

Kostadinov 1965; Matova and Angelova 1994) during
Quaternary. Most of the faults crossing the area are
practically segments of this zone with general strike
NW–SE. Tectonic processes caused macro- and
micro-block differential movements and fracturing of
the rocks, leading to the formation of the contempo-
rary valley of Struma River, as well as dividing the
underground catchment, basins and formation of cave
systems (Benderev and Shanov 1997). The processes
of present day tectonic activity continue, and this is
reflected by the swarm of seismic activity at 20 km
northwestwards of the region during 2012 (Radulov
et al. 2012), the strongest earthquake being of mag-
nitude M = 5.4.

Karst Evolution

The investigated area was a part of Pernik basin
during the Paleogene and was filled with sediments of

Fig. 2.43 Scheme of geological, tectonic and hydrogeological
features of Bosnek Karst Region (after Benderev and Shanov
1997) 1—Lower Triassic sandstones (T1); 2—Anisian lime-
stones (T2

a); 3—Ladinian dolomites (T2
l ); 4—Ladinian shales

(T2
l ); 5—Carnian limestones (T3

k); 6—Dolomites (Carnian-
Norian—T3

k - n); 7—Limestones (Carnian-Norian—T3
k - n);

8—Siltstones and marls (Tithonian—J3); 9—Senonian volcanic
rocks of Vitosha Mountain (K2

s); 10—Quaternary sediments;
11—fault; 12—normal fault; 13—thrust; 14—cave entrance;
15—karst spring; 16—principal direction of underground water
flow; 17—site of investigations of the rock fracturing
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Middle Oligocene—Lower Miocene age. Probably,
the Jurassic and Triassic sediments were overthrusted
over Vitosha Pluton during Post-Oligocene time.
Conditions were created for typical allogenous karst
formation in a complex geologic-tectonic setting.

During the Pliocene-Pleistocene, as a result of the
activation of orogenic processes, the morphological
units around Bosnek Karst Region were shaped
(Matova and Angelova 1994). The initial tectonic
impulse was not so strong and for that reason the
Struma River keeps its outflow direction toward west.
Both the relicts of this old river valley and the
accompanying them alluvial deposits could be seen
SE of Bosnek Village.

The Quaternary stage begins with a change in the
intensity of tectonic processes. As a result of repeated
movements and subsequent vertical tectonic defor-
mations, the rock complexes affected by karstification
were exposed on the surface and the formation of an
underground karst complex started. The valley and
karst complex development are considered as related
to the changes of the character of the tectonic
movements, phases of the glacial epoch, lithostruc-
tural features and Quaternary tectonic activity. During
the Upper Pleistocene, segments of Pernik Fault Zone
were activated. The NW-SE trending faults of Bosnek
Karst region belong to this fault zone. As a result of
this process, two separate areas are formed in Bosnek
Karst Region. The tendency of regional uplift and
river incision continued after the Middle Pleistocene.
The karst processes from the Pleistocene up to now
are determined by Struma River, being simulta-
neously a rivershed and a drainage system (Benderev
and Angelova 1999). The faster block uplifting of
Vitosha Mountain led to the formation of a steep
slope of Struma River valley and consequently the
river water begun to flow underground in the zones of
carbonate rocks.

The alternation of active uplift and relatively low
tectonic activity led to formation of different levels of
galleries, some of them even under the contemporary
river valley. As a fact proving the presence of dif-
ferent stages in the karst development, mainly the
structure of Duhlata Cave system should be consid-
ered where the cave galleries are much longer and
where seven horizontal levels could be clearly
delimited. These levels and their number correlate
closely with river terrace fragments found on the
valley slopes (Benderev and Angelova 1999). The

oldest and hypsometrically highest galleries could be
considered as the most upper and oldest way of
underground water flow that corresponds to the pla-
nation during the Pliocene-Pleistocene time. Thus, the
age of that process could be accepted as a beginning
of a more intensive karstification of the whole Bosnek
Karst Region. As a result, a complex multi-leveled
labyrinth cave with a basic underground stream and a
few small tributaries has been created. The process of
the cave morphogenesis continues up to present days.

Tectonic Stress Fields Reconstructions

The reconstructions of the tectonic stress fields were
made using the statistical approach for analyzing the
conjugated shear joint systems, the kinematics of the
deformations along faults discovered in Duhlata Cave
(well-preserved striations on slickensides), and the
fault-plane solutions for some local earthquakes. The
studied sites are outcrops of limestones, as well as
inside the Duhlata Cave (Fig. 2.44). Initially, two
expressed tectonic stress fields have been recon-
structed (Table 2.6).

The older stress field is determined to be from Post-
Oligocene time (Benderev and Shanov 1997). This
stress field reflects the tectonic phase of trusting of the
Mesozoic rock complexes over the volcanic rocks of
Cretaceous age of Vitosha Pluton. The studies in the
cave discovered one older tectonic stress field. The
orientation of the minimum tectonic stress axis r3 is
subvertical whereas the maximum tectonic stress axis
is sub-horizontal, and this is a clear indication for
trusting regime of the deformations.

The inferred second tectonic stress field is of Pli-
ocene-Quaternary age. The tectonic compression was
directed NW–SE and the active sub-horizontal NE–
SW tectonic extension created possibilities for open-
ing of the NW–SE fractures and their karstification.
The logical consequence was that the karst galleries
and the way of the underground waters have the same
general direction (Fig. 2.43). Namely this deforma-
tion is reflected in the movements along fault No. 2 in
Fig. 2.44 and the formation of slickensides on the
fault surface.

During the works in the cave Duhlata we discov-
ered also the second generation of tectonic striations.
They are well preserved in the cave and are probably
very young because the clay is remaining on the
striations (Fig. 2.45). The solution practically con-
firms the Pliocene-Quaternary orientation of the
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Fig. 2.44 Scheme of the
caves in Bosnek Karst Region
in the vicinity of Cave
Duhlata (based on the scheme
from Benderev and Angelova
1999) 1—horizontal
projections of the karst
galleries; 2—fault; 3—site of
investigations inside the Cave
Duhlata, Bosnek Karst
Region, Bulgaria

Fig. 2.45 Preserved tectonic
striations in Cave Duhlata,
Bosnek Karst Region,
Bulgaria
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tectonic stress axes—sub-horizontal E–W compres-
sion and N–S extension.

Due to the fact that some of the older karst forms
were cut and displaced, and because of the position of
the studied area between two very active seismic
zones in this part of the Balkans, we think that the
detected traces of young movements can be related to
a past seismic event (or events). The nearest recon-
structed fault-plane solution from 2012 Pernik

Earthquake is supporting the opening of the NW–SE
oriented fractures (Table 2.6), which is the general
trend of the karst galleries of the caves.

The age of the left-lateral movement along fault
No. 2 (Fig. 2.44) is not clear. This fault was known
from the geological mapping in scale 1:25,000 only
northeastwards from the karstified area. It displaces
sediments of Jurassic age. We discovered its exten-
sion toward SW and a slickenside with striations,

Table 2.6 Reconstruction of the sequence of tectonic impact on the rocks of Bosnek Karst Region

Origin
Site

Post-Oligocene
Pliocene-

Quaternary
Contemporary Method

Earthquake
22.05.2012
Mw =5.6
N 43.650

E 23.000

Fault-plane 
solution

Tk-n
3

dolomites

1 
an

d 
2

Shear joints

Tk-n
3

dolomites

1 
an

d 
2

Striations 
on

slickensides 

Ta
2

limestones
3 Shear joints

Ta
2

limestones
4

Shear joints 
and

striations on 
slickensides
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showing also left-lateral displacement. The entrance
of Cave Duhlata lies exactly on this fault. The fault is
expressed in the relief, it stops the galleries of
Pepeliankata Cave, but its impact on the karst systems
is not very well expressed.

Clearer control on the karst processes can be found
along fault No. 1 (Fig. 2.44). Namely, a subsidence of
the NW block is noted in the area inside the cave of
Duhlata. In this block the density of the karst galleries
is lower and the mapped galleries are active. This
fault is also controlling the morphology of the
Akademik Cave (Fig. 2.44). One possible reason for
the expressed impact of this fault on the karst system
could be paleo-earthquake activity. The sudden sub-
sidence of the NW block adjacent to the fault could
juxtapose its old galleries to the active ones of the SE
block. The younger galleries of the NW block have
been filled with clay or other sediments, or are inside
the phreatic zone. This assumption is supported by the
fresh striations on the fault surface in the cave of
Duhlata. There are a lot of broken or inclined sta-
lagmites, but the caves of the region are frequently
visited by a number of people and thorough studies
have to be made for filtering the naturally from the
artificially broken stalagmites.

2.3.3 Cuba: Structural and Geophysical
Study of the Karst System
of Guaso Plateau (Eastern Cuba)

2.3.3.1 Regional Characteristics
Guaso Plateau is situated 1,000 km southeast of the
City of Havana (Republic of Cuba), in the district of
Guantanamo, Province Sierra Oriente (Fig. 2.46). The
studied region by the Bulgarian-Cuban expedition in
1988 covered a territory of 230 km2, occupied by
tropical forests.

The altitude is between 100 m and 800 m above
sea level and the plateau is cut by canyon-like, narrow
valleys. This difference in the altitudes creates a sit-
uation, where the average annual temperature changes
from 20 to 23 �C in the upper part of the plateau to
24–27 �C at its foot. The plateau is a barrier for the
humid air from the North, from the Atlantic Ocean.
The abundant rains, even during the dry season, form
significant surface and underground water flows
toward North and only a part of the water runs toward
South as underground current inside the 500 m thick

layer of Eocene limestones (Formation Charko
Redondo). Due to the geographical location of the
plateau in the subtropical zone, a seasonal dynamics
of the rainfall exists, with 70–76 % of the rains during
the humid season (May–October). The water balance,
calculated by Cuban hydrogeologists has proved that
considerable part of the water is drained to the South,
toward the Caribbean Sea, using unknown under-
ground ways. This water is extremely needed for the
normal water supply and development of the town of
Guantanamo and its vicinities. The main problem of
the expedition was the detection of the underground
way of the water and to improve the possibility to
exploit sufficient quantity of potable water from the
karst system. The base for the studies were the
topographic maps in scale 1:50,000, the geological
map in scale 1:50,000 drown by Hungarian and
Cuban geologists, as well as the aerial photos of the
region. The results were only partially published
(Andreychuk and Benderev 1991; Chanov and
Benderev, 1993).

2.3.3.2 Geological and Hydrogeological
Background

The rock massif of Guaso Plateau is built mainly of
carbonate rocks. The geological sketch of the studied
area is shown in Fig. 2.47. The following strati-
graphic units are present:
• BUCUEY (BUC)—K1–2

al – t—magmatic, metamor-
phic and volcanic rocks with total thickness more
than 500 m. The outcrops are located predominantly
in the northern part of the plateau. On some of these
sites, a thick weathered soil (terra rossa) was
formed, containing manganese-iron concretions. On
the upper part of the plateau, over the sedimentary
rocks, remnants of an allochtonous serpentinite
overthrust can be found.

• PICOTA (PIC)—K2
cp – m—conglomerates and brec-

cias with thickness varying between 100 and 150 m.
• CHARCO REDONDO (CHR)—P2

2—Eocene lime-
stones with thickness from 200 to 500 m. In these
rocks intensive processes of karstification formed
numerous caves, hollows, abysses, underground
rivers and lakes. This formation was the principal
target for exploration from the Bulgarian-Cuban
expedition during 2 months. The total length of the
mapped karst galleries was about 20 km, 8,382 m of
them being active galleries with underground river
in the longest cave El Campanario. Unfortunately, in

58 2 Tectonic Stress Fields and Karst



the last day of the expedition, all drown maps were
confiscated by Cuban military representatives.

• SAN LUIS (SLU)—P2
2–3—Sedimentary formation

of clays, marls and thin clayey sand layers. The total
thickness of this formation is about 350 m. It covers
the plane southwards from Plateau Guaso, overlying
the limestones of Charco Redondo Formation.

• MAQUEY (MAQ)—P3
3—N1

1—Molasse formation
represented by 200 m thick beds of marls, clayey
limestones or marls containing thin limestone lay-
ers. Everywhere, on the top of the plateau, it covers
the limestones of Charco Redondo Formation and
its sediments fill up the negative forms of the paleo-
relief.

Fig. 2.47 Generalized scheme of lithostratigraphic units in the
vicinity of Guaso Plateau (Eastern Cuba) and main temporary
and permanent rivers. Formations: BUCUEY (BUC)—K1–2

al - t;

CHARCO REDONDO (CHR)—P2
2; SAN LUIS (SLU)—P2

2–3;
MAQUEY (MAQ)—P3

3—N1
1; YATERAS (YAT)—N1

1–2

Fig. 2.46 Schema of the principal tectonic units of Eastern
Cuba. The studied territory is hatched. OTF—North Caribbean
(Oriente) Transform Fault 1—Synclinorium of East Cuba;
2—Anticlinorium Mayeri-Baracoa; 3—Anticlinorium of Sierra
Maestra; 4—Horst structure of Sierra del Purlal;

5—Anticlinorium of Camagüey; 6—Depression of Guacanay-
abo; 7—Depression of Cacocum; 8—Depression of Nippe;
9—Depression of Guantanamo; 10—Depression of Cauto;
11—Depression of Bahia de Nippe
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• YATERAS (YAT)—N1
1–2—Organogenic, coral-

reef limestones with a thickness not exceeding
50 m. Exotic blocks of this formation can be found
in the sediments of Maquey Formation. It is sup-
posed that some surface rivers at the top of Guaso
Plateau have lost their waters when reaching the
rocks of YAT Formation.

• Quaternary (Q)—Soils with thickness from some
centimeters to several meters. At the top of the
plateau, there are negative forms with 25 m thick
clay layer with rock debris.
The tectonic background (Fig. 2.46) is assumed to

be a result of the geodynamic evolution of the Cuban
micro-plate at the contact with the oceanic plate—the
trench of Bartlett (Lilienberg 1983; Cobeilla 1984;
Rojas-Agramonte et al. 2003). This trench predeter-
mines the existence of Oriente fault system (N
80–90�) with expressed sinistral strike-slip move-
ment. It has affected the southern Sierra Maestra
mountain range, SE Cuba, and portrays the dynamics
and tectonic evolution of the southern Cuban coast in
the boundary zone between the Caribbean and North
American plates (Rojas-Agramonte et al. 2003). The
region has been affected by historical and recent
earthquakes. The fault-plane solutions from earth-
quakes along the trench are in agreement with the
dominant ENE-WSW compression established
onshore (Rojas-Agramonte et al. 2003). As a result,
the faults of the Oriente system have been cut and
displaced by a younger system of faults striking N
40–60�.

The hydrometrical studies during the expedition
have shown that 1.2 m3/s of water is drained by the
karst system of Guaso Plateau (Chanov and Benderev
1993). The feeding of the karst waters is from infil-
tration of surface waters, especially in the areas where
Charco Redondo and Yateras formations outcrop.
Guaso River disappears in a sink-hole near the cave of
Sumitero with a discharge of 300 dm3/s (middle of
January, 1988), and reappears as a river from the cave
El Campanario with a discharge of 500 dm3/s
(Andreychuk and Benderev 1991). The modulus of
the underground stream is approximately 8 dm3/s
km2. Taking into account the season of the recording,
the quantity is the minimal one. After rains the
quantity of the water rises considerably because the
high permeability of the karst system. As an example,
the discharge rate of the river from the cave El
Campanario raised to 15–20 m3/s during 36 h after

strong rainfall in January, 1988. Practically, at that
time, these considerable quantities of water were not
exploited, except these from the Spring Bataldo, used
for water supply of local plant for production of sugar,
and the river from the cave El Campanario, used by a
hydro-electrical power plant.

The performed geological and geophysical inves-
tigations have proved that the karst system can be
subdivided into two hydrological units. The western
part is characterized by a clearly expressed zone of
water saturation entirely inside the karst cavities of
Charco Redondo Formation. The reason of its for-
mation is the existence of a fault barrier at the foot of
Guaso Plateau, where the karstified rocks of CHR
contact the clays of SLU Formation. Along this E-W
trending border spillways exist, being at the same
altitude and with the same chemical composition of
the water. According to geophysical data, a karstified
layer can be expected southwards of this line, repre-
senting a confined aquifer.

The geological conditions in the eastern part of
Guaso Plateau are more complicated. MAC Forma-
tion is of wide occurrence and is resistant to karstif-
ication. The existing large karst negative forms on the
surface are filled up with terra rossa. These traits and
the tectonic faults contribute to the formation of local
barriers for the water. Two rivers on the surface
gather the waters from the plateau—Guaso and
Hondoness Rivers. Hondoness River appears in the
northeastern part of the plateau, but at the contact
with the limestones of CHR Formation it is flowing
down inside the subsurface karst system. Downwards
it appears as several springs at the contact between the
limestones and the Quaternary sediments.

Guaso River is formed by a number of karst
springs on the top of the plateau and after some
kilometers disappears in Somitero of Guaso, forming
a spectacular underground river, successfully traced
by the speleological studies in the caves El Campa-
nario and Somitero. The karst system there has con-
siderable water permeability—more than 100 m3/s.

The performed geophysical works in 1988, using
electrical methods (vertical and azimuthal electrical
soundings), permitted detection of karst forms with
considerable dimensions, discovered and mapped
later by the speleologists. The dimensions of the
galleries are 20 m and more in diameter and their tops
are only 10–20 m below the surface. These significant
dimensions of karst galleries, formed inside relatively
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young rocks, are due to the tropical conditions of
karst formation and evolution.

2.3.3.3 Tectonic Stress Fields and Their
Control on the Karst System

Two methods were applied for the analysis of the
tectonic stress fields—Nikolaev’s Method (Nikolaev
1977), based on the dispersion of the shear joints
density and studies of the electrical anisotropy.
Additionally, at three sites only, the directions of few
fractures have been measured (number from 10 to 20)
and rose-diagrams were plotted in Fig. 2.48—sites 1,
2 and 3. These rose-diagrams reflect normally the
strike of the adjacent lineaments and they are not
sufficiently informative for reliable geological
conclusions.

Quite different, as quality, is the information from
the sites of mass measurements of shear joints. It
permitted the reconstruction of the tectonic stress
fields and the analysis concerning their impact on the
karst formation and evolution (Fig. 2.48—sites 4, 5
and 6). The tectonic interpretation of the diagrams of
the electrical anisotropy has been made also in the
context of the tectonic stress field reconstructions and

the scheme of the fault systems drown on the base of
remote photos and field verifications (Fig. 2.48).

Sites 5 and 6 characterize fracturing of the lime-
stones of CHR Formation. Two tectonic stress fields
are detected in this formation. The first one (A) and
maybe the oldest for this formation has provoked the
opening of fractures with NW–SE direction. The
second one (B), being of great importance for
the recent tectonic situation in the region, determines
the existence of sub-equatorial fractures and faults,
controlling the step-like subsidence of CHR Forma-
tion to the south. This tectonic stress field acted after
the consolidation of the sedimentation of MAQ For-
mation, because it was also reconstructed using the
joint set in the marls of this formation (Site 4). The
variations in the directions from N 80� to 110� cor-
relate well with the regional faults near the sites of
measurement. The sub-equatorial faults are in some
places barrier for the karst processes and re-distributor
of the water. The commented tectonic stress field
coincides with deformation phase D1 of N–S exten-
sion, exemplified mainly by karst-filled extensional
veins and normal faults (Rojas-Agramonte et al. 2003).
These authors correlated this deformation with the

Fig. 2.48 Detailed geological map of the studied territory on
Plateau Guaso (Eastern Cuba) and reconstructions of the
tectonic stress fields based on measurements of joints (on the
base of the map elaborated by K. Bonev) 1—Quaternary
sediments—Q; 2—Formation YAT; 3—Formation MAQ;

4—Formation SLU; 5—Formation CHR; 6—fault; 7—cave
entrance; 8—site of structural measurements; 9—site of studies
of the electrical anisotropy; 10—most probable position of the
open fractures on the stereograms
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regional kinematics in the Caribbean realm, imposed
by the opening of the Cayman trough and the disruption
between Cuba and Hispaniola.

The youngest tectonic stress field was recon-
structed only in the marls of MAQ Formation (Site
4—C). This tectonic stress field determines the
opening of a sub-vertical system of fractures with
general direction N 30�. This is also the general
direction of the galleries of the largest cave system in
the region—El Campanario. It is reflected also by the
rose-diagram from Site 3 (Fig. 2.48). At the entrance
of El Campanario Cave the rose-diagram of the
fracture orientation is mostly coinciding with the
strike of the system of faults with orientation favor-
able for opening under the conditions of stress field C.
A number of cave entrances are situated along these
faults. Rojas-Agramonte et al. (2003) reconstructed
deformation phases D2 and D3 comprising NE–SW to
nearly N–S directed compression.

Sites 6-k, 9-k and 14-k in Fig. 2.48 are the places
of azimuthal vertical electrical sounding. The corre-
sponding graphs are plotted on Table 2.7.

The graphs show the general tendencies of the
electrical anisotropy on the site of measurements.
Sites 6-k and 14-k are informative for the limestones
of CHR Formation, while site 9-k is on a large neg-
ative karst structure with a tick filling of young,
mostly Quaternary sediments.

The ellipses of anisotropy at point 6-k are for
depths not exceeding 10 m and their general direction
of the long axes N 95� reflects the controlling role on
the fracturing of the nearest fault with the same
direction. But the site was situated exactly over the
known galleries of Campanario Cave and the abrupt
changes of the direction of the anisotropy ellipse to
azimuths between N 5� and 50� is reflecting the
preferential direction of the cave galleries. The situ-
ation is similar for point 9-k where a clear coinci-
dence exists between the long axes of the electrical
anisotropy ellipses (N 50�) and the detected linea-
ments with SW-NE direction. The young age of this
direction was discussed above and probably it con-
trols the recent karstification. It can be also assumed
that this is the direction of a satellite fault to the well
expressed regional fault zone of E–W direction.

The E-W direction is well reflected in the ellipses
of anisotropy from point 14-k. Even to depth more
than 100 m, the direction N 90–95� is so stable that it

clearly illustrates the controlling role of the sub-
equatorial fault on the karst structures near the falling
of Guaso River into the underground karst system.

2.3.4 France: Tectonic Stresses
and Their Control on the Karst
Formation in Plateau of Vaucluse
(Alps Maritimes, France)

Plateau of Vaucluse, framed by Mont Ventoux
(1,912 m) from northwest, by the Mountain of Lure
(1,826 m) from northeast, and by the geological
structure, named Syncline of Apt from the south
(Fig. 2.49), is worldwide known with its karst phe-
nomena. Spring Fontaine de Vaucluse is the most
impressive karst manifestation in this region (vau-
clusian type of spring). The 308 m deep abyss is
draining the underground waters from the plateau.
The coloring test of waters from different places on
the plateau or in the caves has shown a relation
between the caves and the Spring of Vaucluse (Mudry
and Puig 1991). Among a number of publications
concerning the karst of this area, a study on the
relationship between karst formation and recent tec-
tonics in the context of the tectonic stress fields has
been published (Shanov and Cousset 1993). More
detailed analyses, including reference on geodetic
records, completed these studies (Shanov and
Georgiev 2001). The presented analyses follow the
principal results from these two publications.

Southeastern France is also an area of earthquake
activity and this fact allows for a more complete
evaluation of the contemporary tectonic stress field
and the related processes in the karst.

2.3.4.1 Geological Background
Plateau of Vaucluse is formed by limestones and
marl-limestones of Lower Cretaceous-Hauterivian,
Barremian and Bedoulian age, as well as by rocks of
the Urgonian reef facies (after Fage 1981). The Pro-
vencal tectonic phase at the end of the Eocene has
marked the uplift of Plateau of Vaucluse and the
beginning of the karst processes in the limestones.
The contemporary morphological features were
formed during the Post-Pontian tectonic phase,
expressed by the overthrusts of Mont Ventoux and of
Lure Mountain, when the Provencal tectonic block
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moved toward north. During this period, the NW–SE
strike-slip faults formed (Fig. 2.49). The better
expressed Post-Burdiganian (end of Oligocene) phase
should be noted, when NE–SW striking faults were
formed, controlling to a great extend the recent karst
evolution in the rock massif.

Analyzing the genesis of Plateau of Vaucluse on
the base of the principal forms of surface karst,
Depambour and Guedon (2004) discovered recently

deformed paleo-surfaces, but they have originated on
a regional scale since Post-Miocene time. All inter-
mediate surfaces (alt. 850 m) cut the Miocene
deposits (Burdigalien) of Aurel—Sault Depression.
This reveals a major phase of Post-Miocene denuda-
tion. These surfaces of karstic flattening are assumed
to be related to the vast po1jes of the sectors of Saint
Christol and Sault. Their genesis, dependent on dys-
functions of the endokarstic drainage, could be related

Table 2.7 Graphs from the azimuthal studies of the parameters of the electrical resistivity on Plateau Guaso (Cuba)

Site 
Azimuth [N 0]

Electrical 
anisotropy

Eccentricity
Electrical 
resistivity 
[Ohm.m]

6-k

9-k

14-k
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to the Pliocene transgression (Depambour and
Guedon 2004).

From hydrogeological point of view, the role of the
spring of Vaucluse (Fig. 2.50) for the draining of
underground waters is well studied (Murdy and Puig
1991). It is necessary to note also that the hydro-
geological unit Luberon-Vaucluse continues below
the syncline of Cavaillon (Gouvernet et al. 1971) and
this was confirmed by the borehole near Chene, 5 km
westwards from the town of Apt.

2.3.4.2 Methods of Study

Fracturing

Mass measurements of the space elements of joints
(dip direction and dip angle) in different outcrops of
the rock massif were done and they provide the basic
data for applying the method of Nikolaev (1977) for
reconstruction of the main axes of the tectonic stress
fields. As shown above, when presenting the different

case studies, most convenient for the development of
the karst process are these fractures that are perpen-
dicular to the minimum tectonic stress axis (tectonic
extension). These fractures (tensional fractures) are
the least resistant to the water current and they are
most effectively widened when dissolution of the
limestones is going on (Dreybrodt 1988).

Karst Galleries Orientation

The diagrams of the orientation of the karst galleries
could be useful for indication of the main preferred
ways of the underground waters. Mostly, this is the
direction of the open fractures and the practice has
shown that this type of fractures in the recent active
karst systems is normally connected with the youn-
gest tectonic stress field.

Earthquakes

The most appropriate method for determining the
main directions of the contemporary tectonic stress

Fig. 2.49 Geological scheme of the region of Vaucluse (after Mudry and Puig 1991) 1—Bedoulien terrain; 2—Lower Cretaceous
limestones; 3—Neocomian marls; 4—fault; 5—spring
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field are the fault-plane solutions from earthquakes
(ex.: Mattauer and Mercier 1980). Every fault-plane
solution for a given earthquake focus is closely rela-
ted to the local tectonic conditions. They often show a
remarkable coherence for large areas. The concen-
tration or the alignment of epicenters of weak earth-
quakes in some territories helps to detect the
contemporary active tectonic zones.

Satellite Laser Ranging Geodetic Solutions

The Grasse laser tracking station velocity (SE France)
is derived from the analysis of 977,000 normal points
of the geodynamic satellite Lageos-1 covered the data
span of 16 years—from January 1984 till December
1999 (Shanov and Georgiev 2001). The data reduc-
tion and analysis procedure were performed by the
SLRP 3.2 software for dynamic orbital analysis and
least-square parameter estimation (Georgiev and
Kotzev 1995) using the recent dynamicmodels
and fundamental constants (McCarthy 1996).

2.3.4.3 Tectonic Stress Fields and Analyses
of Their Control on the Karst
System

Data on shear joints analysis from the limestones of the
plateau have been collected from five outcrops
(Fig. 2.51). The elements of 100 joints at least were
measured on every site. After mathematical processing

and the corresponding interpretation, two tectonic
stress fields have been reconstructed, both having
remarkable coherence in directions of maximum and
minimum tectonic stress axes for the different sites.
The characteristic feature of both stress fields is the
sub-horizontal position of the maximum and minimum
stress axes. The problem was to determine the relative
age of every one of the tectonic stress fields.

The elaboration of rose-diagrams, indicating the
preferential directions of the horizontal galleries, has
been made using the maps of the cave galleries in the
region (Fage, 1981). It is evident (Fig. 2.51) that, in
general, the NE–SW direction is preferential and
there is a close relationship between the open frac-
tures, indicated on Table 2.8 as product of the Post-
Burdiganian Phase, and the karst galleries. This
direction is also well marked by the general strike of
the youngest faults.

The scheme of these faults is elaborated on the
base of two principal sources of information—The
Map of Remote Sensing Lineaments of France in a
scale 1:1 000 000 (Scanvic and Weecksteen 1984)
and the Seismotectonic Map of France (Voght and
Godefroy 1981). The lineaments from satellite images
could be accepted under some conditions as traces of
reactivated faults or faults formed during the neo-
tectonic stage and active up to now. The faults from
the Seismotectonic Map are interpreted as structures,

Fig. 2.50 Principal hole of
Spring of Vaucluse in summer
season (low water level)
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connected directly to the present day tectonic pro-
cesses. They could be distributors of the seismic
energy or generators of this energy. For the monts of
Vaucluse and Ventoux a clear coincidence exists
between the main strike of these faults (NE–SW) and
the preferred direction of karst processes, in spite of
the well-developed fault system with general trend
NW–SE (see Fig. 2.49). Such a result has been dis-
cussed for the whole region (Mudry and Puig 1991).
The NW–SE fault direction is probably a result of the
oldest tectonic stress field that has deformed the
limestones during the earlier stage of their diagenesis.
This is reflected in the reconstructed direction of
compression using the stylolite indentation (Shanov
and Cousset 1993).

Processes of formation of young NE–SW striking
faults are also reflected by the chain arrangement of
earthquake epicenters to the northwest of Mont
Ventoux (Fig. 2.51). The earthquakes are of low
magnitudes (less than ML = 3.0). But, the most
important confirmation for the existence of contem-
porary compressive NE–SW directed strain for this

region is the result of the fault-plane solutions from
the earthquakes (Shanov and Georgiev 2001). The
fault-plane solutions from earthquakes northeast of
the studied region show, as a general rule, orientation
of the maximum strain compatible to the maximum
stress axis of the youngest tectonic stress field,
reflected by the joint systems of the limestones (see
Table 2.8).

The absolute velocity vectors for the site GRASSE
displacement, the nearest Laser Tracking Site,
according to the NOVEL1A model and to the Satelite
Laser Ranging global geodetic solution, demonstrate
practically the same orientation and the velocity range
of about 25 mm/year toward northeast and this is the
general trend for the western part of the Eurasian
Plate (Table 2.8). There is a small residual motion
with respect to Eurasia of about 4–5 mm/year in
southeastern direction (Shanov and Georgiev 2001).
The absolute site motion is in good agreement with
the general direction of the P-axes from the earth-
quake fault-plane solutions, and this could be inter-
preted as an evidence for the direct relationship

Fig. 2.51 Geological
scheme of Plateau of
Vaucluse with elements of
geodynamics (after Shanov
and Cousset 1993; Shanov
and Georgiev 2001)
1—Bedoulien terrain;
2—Lower Cretaceous
limestones; 3—Neocomian
marls; 4—fault; 5—normal
fault; 6—front of thrusting;
7—remote sensing
lineaments; 8—earthquake
epicenters (magnitudes
ML = 1.0–3.0 and time
interval from 1982 to
September 2013); 9—cave
location with rose-diagram of
the karst galleries; 10—point
of mass measurements of
joints
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Table 2.8 Reconstructed time sequence of the tectonic stress fields for the studied area of Alps Maritimes

Origin
Site Post-Eocene 

(?)
Provencal

Post-
Burdiganien

Recent Method

Earthquake
19.06.1972
M=3.8
N 44.380

E 6.350

Fault-plane 
solution

Laser site 
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N 43.754464
E 6.921947
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between the continental motion and the induced
compressive strain in the Earth’s crust. The rock
fracturing under the induced stress, for the case study,
opens the way for the underground waters, and the
consecutive formation of the karst galleries,
the youngest of them following the direction of the
maximum tectonic stress axis.
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3Recent Geodynamics and Karst

3.1 Traces of Paleoseismicity
and Active Tectonics in Karst:
Historical Notes

The first to discuss damages of speleothems in caves
as a result of tectonic events (earthquakes) was
Hohenwart (1832) in his observations of Postojna
Cave in the first half of nineteenth century. According
to the translation of Kempe (2004), Graf von
Hohenwart wrote in his guide of the cave: ‘‘Also the
forceful changes in the grotto show that nature rules
after own law -unknown to us—in this netherworld.

The common opinion about these alterations in
such underground caves is that weak vaults cavein
due to earthquakes and that loose stems fall from
above and that those stalactite columns which do not
adhere strongly enough at their junction to the ceiling
are precipitated. The careful observer, however, dis-
covers that many alterations cannot be explained by
this common opinion.’’ (Kempe 2004, p. 272).

The hypothesis that speleothems can ‘‘record’’
seismotectonic history is mentioned in the studies of
Becker on the caves Bing Hohle in Germany and
Han-sur-Lesse, Belgium (Becker 1929). Damages of
speleothems are also reported by Spöcker in Franken
Jura but without assumption for their seismic nature
(Spöcker 1933).

Later, Schillat established an availability of broken
speleothems in Langenfeld Cave and discussed the
seismic origin of the deformations (Schillat 1965,
1970). Systematic studies on deformed stalagmites in
Postojna Cave are published by Gospodarich (1968,
1977, 1981). Speleological phenomena with possible
tectonic origin in karst areas of the Dinaric Mountains

are investigated by Garasic (1981) and Garasic and
Cvijanovic (1985).

During the 1970s, similar observations in the karst
regions of Crimea were made by Dublyansky and
Molodih (1972). Professor Dublyansky distinguishes
five groups of karst features bearing seismotectonic
information: displaced cave galleries, moved lime-
stone blocks, corrosion-gravitational forms (caves and
pot-holes of tectonic origin), cave breakdowns, and
speleothems (Dublyansky 1995).

Moser and Geyer accepted the presence of
deformed speleothems in caves in the Bavarian Upper
Franconia region, Germany, as a result of strong
earthquakes (Moser and Geyer 1979).

The paleoseismologic research in karst became
more popular in Europe after a number of studies of
caves in Italy were carried out in the 1980s by the
team of Prof. Paolo Forti at the University of Bologna
(Forti 1997, 1998; Forti and Postpischl 1981a, b,
1984, 1985, 1986, 1987; Forti et al. 1983; Postpischl
et al. 1990, 1991).

Undoubtedly, it is almost impossible within the
frames of this book to examine in detail all studies
conducted till date. In this chapter, we try to provide a
brief overview of the paleoseismologic and active
tectonics research carried out so far in caves from
different karst regions of the world.

Belgium is characterized by relatively low con-
temporary seismic activity. The strongest historical
earthquake was in September 18, 1692 in Verviers,
Northern Ardennes (Camelbeeck 1998). However,
several trench studies along the active Bree fault in
northern Belgium (Vanneste et al. 2001) were per-
formed obtaining further evidence for three strong
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earthquakes in the last 40,000 years, the latter being
dated between 610 and 890 BC.

The paleoseismologic research in the Belgian
caves was made by the team of the Centre for Study
and Applied Research on Karst (CERAK) at the
Polytechnic Faculty of Mons. The investigations
undertaken at the initiative of Prof. Yves Quinif are
important in methodical aspect as introducing terms
such as ‘‘seismothems’’ and ‘‘stalagmite cemeteries’’
(Quinif 1996, 1999, 2000).

In rarely visited parts (Reseau Sud) of the longest
cave system in Belgium, Han-sur-Lesse, have been
identified a large number of fallen stalagmites. The U-
series dating shows the influence of two strong
earthquakes in the Holocene and Late Pleistocene
(Quinif 1999).

Serge Delaby continued the research in the cave
Hotton. At the third highest level of the fossil cave
discovered in 1958 are conducted precise mapping and
measuring of the size and spatial orientation of the
broken stalagmites (Delaby 1999, 2000) (Fig. 3.1).

Important studies of breakdowns in caves (arche-
ological sites) in France were held by Blanc. Multi-
phase activation of breakdowns caused by seismic
situation is established applying a complex analysis.
Blanc performed a seismic microzoning to determine
safe places for building nuclear power plants in
Southern France (Blanc 1985).

L. Bruxelles, J. L. Guendon, and Y. Quinif found
an array of fallen stalagmites, broken stalactites, and
fractured flowstones dislocated by active faults in the
pot-hole Portalerie (-149 m) in Southern France. The
morphological analysis of deformations suggests
the impact of at least two strong paleoearthquakes.
The uranium-thorium dating shows that seismic
events occurred in the time interval 36,800–4,500 BP
(Bruxelles et al. 1998).

The U-series dating of broken and calcified thin
stalactites (soda straws) in the cave Ribiere performed
by the Franco-English team demonstrates the impact
of a Pleistocene seismic event aged 170,000–190,000
BP (Delange and Guendon 1998).

The team of Pons-Branchu conducted research in
Salamandre Cave in southeastern France, character-
ized by many fallen and broken speleothems covered
with new generation of calcite deposits. The carried
TIMS U-Th dating of two fallen stalagmites recov-
ered with new formations suppose the influence of
paleoseismic events aged 7 ± 0.35 ka and between
1.1 ± 0.1 and 6.3 ± 2 ka (Pons-Branchu et al. 2004).

Very important studies were undertaken by Eric
Gilli and his colleagues from the Center for the Study
of Karst in Nice (Gilli 1986, 1995, 1996; Gilli et al.
1998) in caves in France and abroad. In the Obser-
vatoire Cave in Exotic Garden of Monaco is com-
mitted a hand drilling. In the shallow well with depth

Fig. 3.1 Konstantin Kostov
pointing out broken
stalagmites recovered with
new speleothems in Hotton
Cave, Belgium (photo Serge
Delaby)
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of 23 cm are identified three generations of broken
thin stalactites as the first (youngest) one meets the
Ligurian earthquake of 1887 (Ms = 6–6.5) and the
third (oldest) lies on buried calcite crust aged 35,000
BP (Gilli 1998).

The group of Gilli carried out successful speleopa-
leoseismologic observations in the Asian part of
Turkey. Studies on the Tilkiler Cave near the
Oymapinar Dam (Manavgat, Taurus Mountains,
southern Turkey) found plenty of broken stalactites on
the floor of the cavern. Some of them were driven
vertically into the sandy sediments, and elsewhere
described earlier clusters of broken stalactites, together
with calcite crust. The cave was discovered shortly
before the visit of Gilli, during the digging of a tunnel
and had no natural entrance. The performed radiocar-
bon dating indicates that fractures-aged stalactites in
Tilkiler are of age 5,000–800 BP (Gilli 1995).

Gilli performed research in karst areas of Costa Rica
and USA as well. Costa Rican territory is characterized
by very high seismicity—since 1940 registered ten
earthquakes with magnitude of more than 7 (Gilli
1995). Extensive paleoseismologic studies of the caves
were undertaken in 1994 by the team of Gilli. There
have been many different forms of deformation caused
by active faults (Coredores Cave to Peninsula Osa) and
centimetric displacements of the cross section of cave
galleries. Inclined stalagmites are described in the cave
Tersiopelo—probably a result of the earthquake in
1991 (Ms = 7.1) (Gilli 1995).

In the United States deformed speleothems are
found in the caves, Sutherland Peak (Southern
Arizona) Endless Cave, Sand Cave, MacKittrick Cave,
Carlsbad Caverns, and Hidden Cave (New Mexico). In
Sutherland Peak is described broken stalactites—
probably resulting from the impact of Sonora earth-
quake (Mexico, May 3, 1887, M = 7.2). Gilli visited
caves in Carlsbad District of New Mexico character-
ized by the presence of broken speleothems and
breakdowns. The research was hampered by strong
anthropogenic interference, dating from the second
half of the nineteenth century in the Carlsbad Caverns
National Park (Gilli and Serface 1999).

Panno from the Illinois State Geological Survey
and his coauthors published a study on caves located
within 250 km of the New Madrid Seismic Zone
where established stalagmites with deviated axes of
grown and fallen stalagmites recovered with active
new stalagmites. The data from the accomplished

U/Th mass spectrometric dating of three speleothems
show the influence of single seismic event (Panno
et al. 2009).

Research in the Brujas Cave in the southern Andes,
Argentina was carried by Sancho et al. (2003). In
hardly accessible passages are identified clusters of
broken stalactites, which are interpreted as a sign of a
seismic event with Pre-Holocene age. Franko Urbani
reported for rotated rock blocks and fractured spele-
othems as indices for paleoseismicity in Guanasna
Caves near Caracas, Venezuela (Urbani 2002).

The method of Prof. Paolo Forti from the
University of Bologna, Italy, was founded on the
belief that stalagmites are natural pendulums and
respond to changes in the cave floor. Selected sta-
lagmite samples are cut longitudinally and the vari-
ance of their growth axis is interpreted as evidence of
the impact of earthquakes. The result of the compar-
ison between the time series variations in stalagmite
sections and corresponding catalogs of earthquakes
represents a clear correlation. For example, in sta-
lagmites from the caves Buko dei Buoi and Spinola in
the vicinity of Bologna is established abrupt deviation
from their axes of growth, corresponding to the
earthquake of January 3, 1117—the strongest in
northern Italy. In the studied stalagmites are found
traces of three seismic events earlier than 1117 (Forti
and Postpischl 1984, 1987).

Within the last years, tectonic studies in karst in
Slovenia were generally performed by Dr. Stanka
Šebela and her collaborators from the Karst Research
Institute in Postojna. In 2004, four extensometers
were installed in caves and two of them mounted in
Postojna Cave (Gosar et al. 2011; Šebela 2008, 2009,
2010; Šebela et al. 2005).

Pérez-López and others (2009) found a coseismic
ceiling block collapse occurred at -156 m in Benis
Cave (-213 m, SE Spain), associated with the Mula
earthquake (1999, Mb = 4.8, VII MSK). Their anal-
ysis suggests that an active fault segment determined
the morphology of the cave, where strong paleo-
earthquakes (6 B M B7) took place. As a conse-
quence of this intense seismic activity, a cave gallery
collapsed and a new seismothem was recognized
(Pérez-López et al. 2009).

The intensity of one of the most destructive
earthquakes in Switzerland and Western Europe
(Basel earthquake, October 18, 1356) is measured
between VIII and IX MSK. French and Swiss
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scientists take the search for traces of the earthquake
in the karst area around Basel (Lemeille et al. 1999).
Paleoseismologic traces are encountered in the caves
Dieboldslöhli and Bäterloch, situated 10–15 km from
the epicenter of the earthquake of 1356. In the caves
are described stalagmites with anomalous growth,
broken stalactites, rock falls. The results of dating of
six stalagmite samples by U/Th alpha spectrometry
show the young age of the deformation—age up to
several millennia (Lemeille et al. 1999).

During the last decade within the structure of the
Swiss Seismological Survey to ETH—Zurich was
created a research team dealing with paleoseismologic
studies of caves. Lacave and colleagues explored the
Milandre Cave, North Jura and observed a major
deformation of stalactites and stalagmites, after which
analysis the impact of a strong earthquake in the Upper
Pleistocene was supposed (Lacave et al. 2004).

The paleoseismic studies in karst of Israel are
related mainly to the work of Dr. Elisa J. Kagan from
the Institute of Earth Sciences at the University of
Jerusalem and her colleagues from the Geological
Survey of Israel (Kagan 2002a, 2002b; Kagan et al.
2002a, 2002b, 2005, 2006). Kagan studied the caves
Soreq and Har-Tuv near Jerusalem, located 60 km
west of the Dead Sea Transform fault. A variety of
deformations with seismotectonic origin are estab-
lished: fallen stalagmites with a new generation of
calcite deposits on them (38 cases) and breakdowns
covering old speleothems and in turn covered with
new stalagmites.

The performed 230Th/234U dating by mass spec-
trometry defined four distinct phases of intense seis-
motectonic activity during the last 20,000 years
(Kagan et al. 2002a, 2005).

The studies of Yael Braun on speleothem defor-
mations in Denya Cave near Haifa and their dating
show the influence of two seismic events:
4.8 ± 0.8 ka and 10.4 ± 0.7 ka. The results from
Denya Cave located close to Carmel fault are good
correlated with the obtained paleoseismic data from
the caves near the Dead Sea Transform fault (Braun
et al. 2010).

Coseismic damages in Gunung Sitoli Cave in
Indonesia connected to the March 5, 2005 Nias
earthquake (M = 8.7) are reported by Omer Aydan.
Various forms of damage were observed: stalactites
failings, stalactone ruptures, roof collapses, etc.
(Aydan 2008).

3.2 Methods of Study

To our knowledge, till now no unified complex
methodological apparatus for dynamic tectonics
studies in karst is approved. This book is an attempt to
put into practice such methodology using compre-
hensive approach with application of techniques from
a number of modern methods of paleoseismology,
engineering seismology, karstology, absolute geo-
chronology, geophysics, geology, and geomorphol-
ogy. The principle of complexity is a precondition for
introducing into the practice of coherent set of spe-
cialized methods for dynamic tectonics research in
karst. A specific feature in the methodical aspect is
the substantial fieldwork under difficult conditions,
which must be carried out using caving techniques.

3.2.1 Morphological and Statistical
Analysis of Deformed
Speleothems

The method of statistical analysis of the spatial ori-
entation of deformed, fallen, and broken speleothems
is based on the assumption that the availability of
clearly expressed preferred directions of the studied
speleothems is a precondition to the influence of
coseismic effect on cave sediments.

Probably the first attempt for statistical analysis of
deformed speleothems as indices of strong seismic
events in karst areas was performed in the former
USSR by Prof. Dublyansky at the beginning of the
1970s. His studies on the preferred directions of fallen
stalactones in Crimean caves and pot-holes estab-
lished a relation to the epicenters of the strongest
historical earthquakes in the Crimean peninsula. The
rose-diagram of the orientation of 62 broken columns
in 14 caves shows that they are connected to Feodo-
sia-Sudak (40 %), Yalta (38 %), Sevastopol (12 %),
and Alushta epicenter zones (10 %) (Fig. 3.2)
(Dublyansky 1995).

Gospodarich established a correlation between the
collapsed speleothems in Postojna Cave and the
seismicity in Slovenia (Gospodarich 1977, 1981).

During the last two decades, this methodology is
developed in several papers of Dublyansky (1995), Gilli
(1995, 2005), Gilli et al. (1998), Quinif (1997), Delaby
(1999, 2000), Kagan (2002a, b), Kagan et al. (2005),
Kostov (2000, 2001, 2002, 2004, 2008), etc. As an
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indicator of paleoseismic events Dublyansky uses fallen
stalactones, Gilli—broken stalactites, and Quinif and
Delaby—fallen or inclined stalagmites. In our opinion,
a complex approach with measuring the directions of
the entire available range of deformed speleothems
increases the reliability of the obtained results.

In some cases, the breaking or inclination of the
speleothems may be connected to other reasons:
subsidence of clay deposits beneath speleothems,
exaration, biogenic, or anthropogenic influence.

(A) Biogenic or anthropogenic impact on the
speleothems;

With the appearance and development of caving
and cave tourism arise the problem of the protection
of cave landscapes. The first show cave considered in
Europe was Vilenica in Slovenia, where an entrance
fee was introduced for visitors in 1633. The traces of
negative human impact in the caves are presented
most often by broken stalactite and stalagmite frag-
ments and are typical for the easily accessible parts.
Their determination is not difficult in field studies.

Becker et al. (2006) reported that in the Dograrati
Cave (Kefalonia, Greece) the stalactites were broken
by gunfire during WW2.

The rare cases of negative biogenic impact on cave
sediments are represented by breaking of stalagmites
by large Pleistocene mammals. Gilli reported

Fig. 3.2 Directions of the
fallen stalactones in caves in
the Crimean Peninsula. The
number of stalactones in the
relevant direction are
presented numerically.
Epicentral zones:
A—Sevastopol, B—Yalta,
C—Alushta, D—Feodosia-
Sudak, E—Kerch-Anapa
(Dublyansky 1995)

Fig. 3.3 Serge Delaby near massive ‘‘hanging’’ stalagmite
without fluvial deposits under his base in Troana Cave,
Bulgaria. The speleothem is close to cave river
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strangely deformed massive speleothems in Pyrenean
caves—‘‘cemeteries’’ of a cave bear. The deforma-
tions (fallen stalagmites) near bear dens can be
interpreted as a result of the activities of Ursus
Spelaeus. (Gilli 1995).

(B) Effects of subsidence or landslides of fluvial
cave sediments;

The fluvial cave deposits are represented by sands,
shales, and siltstones. Depending on the morphology
of the cave and the conditions of sedimentation, their
thickness can possibly exceed 7–8 m. In caves with
active hydrodynamic regime, slow movement of these
sediments, subsidence, and landslides in some pas-
sages near the cave river can be observed (Fig. 3.3).
In case of formation of speleothems on fluvial
deposits, slow inclination or failing is possible.

In the French cave is established very rare break-
age of stalactites by mud-stone torrent (Vanara 1997).
The preconditions for the emergence of such a cata-
strophic geomorphologic phenomenon are the fol-
lowing: (1) The cave is a shallow hole (ponor) with a
narrow entrance and a minor section of galleries;

(2) The cave is situated at the lowest point of a large
karst depression (polje, blind valley, or uvala) where
it is possible to accumulate a barrage of devastating
impacts.

(C) Impact of ice movement;
Dr. E. Gilli from the Center for Karst Studies in

Nice presented the hypothesis that in some caves,
speleothems breaking is possible as a result of the
movement of underground Würm glacier (Gilli 1999)
(Fig. 3.4). The model study of Lundberg and
McFarlane (2012) for Kents Cave, Devon, UK, shows
that up to 3 m thick sediments can be frozen in con-
stant low temperatures of -10 to -15�. The freezing
could fracture flowstones up to 13 cm thick. Nowa-
days, the idea of exaration effect on the cave’s mor-
phology and sediments is widely accepted by many
karstologists (Kempe 2004; Becker et al. 2006). In
our opinion, this hypothesis is not applicable for all
cave areas and is suitable for karst massifs located
near the snow line of the last glacial period.

The precise analysis and logical ignoring of the
described possible causes of deformation of

Fig. 3.4 Deformations of speleothems by exaration activity: 1 Initial position; 2 Filling the gallery with ice; 3 Movement of the
glacier with breaking of a stalagmite; 4 Present situation (Gilli 1999)
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speleothems lead to the last possible reason—seis-
motectonic effect. Therefore, to carry out correct
statistical analysis of deformed speleothems it is
necessary to have the following elements:

1. The studied cave should be well protected from
negative anthropogenic interference—i.e., relatively
inaccessible and unvisited;

2. In the studied cave is found a sufficient number
of deformed speleothems, allowing statistical
analysis;

3. Established deformed secondary cave forma-
tions are in dry areas of the fossil cave. In the

presence of an underground river, to analyze samples
in remote parts of it;

4. Cave is a narrow cavern (sinkhole) draining a
considerable territory;

5. Deformed or fallen bodies lie on a stable hori-
zontal surface, which excludes their secondary
redeposition;

6. The analyzed deformed specimens are calcified
to the floor (covered with calcite crust) or calcified to
an older generation of secondary formations—evi-
dence of the relative age of the event that caused the
deformation.

Fig. 3.5 Morphological
types of seismode formations
of speleothems. A and B:
Places for dating samples for
the purpose of establishing the
age of the seismic event
(modified after Dubois and
Grellet 1997)
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Samples for absolute dating to determine the time
interval in which the paleoseismic event happened are
selected from certain areas of deformed speleothems
(Figs. 3.5 and 3.6).

3.2.2 Measurement of Natural
Frequencies and Horizontal
Ground Acceleration
of Speleothems

Generally, the method presents the inverse approach
to the morphological and statistical analyses of
deformed speleothems. This complex technique is
based on the hypothesis that the availability of non-
broken speleothems in caves could be interpreted as
absence of strong seismic events during historic
times.

To our knowledge, this type of research was first
applied in field studies in France and Hungary by the
teams of Dr. Corinne Lacave from Résonance Ingé-
niours-Conseils SA (Geneve, Switzerland) and Prof.
Gyozo Szeidovitz from the Geodetic and Geophysical
Research Institute of Hungarian Academy of Sciences
(Lacave et al. 2000, 2003, 2004; Szeidovitz et al.
2005, 2008). Important in theoretical aspect are the
laboratory tests of stalagmites rupturing at the
University of Liege (Cadorin et al. 2000, 2001).
Theoretical modeling of the mechanical behavior of
speleotems during seismic event was performed by
the Saclay Mechanics and Technology Department of
CEA, France (Gilli et al. 1998).

The team of Lacave explored two caves in Vercors,
France: Choranche Cave and Antre de Vénus Cave.
The measurement of the natural frequency was made
using Polytech OFV 3001 high-resolution laser inter-
ferometer. At the top of the studied speleothem was
stuck a piece of reflecting tape to ensure good reflec-
tion of the laser ray. The speleothems were excited
with a light hit by rubber stick or with light breath for
the soda straws. In Choranche Cave were measured 12
speleothems (stalagmites, stalactites, and soda straws)
and 8 speleothems were measured in Antre de Vénus
Cave—5 stalactites, 2 soda straws, and one stalactone.
The study showed that most of the speleothems were
not a subject of seismic motion because their natural
frequencies were higher than the range of seismic
excitation.

The thin poplar-like stalagmites are among the
most attractive and rare speleothems. Szeidovitz et al.
(2005) were the first who used especially these spe-
leothems as paleoseismic indicators. Their studies on
Baradla Cave in Hungary show that the high 5.1 m
stalagmite in Olimposz Hall of the cave could be
broken at a horizontal acceleration of 1.14–0.34 m/s2.
The diameter of the stalagmite is 7–10 cm and dating
samples from the base and the top of the stalagmite
are taken (Fig. 3.7).

Even a higher value hardly exceeds the 7 levels
(1 m/s2) of the MSK-64 intensity scale. Regarding the
fact that the stalagmite is older than 100,000 years,
they supposed that no strong seismic event occurred
in the examined area.

The methodology of the Hungarian seismologists
is based on the equation of Cadorin et al. (1998). They
calculate the self-frequency of a stalagmite with the
following formula:

f ¼ 1

P
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3ED2=16qH4
p ð3:1Þ

and ground acceleration resulting in fracture with the
following:

ag ¼ rru

2qH2
ð3:2Þ

The abbreviations are as follows: H is the length of
the stalagmite (m), D is its diameter, r is its radius
(m), q is the density of the stalagmite (kg/m3), ru is
the breaking tension (Pa), and E is the Young mod-
ulus (Pa). If resonance phenomena occurs as well, the

Fig. 3.6 Inclined stalagmite line (sm 1) with new vertical
stalagmite (sm 2) where a and b are places for dating samples
(Quinif 1997)
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formula for the acceleration amplitude of the breaking
is modified as follows: (Cadorin et al. 2001)

ag ¼ rru

2qH2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 � ðT=T0Þð Þ2 þ 4q2ðT=T0Þ2
q where q2

¼ log2 e

1; 9 þ log2 e
ð3:3Þ

Knowing the quenching (g) (the value of (g) can be
calculated from the proportion of consecutive ampli-
tudes of seismograms made for the determination of
speleothem frequencies), D can be determined. T0 is
the self-period of the studied stalagmite.

In the frames of bilateral scientific cooperation
between Bulgarian and Hungarian Academies of
Sciences, four caves in Bulgaria were studied in the
period 2005–2007. The results are presented in the
following subchapters of the book.

Recently, this very perspective type of research
was continued by Dr. Katalin Gribovszki in caves in
Central Europe (Gribovszki et al. 2013a, b, c).

3.2.3 Monitoring of Recent
Geodynamics

In some caves are observed indicators of recent tectonic
movements on the elements of cave morphology. Such
indicators are dislocated passages in the cross section of
the gallery due to fault activity, tectonic mirrors,
presence of tectonic breccia, spatial discordance in the
couple ‘‘stalactite—stalagmite reciprocal,’’ and dislo-
cated or inclined stalactones (Figs. 3.8 and 3.9). These
benchmarks for active tectonics in caves are described
in detail in the works of Wojcik and Zwolinski (1959),
Bögli (1969), Garasic (1981), Zacharov (1984), Gilli
(1986), Quinif (1996), Jeannin (1990), Bini et al.
(1992), Quinif (1997), Mochiutti (2004), and others.

The karstic caves are preferred as a medium for
geodynamic monitoring for two reasons: (1) In most
cases the tectonic deformations are fixed clearly
within the karst galleries and well preserved for a
relatively long period of time and (2) the cave’s
annual temperatures are almost constant. Together
with the specific conditions of sedimentation in the
caves and the absence of dynamic geomorphic pro-
cesses such as excavation and weathering inherent to
the Earth’s surface, the underground karst forms are
excellent places for installing extensometric facilities.

The robust conditions in most of the caves are a
precondition to usage of mechanical micro-tectonic
monitoring instruments. In several caves of Czech
Republic, Slovakia, Poland, Hungary, Slovenia, and
Bulgaria are installed mechano-optical extensometers,
named TM-71 (Briestenský et al. 2010; Gosar et al.
2011; Kis et al. 2012; Šebela et al. 2005). The
instrument was developed by Prof. Blahoslav Kostak
from the Czechoslovak Academy of Sciences at the
end of the 1960s (Kostak 1969) and was originally
designed for monitoring of fractures and cracks in
anthropogenic underground structures (tunnels, etc.).
The first TM-71 extensometer in a karstic cave was
installed in 1981 in Strochy pot-hole in Slovakia
(Briestenský et al. 2010). Recently, more than 160
gauges were mounted all over the world, including
Spitsbergen Island with its severe climatic conditions.

TM-71 works on the principle of the optical Moire
effect and needs no energy source. The microdis-
placements of cracks are recorded by two equal pairs
of optical glass plates. The precision of the dis-
placement recording of the device is ±0.007 mm in
X, Y, and Z coordinates (Klimes et al. 2012). Detailed

Fig. 3.7 Sampling from the top of a 5.1 m high stalagmite in
Baradla Cave, Hungary (by Szeidovitz et al. 2005)
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technical description of the gauge and the principles
of measurement are given in Kostak (1969, 1991) and
Klimes et al. (2012).

Since 1990, extensometers have been installed in
six Bulgarian caves till now. The first one was in
Golyamata Tsepnatina Cave (70 m long) on the
Madara Plateau, NE Bulgaria. The device is a part of
monitoring system of three extensometers and several
marks that record the displacements within the
vicinities of the UNESCO protected historical mon-
ument from seventh century Madara Horseman (the
only known rock bas-relief in Europe).

In 2011, two extensometers were installed in
Bacho Kiro Cave and Saeva Dupka Cave in the zone
of Fore-Balkan, North Bulgaria. The installations

were accomplished in a project by the Czech and
Bulgarian Academy of Sciences (Fig. 3.10.).

In the frames of the Romanian–Bulgarian project
MARINEGEOHAZARD dealing with geohazards on
the Black Sea coast, in 2013 five extensometers were
installed on the rock cliffs of the northern Bulgarian
shoreline, north of the town of Kavarna. Three of
them are mounted in natural karst cavities in Kaliakra
Cape, Bolata Valley, and Yailata Lanslide (Fig. 3.11).

In addition to TM-71, in some caves are installed
different types of extensometers. Mechano-electonical
extensometers were developed in the Royal Obser-
vatory of Belgium in Brussels at the end of 1980s in
the frames of cooperation with the Chinese State
Seismological Bureau (Cai et al. 1989). Such devices

Fig. 3.8 Displaced cave
gallery due to fault movement
(Frasino Cave, Monte Campo
dei Fiori, Italy) (Quinif 1997)
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are installed in the underground laboratory in
Rochefort Cave near Namur in Ardennes (a.k.a.
Rochefort Laboratory of Geodynamics).

The show cave Grotta di Gigante near Trieste is
well known because of the geodetic facilities installed
by Prof. Antonio Marussi in 1966. He installed long-
base pendulum tiltmeters sensitive to rotations and
shear deformations of the cave. The original Marussi
recording system, still in function, was photographic,
very stable to humidity, and other external influences.
In December 2003, a new recording system was
installed based on a solid-state acquisition system
intercepting a laser light reflected from a mirror
mounted on the horizontal pendulum beam. The
strong Sumatra-Andaman earthquake of December

26, 2004 was well recorded by the pendulums
(Braitenberg et al. 2006).

3.2.4 Dating Methods

According to Sowers and Noller (1997) there are over
22 methods or groups of methods known for dating of
Quaternary deposits and landforms. A classification
scheme of the methods of dating of Pleistocene and
Holocene was proposed by Colman et al. (1987). In
this chapter is briefly mentioned the dating methods
applied in tectonic studies in karst terrains. Without
going beyond our competence and based on our
practical experience from the karst areas in Bulgaria,
we discuss some methodological aspects of the topic.

The geomorphologic dating methods are obviously
based on the change in time of the geomorphological
phenomena and landforms. Usually they include
quantification of the geomorphic agents such as accu-
mulation, denudation, and weathering. Based on
modern quantitative values of these exogenous pro-
cesses are built models that trace the development of
the geomorphological landform. The obtained ages are
relative (methods based on geomorphologic correla-
tion). The ages derived by morphological methods are
relative (comparative). In karst geomorphology the
correlation between the cave levels and river terraces is
widespread (Angelova et al. 1995, 1999; White 1988).

The most useful dating method in karst uses the
natural radioactive decay of uranium. Using the
U-series methods, samples from about a million years
old to younger than 50 years can be dated (Sowers
and Noller 1997). Recently, the U-Th isotopes were
measured by thermal ionization mass spectrometry
(TIMS) on 0.1 to few grams calcite samples,
depending on the U content of the sample.

The deformed stalagmites and flowstones are cored
and sampled for U-series dating with a drilling machine.
The technique is discussed in detail in the case studies.

3.3 Case Studies

3.3.1 Studies in Stara Planina (Balkan)
Mountains

The karst in Stara Planina Mountains is developed on
about 20 % of the territory of this 550 km long and

Fig. 3.9 Types of deformations of speleothems caused by
active tectonics in the Siebenhengste-Hohgant cave system,
Switzerland (modified after Jeannin 1990)
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2,376 m high mountain range. The karst landforms
are developed mainly in Triasssic, Jurassic, and Cre-
taceous carbonate complexes. Due to complex geo-
dynamic reasons, karstified rocks are in complex
lithological and tectonic discordance. The karst in
West Stara Planina is typical in this respect. Mor-
phologically, the karst in Stara Planina is very

diverse. The karst massifs in West Stara Planina
(Chepan Mountain, Vratsa Mountain, Ponor Moun-
tain, etc.) have typical geomorphologic features of the
classical Dynaric karst: karren fields, deep gorges,
blind valleys, deep pot-holes, poljes, etc. The karst
geomorphology and hydrology have been studied by
several researchers: Radev (1915), Angelova (2003),

Fig. 3.10 Extensometer TM-
71 in Saeva Dupka Cave,
Bulgaria (photo Dr.
N. Dobrev)

Fig. 3.11 TM-71 installed in
2013 in Domuz Maara Cave,
Bolata karst valley, NE
Bulgaria
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Angelova and Benderev (2000), Angelova et al.
(1995, 1999, 2002), Benderev (1989, 1991), Benderev
et al. (2006), Kostov (1997), and others.

There are 19 cave regions in the Stara Planina
Mountains according to the scheme of Popov (1970).
Most of the deepest pot-holes in Bulgaria have been
established here (12 caves more than 200 m deep)
including the deepest Bulgarian cave Raichova Dupka
Cave (-387 m).

3.3.1.1 Elata Cave
The Elata Cave is situated in Ponor Mountain (mor-
phological unit ot West Stara Planina (Balkan) Mts.),
about 55 km north of Sofia and 1.5 km SW from the
village of Zimevitsa.

The cave begins with a vertical pit of 18.5 m,
followed by a large gallery of length 176 m. The total
denivelation of the cave is 64 m (Fig. 3.12). The cave
deposits are presented by breakdowns and a number
of speleothems: stalagmites, stalactites, sinter lakes
(gurs), stalactones. Typical for Elata Cave are poplar-
like stalagmites of height up to 3 m (‘‘Elata’’ means
‘‘The fir tree’’ in Bulgarian). This pot-hole was dis-
covered in 1960 by the cavers P. Beron, V. Beshkov,
and T. Michev and surveyed in the following years by
members of the ‘‘Akademic’’ Caving Club (Sofia).
According to its attractive speleothems, the cave is

included in the list of the Bulgarian protected natural
phenomena since 1964.

Elata Cave is developed in gray Upper Jurassic
limestone of the Yavoretz Formation. The chrono-
stratigraphic range of the formation is Lower
Calovian—Lower Cimeridgean. Structurally, the cave
is formed along the line of a fault with SE–NW direc-
tion. The displacement of the Pleistocene and Holocene
deposits on the surface can be assumed as a result of the
Quaternary activity of the fault (Paskalev et al. 1992).

As a result of two strong seismic events in Ponor
Mountain are established hydrological phenomena
related to the discharge of the Iskrets karst springs. The
springs are located 6.2 km SW of Elata Cave. During
the devastating earthquake in Vrancea, Romania of
March 4, 1977, the spring’s discharge decreased from
5.5 to 0.5 m3/s. After 7.5 hours there occurred a sharp
increase of water levels up to 18 m3/s, accompanied by
intense water turbidity possibly connected to erosion
of sediments in aqueous karst galleries and break-
downs. About that time the massif detained about
13,500 m3 of water. A similar phenomenon was
described after Svoge earthquake of March 9, 1980
(Petrov 1983; Paskalev et al. 1992).

The registered hydrological anomalies in the flow
of the Iskrets springs can be explained by collapses in
the karstic galleries. The catchment area of the

Fig. 3.12 Map and
longitudinal profile of Elata
Cave (after Beron et al. 2006)
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springs is about 140 km2 and covers a significant part
of Ponor Mountain. This was the reason for the search
for suitable seismodeformations in karst caves above
the springs.

During several visits in 2007, Elata Cave was
explored by Bulgarian and Hungarian scientists:
Dr. Katalin Gribovszki and Tibor Czifra from the
Geodetic and Geophysical Institute of the Hungarian
Academy of Sciences, Dr. Gergely Surányi from ELTE
University in Budapest, and Gabriel Nikolov and
Dr. Konstantin Kostov from the Geological Institute,
Bulgarian Academy of Sciences. The following indi-
cations of seismotectonic activity were identified:

(A) Fallen stalagmites. In the cave were estab-
lished 41 fallen stalagmites. Their size varies from 0.2
to 1.8 m (Figs. 3.13. and 3.14). Fallen stalagmites in
some cases are calcified to the floor and covered with
thick calcite crust, while others with regrowth of new
vertical stalagmites on the fallen samples. Their
substantial amount to their small dimensions of the
cave is a sign of the impact of seismotectonic events.

The rose-diagram of the spatial orientation of the
fallen stalagmites (Fig. 3.15) clearly shows the pres-
ence of a preferred direction to the north. The formation
of well-defined maxima in the preferred direction of the
deformed speleothems is accepted as an evidence of the
seismotectonic origin of the perturbations (Dublyansky
1995, 2000; Delaby 2000). The Quaternary activation

of the sub-parallel fault structure expressed on the
surface near the cave is the probable cause of the seis-
motectonic phenomena as fallen and tilted stalagmites
and the breakdown. The cave is developed in the
hanging wall of the fault—an interesting relation that
was confirmed in paleoseismologic research in caves
from other karst regions of Bulgaria.

(B) Inclined stalagmites and stalagmite lines. The
strongly inclined stalagmite lines in Elata Cave are a
comparatively rare speleological phenomenon. The
inclined stalagmites have impressive size—height up
to 2 m (Fig. 3.16). Their presence can be interpreted
as a result of slow subsidence of sediments below
their base, but the process of inclination itself is
probably helped by tectonic event.

(C) Inclined stalactones. In this cave were estab-
lished two inclined stalactones. The first column is at
an early stage of development of 55 cm height but the
other is massive, with a height of 1.6 m (Fig. 3.17).
These formations are an extremely rare indication for
the presence of neotectonic activity and slow move-
ment along a fault (Jeannin 1990);

(D) Open crack in flowstones. This fissure of
length about 14 m can be observed in the boundary
between undistorted, vertical stalagmites calcite crust
on horizontal and inclined array of stalagmites
(Fig. 3.18). The depth of the crack is 2 m.

Fig. 3.13 Fallen stalagmite
covered by new vertical
stalagmite in Elata Cave
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(E) Breakdown. The gallery of the cave between
70 and 140 m is almost completely filled with blocks
of large size. On the basis of morphological charac-
teristics (presence of calcite cover or series of small
stalagmites on the blocks) it can be assumed that the
breakdown was approximately at Upper Pleisto-
cene—Lower Holocene age.

In the frames of bilateral scientific cooperation
between Bulgarian and Hungarian Academies of
Sciences, in 2007 was performed a study on the nat-
ural frequencies of stalagmites. The aim of the study
was to estimate the upper limit of prehistoric ground
acceleration which can break the thin and high poplar-
like stalagmites in the cave.

For the purpose of the study a stalagmite with height
of 237 cm and diameter between 8.3 and 13.7 cm was
selected. A three geophones SM6 with natural fre-
quency of 4.5 Hz was fixed with adhesive tape on dif-
ferent heights on the speleothem (Fig. 3.19).

Measuring the natural frequency of a stalagmite
requires forced horizontal vibration by gentle hand
hitting. The horizontal acceleration was registered by
SIG SMACH SM-2 digitizer. The sampling rate of the
analog-digital converter was set at 256 Hz, whereas
the cutoff frequency of the anti-aliasing filter was
50 Hz. The power spectral density of the vibration
was determined by Fourier transform.

The natural frequency of stalagmite is 17.8 Hz
(Table 3.1.). If the natural frequency is below 20 Hz
(the approximate upper limit of the frequency range
of the nearby earthquakes), then resonance can occur.

Five samples of broken stalagmites in Elata Cave
were collected for laboratory measurements of their
mechanical properties. The samples were found on
the ground at the same cave passage where the

Fig. 3.14 Fallen massive
stalagmite calcified to the
floor with new vertical
stalagmite

Fig. 3.15 Rose-diagram of the directions of 41 fallen and
recovered with new speleothem stalagmites from Elata Cave
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investigated poplar stalagmite stands. The average
density of the stalagmite pieces was 2.50 gr/cm3 with
standard deviation of 0.082 gr/cm3. The Young’s
modulus was calculated using the data of a com-
pressive strength test. The mean value was
7,490 MPa.

By Brazilian test the mean tensile failure stress of
the samples was obtained—1.62 MPa (standard
deviation of 0.42 MPa). The theoretical natural fre-
quency and the static horizontal ground acceleration
resulting in failure can be calculated using these
mechanical properties (Table 3.1.).

Fig. 3.16 Inclined line of
stalagmites with new
generation of vertical
speleothems

Fig. 3.17 Inclined massive
1.6 m high stalactone
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Breaking of stalagmite with height of 237 cm can
be expected for mean +1r tensile failure stress at peak
ground acceleration in the range of 350–450 cm/s2.

Sampling and age determination were carried out.
A sample from 16 cm from the top of the stalagmite
was taken. The performed U/Th alpha spectrometric
measurement in ELTE University in Budapest shows
that the sample is not older than 6,000 years.

3.3.1.2 Razhishka Cave
The Razhishka Cave is situated in southwestern
Vratsa Mountain, West Stara Planina, NW Bulgaria.
The cave is located in the protected area of Lakatnik
Rocks on the left slope of the Stara Planina Iskar
River gorge. The big entrance at altitude of 460 m
and dimensions 7 9 6 m is clearly visible from the
Lakatnik railaway station.

The cave is developed in Triassic dark gray orga-
nogenic limestones from Babino Formation of the
Iskar Carbonate Group (Tronkov 1981). The age of
the formation is Anisian. Two major parallel reverse
fault structures with direction of 70� are identified in
the area (Tronkov 1965).

The Razhishka Cave has a length of 316 m and
denivelation of 32 m. The cave consists of single dry

Fig. 3.18 Open fissure in
thick calcite crust in Elata
Cave

Fig. 3.19 The investigated 237 cm high stalagmite in Elata
Cave with attached geophones
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gallery developed along a fracture with meridional
direction (Fig. 3.20). The cave ends with a giant
breakdown on the contact area with a transverse
crack. In 1979, students at the University of Mining
and Geology, M. Georgiev and Z. Andonov, carried
out geophysical electrical profiling on the plateau
surface above the cave to seek an extension. The
measurement shows the presence of a large cave
gallery after the collapse (Zlatkova 1987). Numerous
attempts by cavers to find prolongation after the
breakdown have been unsuccessful till now.

From geomorphological point of view, Razhishka
Cave along with other caves of the Lakatnik karst
basin is an emblematic example of leveled karst. The
vertical cave system Razhishka Cave (the oldest
upper fossil dry level)—Temnata Dupka Cave (active
water cave with length of more then 6,000 m)—karst
spring Jitolyub (water cave with sump) demonstrate
the stages in the development of the karst process and
its relation to the tectonic development of Vratsa
Mountain and incising of Iskar River during the
Quaternary. The vertical range of the system is
approximately 220 m. Using geomorphological cor-
relation between the relative height of the cave hyp-
sometric levels and the river terraces of Iskar River, it
can be assumed that the Razhishka Cave was formed
at the beginning of the Lower Pleistocene.

During field study conducted in September 2003,
in Razhishka Cave were identified the following
indicators of seismotectonic activity:

(A) Fallen stalagmites covered with a thick layer
of calcite deposits. They are distributed in the inner
parts of the cave at 100–280 m distance from the
entrance. The fallen stalagmites have length up to 1 m
and diameter up to 30 cm;

(B) Massive stalagmite with height of 230 cm and
diameter of 80 cm, cut by an open subhorizontal
crack. The crack is filled with calcite deposits. The
upper part of the stalagmite is at horizontal dis-
placement of 7 cm. (direction 222�) and rotated to the
base (Fig. 3.21);

(C) Massive inclined stalagmite with height of
3.5 m, cut by a crack. The inclined stalagmite is
supported by its neighboring stalagmite formed near
the wall of the cave gallery. Thick speleothem
deposits cover the tops of the two stalagmites and
form anomalous double stalactone (Fig. 3.22);

(D) Dislocated passage well visible on the ceiling of
the cave due to vertical fault movement to the direction
10�. The dislocation is clearly traced on a horizontal
distance of about 15 m, between 50 and 70 m from the
entrance of the cave. The height of the cave ceiling in
this part is about 4.5 m but then increases sharply and
tracking the dislocation is difficult (Fig. 3.23).

Table 3.1 The parameters of the investigated stalagmite in Elata Cave (after Paskaleva et al. 2008)

H
(cm)

DAverage

cm
Measured natural
frequency, f0

Hz

Elastic
modul, E
GPa

Density
gr/cm3

Tensile
failure stress
MPa

Theoretical natural
frequency, f0

Hz

ag

cm/s2

Elata Cave 237 11.3 17.8 7.49 2.5 ± 0.08 1.62 ± 0.42 4.88 325.9

Fig. 3.20 Map and
longitudinal profile of
Razhishka Cave (after Beron
et al. 2006)

90 3 Recent Geodynamics and Karst



In Razhishka Cave were measured the directions of
16 fallen and deformed stalagmites. The composed
rose-diagram shows the existence of three maxima in
the preferred direction of the deformations: 120–130�,
260–270�, and 390–400� (Fig. 3.24). The most well-
defined maximum (390–400�) coincides with the
orientation of the cave gallery. However, it is oriented
to the main fault structure in the area—Radov Vrah
reverse fault. It can be assumed that the presence of
deformed stalagmites constituting this maximum is a
result of the disastrous collapse, which ends the cave.
The breakdown in turn, is also likely to be interpreted
as a seismotectonic phenomenon of unknown age.
The other two maxima are with orientation different
from S–N and can be interpreted as a result of sub-
sequent phases of intense seismic activity, depending
on the behavior of the Vratsa tectonic block during
the Pleistocene and Holocene. This block is charac-
terized by intense vertical tectonic movements and
active geodynamic setting.

An eventually absolute dating of the different
deformed speleothems generations in Razhishka Cave
will be beneficial to clarify the Quaternary tectonic
history of the Western Balkan Mountains.

3.3.1.3 Varteshkata Cave
The Varteshkata Cave is a pot-hole, located in Vratsa
Mountain, close to the village of Chelopek, NW
Bulgaria. The vertical entrance is at 1,196 m a.s.l.

This pot-hole is 154 m long with total denivelation
of 74 m and begins with 24 m vertical pit (Fig. 3.25).
The cave is developed in highly karstified Upper
Jurassic–Lower Cretaceous massive gray limestones
from the Glozhene Formation. The Varteshkata Cave
was discovered and surveyed in 1968 by cavers from
Sofia Caving Club ‘‘Edelweiss’’ (Beron et al. 2006).
The difficult access is a precondition to the conser-
vation of the cave—till now it is rarely visited.

From a morphological point of view, the cave
consists of one large gallery of height more than

Fig. 3.21 Massive stalagmite cut by an open crack. The upper
part of the speleothem is rotated to its base

Fig. 3.22 Anomalous double stalactone in Razhishka Cave

3.3 Case Studies 91



10 m, rich in different speleothems. The high and thin
poplar-like stalagmites are typical rare formations for
Varteshkata Cave.

Two thin stalagmites were studied by Hungarian and
Bulgarian scientists in the Big Chamber of the cave
(Paskaleva et al. 2006, 2008; Szeidovitz et al. 2008).
The tallest is 365 cm high and the other is 140 cm. The
used methodology is the same as that applied in Elata

Cave. The diameter of the stalagmites ranges between
5.1 and 13.1 cm. The height (H) versus diameter (D)
ratios are 28 B H/D B 36 for the tall stalagmite and
23 B H/D B 28 for the small stalagmite. The results of
the dimension measurements can be seen in Table 3.2.

The results show that the value of the horizontal
acceleration needed to break the stalagmites is
between 0.143 and 0.438 g. These values are equal to
about VIII-X degrees of the MSK-64 intensity scale.

Samples for U-series dating were taken from the
top and the bottom of the 365 cm stalagmite
(Fig. 3.26). The dating performed by Dr. Surányi in
Budapest shows that the speleothem is rather young
and its deposition is accomplished in the last
16,000 years. The age of the sample from the base of
the tall stalagmite is 16,200 BP. The sample taken
from the top is aged 1,100.

The results from the study can be interpreted as
evidence of the absence of catastrophic seismic events
during the Subatlantic phase of the Holocene in this
part of Vratsa Mountain.

3.3.1.4 Labirinta Cave
The Stara Planina Iskar Gorge is situated in the
Western Stara Planina Mountains (Western Balkan)
and is one of the remarkable geomorphological phe-
nomena in Bulgaria. The total length of the gorge is
67 km. Labirinta Cave is located in the eastern mar-
ginal part of the gorge, near Cherepish railway station

Fig. 3.23 Dislocated
passage on the ceiling. The
amplitude of the displacement
is 30 cm

Fig. 3.24 Rose-diagram of the directions of 16 fallen stalag-
mites in Razhishka Cave
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(Fig. 2.2.6. in Chap. 2). The oval-shaped entrance is
situated on the right side of the Iskar river, at an
elevation of nearly 105 m above the base level. Some
data about the cave are reported by Ilieva et al. (1981)
and Kostov (1999) (Fig. 3.27).

The cave is developed in the massive organogenic
limestones of Aptian age (Bedulian) of the Cherepish
formation, Vratsa Urgonian group (Nikolov et al.
1972). These carbonates are highly karstified—for
example, in the Cherepish karst area more than 130
caves are currently surveyed within a 4 km2 area.
From a tectonical point of view, the cave is situated in
the SE wedge-shaped part of the Zgorigrad anticline
(Jordanov et al. 1961). The latter occupies most part
of the Vratsa Mountain and according to the classical
concept for the tectonic structure of Bulgaria (Yovcev
1971), it is a structural unit belonging to the Stara
Planina Dislocation Strip.

The morphology of the studied cavity includes a
series of parallel passages striking 140–150 g devel-
oped along a fault and connected via difficult narrow

transversal passages (Fig. 3.2). The maze-like cave
patterns (the network type of cave—sensu Palmer
1984) are an indicator of a distinct structural control
on the speleogenesis.

The total length of the cave is 255 m and its ver-
tical extent ranges over 15 m. In some places the
original morphology is concealed by collapse phe-
nomena—gravitational deposits (breakdown blocks of
various sizes). Speleothems were also identified—dry
and weathered dendrites which cover large parts of
the cave walls. The survey was completed on
December 6, 1977 by members of the ‘‘Academic’’
speleoclub Sofia (Fig. 3.28).

According to the results of former investigations
(Ilieva et al. 1981; Angelova et al. 1995; Kostov
1999, 2008), based on methods of relative geomor-
phology (correlation between caves levels and ter-
races of the Iskar River) it has been inferred that the
relative age of Labirinta Cave is Early Pleistocene.

From the comparatively wide range of neotectonic
speleoindicators described in previous works

Fig. 3.25 Longitudinal
profile and map of
Varteshkata Cave (after Beron
et al. 2006)

Table 3.2 Parameters of the investigated stalagmites in Varteshkata Cave (after Paskaleva et al. 2008)

H
(cm)

DAverage

cm
Measured natural
frequency, f0

Hz

Elastic
modul,
E GPa

Density
gr/cm3

Tensile
failure stress
MPa

Theoretical natural
frequency, f0

Hz

ag cm/s2

Tall
stalagmite

365 11.8 4.5 7.49 2.5 ± 0.08 1.62 ± 0.42 2.15 143.5

Small
stalagmite

140 5.3 10.6 7.49 2.5 ± 0.08 1.62 ± 0.42 6.56 438.1
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(Jeannin 1990; Bini et al. 1992; Dublyansky 1995)
the following elements are used in the present report:

(A) Displaced (shifted) sections in the cave pas-
sages—the original cross section of the passage has
been altered as a result of the action of a certain fault.

(B) Speleothems which cover the displacements
and in other cases are fractured by them.

Over the period March–June 1997, several visits to
Labirinta Cave led to the following observations:

I. A subvertical displacement with an amplitude of
16–17 cm, along a normal fault, excellently preserved
in a primary cave formation—rock bridge or ‘‘pillar’’
structure—sensu Jeannin (1990) (Fig. 3.29). In this
passage the fault-plane strikes 146 g with 808 NE dip.
This fault can also be traced in the cave over nearly
50 m but in other cross sections of the passage, the
shift is not so distinctly visible because of the existing
gravitational and weathering processes.

The occurrence of a ‘‘hanging’’ dendritic cover
over the fault-plane implies the existence of two
phases of movement. The precipitation and lithifica-
tion of the speleothems occurred during a relatively
calm period between the two phases of tectonic
activity (Fig. 3). In terms of morphology, the first

Fig. 3.26 Sampling of the tall stalagmite in Varteshkata Cave

Fig. 3.27 The entrance of
Labirinta Cave
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phase that ranges from the genesis of the cave (Early
Pleistocene) to the period of the precipitation of the
sinter is more distinct (12–14 cm displacement
amplitude). The second phase is recognized in a
2–3 cm long displacement. Unfortunately, the
absence of speleothems dating renders the above
conclusions debatable.

II. A subhorizontal displacement striking 160 g
and dipping 25 g to the SW is situated on the wall of
the same passage (Fig. 3.30). The shift amplitude is
10–14 cm, but there are some additional 8–10 cm
which could be taken into account, located between
the overhang and the foot of the walls. The fracture
broke the sinter deposits (dendrites). Taking into

account the absence of these speleothems on the fault-
plane, it can be inferred that this fracture is relatively
younger than that described above. It is also possible
that this crack has a local cause—gravity or sliding
along a slope.

Based on the performed investigations, it has been
established that Labirinta Cave is developed in an
area of intense Quaternary tectonic activity. Accord-
ing to the intensity scale of unstable karst phenomena
of Gilli (1995), this cave ranges in the 4th degree:
decimetric to decametric displacement of passage
sections. In previous karstological investigations
(Ilieva et al. 1981, Angelova et al. 1995) mostly
vertical neotectonic movements and their importance

Fig. 3.28 Map of Labirinta
Cave. I and II: sites of the
measurements
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Fig. 3.29 Left Detail of a passage displaced by a fault. Right Explanation of the same passage shifted 17 cm by a normal fault.
The occurrence of ‘‘hanging’’ speleothems on the fault-plane implies two movement phases

Fig. 3.30 Displaced passage
in Labirinta Cave
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in the development of different stages of typical step-
like karst within the boundaries of the study area have
been considered.

The post Upper Pleistocene deformations exam-
ined here, distinctly visible in the cave passages, can
be accepted as evidence in support of the thesis of
Tzankov and Nikolov (1996) about the occurrence of
a regional extensional tectonic stress field of NNE–
SSW orientation during the Neogene–Quaternary
structural stage in NW Bulgaria. The subhorizontal
extension environment is a precondition to the
observed type of faulting, i.e., prevalence of normal
and listric faults with their dip parallel to the stress
direction. The extensional stress field possibly influ-
enced the initiation of the Labirinta Cave configura-
tion and also controlled the main directions of the
cave passages in the surrounding part of the Zgorigrad
anticline—N–S and NW–SE prevalently (Kostov
1997).

3.3.1.5 Saeva Dupka Cave
Saeva Dupka Cave is located in the Middle Fore-
Balkan, near village Brestnitsa, Lovech District. The
entrance is found on the south slope of the small
Bretsnishko polje with an area of 9 km2. The altitude
of the cave is 510 m. The entrance with dimensions of
4.2 9 4.5 m is opened at the base of a small rock
cliff.

The Saeva Dupka Cave is formed in the massive
light Titonian limestones of the Brestnitsa Formation.
The age of formation is Berriasian. The considerable
thickness of the limestones from Brestnitsa Forma-
tion, the low-angle slopes, and the high tectonic
fracturing are favorable conditions for intensive
karstification. The karst process is supported by faults,
expressed morphologically on the surface. One of
them is dipping to the north normal fault with parallel
direction, visible along the southern slopes of the
Brestnitsa polje, close to Saeva Dupka Cave. This
fault is marked with the presence of the impressive
abysses Big Ledenitsa Cave (-55 m), Small Leden-
itsa Cave (-40 m), and the pot-hole Partizanska Cave
(-107 m, with 98 m vertical pit).

The first data for Saeva Dupka Cave were pub-
lished at the end of the nineteenth century by Herman
and Karel Shkorpil in their monograph on the karst
waters in Bulgaria (Skorpil and Skorpil 1898).

From a morphological point of view, Saeva Dupka
Cave consists of one large gallery, which separates

five big chambers (Fig. 3.31). In the first two halls the
cave is developed along a sub-parallel fault line. The
total length of the galleries is 210 m and the deniv-
elation of the cave is 40 m.

During field studies conducted in the period
2000–2005 in Saeva Dupka Cave the following
indices of seismotectonic activity are described:

(A) Fallen stalagmites. In the cave were found 16
fallen stalagmites covered with thick calcite sedi-
ments. The overlay covering deformations are dry,
without recent dripping, suggesting the considerable
age of the deformations (Fig. 3.32);

(B) Dislocated stalactone with diameter of 35 cm
(Fig. 3.33). A displacement with an amplitude of
more than 40 cm in south direction is measured.

(C) Horizontal crack in a massive stalactone
(Fig. 3.34). The stalactone has a diameter of more
than 3 m. Through the crack is observed a minimal
displacement in S–SE direction.

(D) Breakdown. The breakdown in Saeva Dupka
Cave is one of the biggest in the Bulgarian caves. The
fallen blocks cover an old generation of speleothems
that can be found in a few places. Some of the
boulders reach up to 3 m and are welded to each
other. In some cases they are covered with new spe-
leothems. Popov connected the brekadown occur-
rence and the formation of the eponymous chamber
(The Breakdown Chamber) as a result of catastrophic
paleoearthquake (Popov 1979).

The built rose-diagram of the orientation of the
fallen stalagmites in the cave shows clearly the pre-
ferred direction to the south (Fig. 3.35). The three
distinct peaks can be combined in common interval of
170–220 g. This fact can be interpreted as a result of
the activation of the fault south of the cave during the
Pleistocene. One may suppose that the formation of
the breakdown in the cave is supported by this phase
of intense tectonic activity.

In 2012, in Sueva Dupka Cave was installed TM-
71 extensometer in the frames of bilateral scientific
cooperation between the Czech and Bulgarian Acad-
emies of Sciences.

3.3.1.6 Troana Cave
The Troana Cave is situated in the central part of the
Belyakovo Plateau which is a morphographic unit of
the Central Fore-Balkan, North Bulgaria. The small
precipitate entrance is located about 3 km west from
the village of Emen. The cave is developed in highly
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karstified limestones of Upper Barremian–Lower
Aptian age from the Emen Limestone Formation,
Lovech Urgonian Group (Hrischev 1966). The max-
imum thickness of the stratigraphically complicated
Emen Formation is about 400 m with dip up to

8�–10� to N–NW (Hrischev and Nedialkova 1992)
(Fig. 3.36).

From a seismological point of view, the Troana
Cave is located in one of the seismically strongest
active regions in Bulgaria. During the last century,

Fig. 3.31 Longitudinal profile and cross sections of the gallery of Saeva Dupka Cave (after Popov 1979)

Fig. 3.32 Fallen stalagmites
recovered with thick calcite
deposits and new speleothems
in Saeva Dupka Cave
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three strong seismic events took place here—the
Gorna Oryahovitsa earthquakes of June 14, 1913
(Ms = 7.0, Focal depth = 7 km) and December 19,
1914 (Ms = 4.7), and the Strazhitsa earthquake of
1986 (Ms = 5.7). According to historical data, nine
earthquakes with magnitude up to 7.2 are known in
the period 536–1890. The epicenters of these events
are Veliko Tarnovo, Gabrovo, Lyaskovets, and the
village of Arbanasi (Grigorova and Grigorov 1964,
Orizova-Stanishkova et al. 1996).

The Troana Cave is mainly made up of a large
downdipping gallery with a stream flowing along its
length and a maze system of fossil passages which
together form a total length of 2,750 m (Fig. 3.37).
This ponor cave is entered from a doline which col-
lects the surface streams (only during peak runoff) of
two dry valleys. The entrance parts are narrow with
few steps up to 3 m deep. After the entrance squeezes,
the original morphology of the cave is blurred by
collapse phenomena—the floor is covered by impres-
sive breakdowns, partially coated by speleothems.

The mezokarstic deposits are presented by fluvial,
detritic ones and plenty of various attractive speleo-
thems: stalactites, stalagmites, columns, flowstones,
draperies, etc. According to its rich sinter decorations,

Fig. 3.33 Displaced stalactone in Saeva Dupka Cave

Fig. 3.34 Fractured massive
stalactone in Saeva Dupka
Cave
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the Troana Cave is one of the remarkable caves in
Bulgaria. The fluvial sediment accumulations in the
main trunk of the cave seem to be several meters in
thickness—an evidence about the high mass transport
energy of the underground stream.

The cave was discovered and explored at the end
of the 1980s by cavers from ‘‘Prista’’ speleoclub—
Rousse. Until now, it is relatively well protected
against human impact and in this sense represents a
good object for palaeoseismological studies. In spite
of this, during the field studies in Troana, we partic-
ularly explored places that were relatively difficult to
reach: niches, old levels of the stream, etc.

Our search for deformations with possible coseis-
mic origin was in the parts up to the first sump of the
Troana Cave. From the comparatively wide range of
palaeoseismic speleoindicators, the following ele-
ments were established there (Kostov et al. 2000):

(A) Fallen stalagmites. The fallen stalagmites are
the most expressive sismotems. The ‘‘stalagmite’s
cemeteries’’ (sensu Quinif 2000) in some caves rep-
resent the best evidence for palaeoseismical activity.
Unfortunately, their quantity in the Troana Cave did
not permit us to accomplish a statistical study of the
preferred orientation of the broken fragments. Only a
few fallen stalagmites (secondarily recovered with
calcite) have been established. The average length of
the stalagmites was 10–20 cm;

(B) Displaced stalactones. One of the attractive
features of the studied cave are the displaced col-
umns. There are observed decametric displacements

Fig. 3.35 Rose-diagram of the directions of 16 fallen and
covered with new speleothems stalagmites

Fig. 3.36 Location of Troana Cave and geological map of the area based on sheet ‘‘Sevlievo’’ from the Geological Map of
Bulgaria in scale 1:100 000 (Hrischev and Nedialkova 1992)
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of few stalactones with amplitude of 45–50 cm
(Fig. 3.38);

(C) Broken sodastrows. Being the initial stage in
the stalactites development, the soda straws are spe-
leothems that are possibly the most amenable to the
coseismic effects. Gilli and others reported that after
the February 18, 1996 earthquake in the French
Pyrenees (Ms = 5.2), the only effect observed in
caves were breaking of soda straws (Gilli et al. 1999).

In some places of the Troana Cave are established
broken soda straws. The observed stalactite fragments
are of maximum length of 20 cm. The studied spe-
leothems are now soldered with calcite onto the floor
(Fig. 3.39).

The observed deformations in Troana Cave are of
great interest for research on the historical seismicity
of the region. Detailed studies of other caves in the
area in the near future will possibly collect new data
for tectonic deformations.

3.3.1.7 Golyamata Tsepnatina Cave
Golyamata Tsepnatina Cave is located on the Madara
Plateau near the town of Shumen, NE Bulgaria. The

cave is located on the NW periphery of the plateau,
80 m above the Madara Horseman—the only known
rock bas-relief in Europe. This extraordinary histori-
cal monument is dated from the early period of the
Bulgarian’s state development (1-st Bulgarian king-
dom) and was carved about 1,200 years ago. Madara
Horseman is included in the list of the World cultural
heritage of UNESCO (Fig. 3.40).

The cave entrance is accessible by 25 m descent
from the edge of the plateau using single rope tech-
nique where a concrete covering, built for conserva-
tion purposes is reached. After the artificial entrance
and another 7 m rope descent, the main gallery of the
cave can be reached. Developed in Cenomanian sandy
limestones and limy sandstones, the cave is a good
example for structural control in karst.

The cave is 70 m long and formed along a fracture
with direction NW–SE. It is dry and unbranched. The
cave sediments are presented by weathering detritus,
breakdowns, and organogenic material (guano)
(Fig. 3.41).

The cave was investigated and surveyed in 1971 by
cavers from ‘‘Galata’’ Caving Club—Varna. A second

Fig. 3.37 Longitudinal profile of the galleries up to the first sump of Troana Cave

Fig. 3.38 Displaced massive
stalactone in Troana Cave
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Fig. 3.39 Broken and calcified to the floor soda straws in Troana Cave

Fig. 3.40 Left View on the Madara Plateau above the cave
(top) and UNESCO monument Madara Horseman rock bas-
relief (bottom). Right Engineering Geological profile through
the Madara plateau (after Frangov et al. 1992; Kostak et al.

1998): 1—Deluvium; 2—Sandy limestones; 3—Calcareous
sandstones; 4—Conglomeratic limestones; 5—Clay; 6—Marls;
7—Groundwater table; 8—Extensometer in Golyamata
Tsepnatina Cave
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detailed survey was made in 1985 by Shumen cavers A.
Spasov and M. Mirchev (‘‘Madarski Konnik’’ Caving
Club). Description of the cave was made in Mircheva
et al. (2004). The cave has no special protection status
but is situated within the boundaries of the National
Historic-Archaeological Reserve ‘‘Madara’’.

As mentioned above, an extensometer TM-71 was
installed in the cave in April 1990, which was a part
of the monitoring system for study of the recent
microdisplacements around the monument together
with other two gauges TM-71 near the Madara
Horseman bas-relief and a few pin marks. The data
from the instruments are monitored by the Geological
Institute of Bulgarian Academy of Sciences several
times during the year (Fig. 3.42).

Until 1994, these movements were characterized
by a pronounced sinusoidal curve showing the trend
and some sharp movements with various origin

(Dobrev and Avramova-Tacheva 1997). The moni-
toring data from the last 10 years are discussed in a
special publication in preparation.

The response of the TM-71 instrument to the cata-
strophic earthquake in Izmit, Turkey on August 17,
1999 (M = 7.4) is interesting. The epicenter was
located 370 km S–SE from Madara Plateau. This
earthquake was felt in many parts of Bulgaria, includ-
ing the nearest towns of Shumen and Varna. Immedi-
ately after the earthquake measurement was carried out.
It was found that the extensometer been damaged due to
strong fluctuation motion (shaking) of the two slices.
After reconstruction of the gauge, we made accurate
reconstruction of the movement taking place during
this earthquake. It was found that: DX = +6.91 mm
shortening of the fissure; DY = +46.78 mm horizontal
slip to S-SE; DZ = + 10.43 mm vertical movement
(uprising) of the rock slice.

Fig. 3.41 Map, cross sections, and longitudinal profile of Golyamata Tsepnatina Cave
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3.3.2 Studies in Rhodopes Mountains

The Rhodopes Mountains stretch between Bulgaria
and Greece. The karst in the Bulgarian part of the
massif (Rila–Rhodopean karst zone, to which also
belong Pirin and Slaviyanka mountains) is present
almost everywhere and occupies 1,966 km2. It is
formed mainly of Proterozoic marbles from the
Dobrostan Marble Formation. More than 600 caves
have been surveyed in Rhodopes till now and the
longest is Yagodina Cave—8,501 m. The deepest pot-
holes are Banski Suhodol 9/11 Cave in Pirin Mountain
(more than 300 m according to the results from the
Summer Caving Expedition ‘‘Banski Suhodol 2013’’)
and Drangaleshka Dupka Cave with depth of 255 m.

3.3.2.1 Lepenitsa Cave
The Lepenitsa Cave is a spring cave situated in the
northern part of the Batak Mountain which forms a
part of the Western Rhodopes Mts. The small
entrance is located on the left bank of Chuckura
River, nearly 13 km south of the town of Velingrad. It
is formed of highly fractured Proterozoic marbles of
the Dobrostan formation (Fig. 3.43).

The cave is located in one of the seismically strongest
active regions in Bulgaria. The maximum observed
shakeability in terms of intensity is determined as I = 7
MSC-64 and for a period of 10,000 years, the maximum

prognostic intensity is I = 9 MSC-64. During the last
century, two strong seismic events occurred there—the
Velingrad earthquakes in 1905 (M = 4.2) and 1977
(M = 5.3) (Fig. 3.44).

From a morphological point of view, the Lepenitsa
Cave is a good example of a multiphase cave system
that consists of three different stages—active level
(‘‘The water gallery’’) and two fossil upper levels.
The height difference between the levels does not
exceed 30 m. The total length of the cave passages is
1,525 m. The plan of the cave was made in the period
1970–1972 by the speleologist Petar Tranteev with
the help of Konstantin Spasov, Martin Tranteev, and
Boyan Tranteev. The main gallery has a length of
about 800 m (Fig. 3.45).

The cave deposits are fluvial, detritic, and numer-
ous speleothems: stalactites and stalagmites of dif-
ferent types, columns, draperies, gurs, etc. The wide
occurrence of fractured, broken, and inclines speleo-
thems with possible coseismic origin was reported by
Shanov et al. (1998), Kostov (2000, 2008).

The prevalence of cracked, broken, or inclined
speleothems with possible coseismic origin was first
reported by Shanov et al. (1998), (2001), and Kostov
(2000). During several field studies conducted in the
period 1998–2005, in the cave are identified the fol-
lowing indicators of seismotectonic effects on cave
sediments:

Fig. 3.42 Monitoring of the TM-71 in Golyamata Tsepnatina Cave
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(A) Fallen and calcified to the floor stalagmites. The
perturbed stalagmites are an average length of 40 cm
with secondary overlay of thin sinter deposits—evi-
dence of the relative age of the deformation. In some
cases, on the horizontal fallen fragments was observed
the formation of small active stalagmites. The descri-
bed samples fell on flat, horizontal floor, which
excludes their secondary predisponation after failure.

(B) Inclined massive stalagmite lines covered with
a new generation of vertical stalagmites (Fig. 3.46).
The inclined stalagmite series are up to 2.5 m high.
This seismotectonic phenomenon is formed in the dry
section of the cave without presence of fluvial sedi-
ments under the stalagmites and no signs of their
existence in the past. The subsidence of sediments is
excluded as a possible cause of inclination.

(C) Open fissures in massive stalagmites
(Fig. 3.47).

The detailed geomorphological study of the cave
and the statistical analysis of the geometry and ori-
entation of the deformed speleothems may prove the
coseismic origin of the deformations. In the first fossil
level (‘‘The main gallery’’) of Lepenitsa Cave, the
directions of 68 broken stalagmites or stalagmite
fragments were measured and a rose-diagram was
made. Most of the studied stalagmites were candle
shaped of average length of 40 cm and secondarily
recovered with thick sinter deposits. In some cases,
recent small active stalagmites developed upon the
broken ones. The selected samples have fallen down
on flat and stable horizontal floor, which excludes
their secondary disposition.

The diagram shows clearly expressed preferred
orientation (Fig. 3.48). The maxima (360–370 g and
390–400 g) generally correspond to a direction
pointing to the town of Velingrad—the epicenter of

Fig. 3.43 Location of Lepenitsa Cave and geological map of the area (after Shanov et al. 2001)

3.3 Case Studies 105



Fig. 3.44 The known
epicenters in the area of the
cave (Shanov et al. 2001)

Fig. 3.45 Map of the cave.
The numbers are places of
observations of deformed
speleothems (Kostov 2008)
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the strongest known earthquakes until now. These
preferred directions are different from the direction of
the palaeoflow of the cave sediments—an indication
that the fall of the stalagmites was due to the

earthquakes. An eventual dating of the sismothems in
the future can estimate the age of the seismic event
(or events) that caused the deformations in the
Lepenitsa Cave.

The epicenters of the earthquakes in the region are
connected mainly to the faults of Hremshtitsa fault
zone, presented by a group of steep slope faults with
general direction 140�. During the early Quaternary in
them, as well as the faults of Dospat and Babiak-
Grashovska fault zones are performed movements
that form in a regional aspect the West Rhodopes
block morphostructure (Katskov and Marinova 1992).
The absolute dating of deformed speleothems in the
cave will probably delineate two or more phases of
intense seismotectonic activity associated with
movements in the Pleistocene of the described faults.

3.3.2.2 Yamata Cave
The Yamata Cave is located in the area of the
Dobrostan Plateau, 38 km S–SE from Plovdiv,
Western Rhodopes. The entrance is south facing and
is situated at an altitude of 860 m above the deep
valley of Mostovska Sushitsa River. The access is
relatively difficult, as the only suitable starting point
is ‘‘Martsiganitsa’’ hut (1,387 m. a.s.l.) from which
the cave is reached with overcome the denivelation of
about 550 m (Fig. 3.49).

The Yamata Cave is formed of fine gray-white
marble of Dobrostan Marble Formation. Structurally,

Fig. 3.46 Inclined massive
stalagmites with new vertical
speleothems in Lepenitsa
Cave

Fig. 3.47 Fractured and inclined massive stalagmite
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the area belongs to North Rhodopean anticline. The
sub-parallel faults of the Zaburdo fault zone, inter-
sected by fractures of the Laki fault zone (Kozhuharov
et al. 1994) form a characteristic mosaic block and are a
precondition to the high degree of marble fracturing
and intensive karstification (Fig. 3.50).

In the Dobrostan karst massif have been studied and
mapped over 200 caves and pot-holes (Pandev 1993).
Definitely dominating the pot-holes, of which the deeper
is Druzhba Cave (absolute pit of 130 m., the biggest in
Bulgaria), Ivanova Voda Cave (-113 m with 45 m
entrance pit), and Zmiin Borun Cave (-108 m). The
considerable depths and the wide distribution of vertical
cave passages in the area are an indicator for active
geodynamic environment during the Quaternary (White
1988).

The cave is dry and consists of one gallery with
narrow passages of 20, 40, and 70 m, separating a few
chambers. The total length of the gallery is 183 m.
The deposits are represented by detritus material

Fig. 3.49 Locations of the Yamata Cave and Shepran Cave and geological map of the area based on sheet ‘‘Chepelare’’ of the
Geological Map of Bulgaria in scale 1:100 000 (after Kozhuharov et al. 1994)

Fig. 3.48 Rose-diagram of the directions of 68 fallen and
calcified to the floor stalagmites

108 3 Recent Geodynamics and Karst



(breakdown), clay sediments with varied thickness
and speleothems, including rare helictites. Yamata
Cave was mapped during the National speleoexpedi-
tion ‘‘Dobrostan 1975’’ by Boris Kolev from Caving
Club ‘‘Aida’’ (Haskovo) and Ivan Dermendzhiev from
Caving Club ‘‘Galata’’ (Varna) (Fig. 3.51).

The studies conducted in the cave in September
2005 and May 2007 established multiple deforma-
tions of speleothems (Kostov and Shanov 2006;
Kostov 2008; Kostov et al. 2009). The deformed
formations are widespread and evenly distributed
along the cave gallery. The deformations can be
separated in the following morphological types:

(A) Fallen stalagmites. Their large number com-
pared to the total area of the cave shows the impact of
catastrophic tectonic events. The average length of

the fallen fragments is 50 cm, but are distributed and
massive fallen stalagmites with a height of 1.4 m. All
the fallen speleothems are covered with calcite
depostis of different thickness.

(B) Inclined to the north massive stalagmite with
height of 1.7 m and diameter of 1 m with new
vertical stalagmite formed on the inclined surface
(Fig. 3.52).

(C) Diagonal crack in massive stalactone with
diameter 1.4 m.

Based on the data on the orientation of the fallen
stalagmites was built a rose-diagram (Fig. 3.53). The
analysis of the preferred directions indicates three
distinct maxima. The three peaks suggest the impact
of more than one phase of intense seismotectonic
activity during the Quaternary. The discussion on the

Fig. 3.50 Joint directions in
the Dobrostan karst plateau
(205 measurements)

Fig. 3.51 Map, cross
sections, and longitudinal
profile of Yamata Cave
(modified after Pandev 1993)
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results will be carried out in comparison with the data
from the Shepran Cave located nearby.

In 2007 samples from deformed speleothems were
taken for U-series dating. The dating samples were
obtained using an electric drill with a steel core barrel
COMET M42 (Coronas Bimetal, Spain). The diame-
ter of the taken cores was 12 mm of weight 4–5 g.

The extracted samples were named as follows:
• Yamata1: Core from the base of a small vertical

stalagmite with height of 10 cm, deposited on the
fallen massive stalagmite 1.4 m long;

• Yamata2: Core from the top of the fallen massive
stalagmite with height of 1.4 m, in order to deter-
mine the time interval in which the seismotectonic
event occured;

• Yamata3: Core from the base of 26 cm high ver-
tical stalagmite deposited on massive inclined sta-
lagmite with height of 1.7 m (Fig. 3.51);

• Yamata4. Core of thick calcite crust covering the
top of the flattened ‘‘hanging’’ stalagmite—
paleoseismic phenomenon.
Samples were sent to Dr. Gergely Surányi from the

radiometric laboratory at the ELTE University in
Budapest. The dating was performed by the method of
uranium series plasma mass spectrometry (ICP) using
plasma ICP-MS spectrometer (Thermo Corp.,
Germany) at the Institute for isotope studies of the
Hungarian Academy of Sciences.

The obtained ages are :
• Yamata1: 48,200 years (lower limit—49,300,

upper limit—47 100 years);
• Yamata2: [300,000 years (the large amount of

clay components in the sample do not permit
accurate analysis and calibration of age);

Fig. 3.52 K. Kostov is
sampling the base of a 26 cm
high stalagmite deposited on
inclined one (photo
V. Nikolov)

Fig. 3.53 Rose-diagram of the directions of 51 deformed
speleothems in Yamata Cave
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• Yamata3: 229,000 years (lower limit—248,000,
upper limit—212 000 years);

• Yamata4: 317,000 years (lower limit—348,000,
upper limit—291 000 years).

3.3.2.3 Shepran Cave
The Shepran Cave is located on the southern slopes of
the Dobrostan massif, Western Rhodopes, in the
valley of Belitsa River, about 1 km northwest of
the town of Laki. The cave entrance is at 840 m a.s.l.
The cave was surveyed and studied by Chepelare
Caving Club ‘‘Studenets’’ in 1963.

Like the other West Rhodopean caves, this cave is
formed of Proterozoic marble in Dobrostan Formation
(Fig. 3.49).

The Shepran Cave is a dry, fossil cave with
interesting morphology, consisting of a gallery of
length 260 m and 18 m deep pit at the end (Fig. 3.54).
The total denivelation of the cave is 39 m and the
volume—3,010 m3.

During field studies on the cave in the spring of
2001 a large amount of deformed speleothems were
found. Prevailing fallen stalagmites and many of the
observed forms are covered with thick calcite deposits
and younger formations (Fig. 3.55).

The directions of 46 deformed formations are
measured. From the constructed rose-diagram is

established the existence of three distinct maxima
(Fig. 3.56), suggesting the impact of three different
phases of tectonic activity.

The orientation in space of the fallen stalagmites in
the cave Shepran Cave almost completely coincides
with that of the deformation in the Yamata Cave. In
both caves are found three well-defined peaks in the
preferred direction of the deformed speleothems. The
caves are situated in parallel blocks marked by sub-
parallel faults of the Zabardo fault zone and are
formed in the downthrown blocks of the faults.

These patterns may indicate the conclusion that the
deformations in caves located in the downthrown
block of a fault are much more significant. This pat-
tern is confirmed by studies in other karst regions in
Bulgaria.

The well morphologically expressed sub-parallel
Dobrostan fault is marked by 300 m high vertical
rock slopes north of Yamata Cave and Shepran Cave.
The large number of deformations in these caves can
be explained by activation of this fault structure in the
Pleistocene with the collapse of the downthrown
block where both the caves are situated. On the other
hand, in the Ahmetyova Dupka Cave (rich of spele-
othems), located close to the fault but in its upthrown
block, significant amount of deformations are not
observed.

Fig. 3.54 Map and
longitudinal profile of
Shepran Cave (based on data
from Bulgarian Federation of
Speleology)
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The data from the performed dating of deformed
stalagmites in Yamata Cave are evidence of the acti-
vation of the Dobrostan fault about 300,000 years BP
accompanied by a catastrophic effect on the sediments
in the cave. The same phase of the seismotectonic
activity can explained the deformations in Shepran
Cave as well. The active geodynamic behavior of the
fault during the Quaternary is confirmed by geomor-
phological studies in the past (Vaptsarov et al. 1986).

The paleoseimological trench studies performed by
the Department of Seismotectonics of the Geological
Institute of Bulgarian Academy of Sciences in the last
decade on the Popovitsa fault near Plovdiv that gen-
erated the catastrophic Popovitsa earthquake
(M = 7.1, 18.04.1928), found traces of three paleo-
earthquakes with similar magnitudes to the 1928
event (Yaneva et al. 2004). The excavated trenches
are 31–35 km NE from the studied caves.

3.3.2.4 Snezhanka Cave
Snezhanka is a show cave located on the left slope of
the Novomahlenska River, about 5 km southwest of
the town of Peshtera in Plovdiv District, Western
Rhodopes Mountains.

The cave is developed in highly karstified Prote-
rozoic marble from the Dobrostan Marble Formation
and consists of one gallery formed along two basic
systems of fractures directed southeast/northwest and
south/north. From a morphological point of view, the
cave can be divided into six chambers. The studied
stalagmites are situated in the biggest one—the Great
Hall (60 9 40 9 12 m).

The length of Snezanka Cave is 230 m, the den-
ivelation is 18 m, and the total surface area of the
cave is 3,150 m2 (Fig. 3.57) The deposits are pre-
sented by detritus (breakdown with a maximum block
size of 5.5 9 2.8 m), thin clay sediments, and a
variety of different speleothems. The morphological

Fig. 3.55 Fallen speleothem
covered with thick flowstone
in Shepran Cave

Fig. 3.56 Rose-diagram of the directions of 46 fallen and
deformed speleothems in Shepran Cave
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landmarks of Snezhanka are the highly decorated
stalactite ceiling (more than 800,000 stalactites of
various shapes) and the availability of thin cylindrical
stalagmites suitable for research.

The cave was discovered on January 2, 1961 by
cavers G. Kotzev, G. Zlatarev, and B. Evtimov from
the town of Peshtera. After archeological excavations
and bore-holing in the same year by the team of N.
Dzhambazov, artifacts from the early Iron Age and
Roman-Thracian era including pottery, the remains of
a fireplace and bronze needles were found in the Great
Hall of the cave.

Snezhanka Cave has been a show cave for tourists
since 1968 and is managed by the Kupena Tourist
Society in the town of Peshtera. It was declared as a
protected natural monument by Decree 504/
11.07.1979. Since 1983 the cave has been included in
the buffer zone of the Kupena Natural Reserve.

Two thin poplar-like stalagmites -1 (Fig. 3.58) and 2
(Fig. 3.59)—were investigated (Paskaleva et al. 2008;
Gribovszki et al. 2009). Both are 140 cm high but 1 has a
complicated shape with a flaring middle part and a very
low natural frequency. In both stalagmites the height (H)
versus diameter (D) ratios are below (H/D \) 20. The
diameter of stalagmite 1 ranges between 8.0 and 12.4 cm
where the widest is its middle part. The H versus D ratio
is between 11.2 \ H/D \ 17.5. The results of dimen-
sions measuring are presented in Table 3.3.

The natural frequency measured in Snezhanka
stalagmite l was exceptionally low, which can be
explained by its unusual shape.

According to mechanical test performed on four
stalagmite pieces from Snezhanka Cave, the average
density was 2.32 g/cm3, and the standard deviation of

eight values measured was 0.15 g/cm3. Young’s
modulus was determined using data from a uniaxial
compressive strength test. The value was 6,240 MPa;
the standard deviation could not be assessed since only
one sample was tested. The mean tensile failure stress
of the four samples was 2.61 MPa with standard
deviation of 0.28 MPa. The Brazilian test was used.

Fig. 3.57 Longitudinal profile of Snezhanka Cave (after Beron et al. 2006)

Fig. 3.58 Measurement of Stalagmite 1 in Snezhanka Cave
(photo G. Suranyi)
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Fig. 3.59 Stalagmite 2 in
Snezhanka Cave with
attached geophones (photo
G. Suranyi)

Table 3.3 The parameters of the investigated stalagmites in Snezhanka Cave (Paskaleva et al. 2008)

H
(cm)

^DAverage

(DMin - DMax)
(cm)

Measured
natural
frequency
f0(Hz)

Theoretical
natural
frequency
f0(Hz)

Elast
modul, E
(GPa)

Density
(g/cm3)

Tensile
failure stress
(MPa)

ag (m/s2)

1 2 3 4 5 6 7 8 9

8.6–12.4 9.2

Snezhanka
1

140 complicated
form, middle part
flaring

6.1 5.1 6.240 2.32 + 0.1
5

2.61 + 0.28 10.0–14.0

Snezhanka
2

140 11.3
8.3–13.7

19.9 13.2 6.240 2.32 + 0.15 2.61 ± 0.28 10.0–19.0

Fig. 3.60 Map of Eminova
Cave (after Beron et al. 2006)
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As a result of the field measurements in Snezhanka
Cave and the theoretical calculations, the investigated
stalagmites were not excited by horizontal accelera-
tion higher than 9.2 m/s2 in the last few thousand
years (Gribovszki et al. 2009).

3.3.2.5 Eminova Cave
Eminova Cave is located in the southern part of the
Western Rhodopes Mountains about 5 km northeast
of the village of Borino, Smolyan District. The two

entrances are situated on the left bank of the deep
Kastrakli Gorge and are difficult to access. It is easier
to enter the cave from the upper, small, vertical
entrance that is on the edge of a 20 m cliff. After
penetration through a 25 m narrow passage, one can
reach the main gallery of the cave where the stalag-
mites to be studied are located.

The cave is developed by Proterozoic marbles of
the Dobrostan Marble Formation. The total length is
635 m with a denivelation of 35 m. The cave consists
of one large northwest/southeast gallery with height
of up to 12 m and width of 8–10 m in some places
(Fig. 3.60). Typical formations are rich speleothems
of different types: stalactites, stalagmites, draperies,
flowstones, and sinter lakes (gurs).

Eminova Cave was discovered by Sofia cavers
S. Petkov and Ts. Ostromski in 1992. After digging
the 25 m narrow passage near the entrance, in the
same year it was explored and surveyed by Ts.
Ostromski, S. Petkov, M. Zlatkova, Z. Iliev, G.
Raichev, and others. The cave is rarely visited and is
well protected from negative human impact.

During a visit by the Hungaro-Bulgarian team in
2007 (Dr. K. Gribovszki, T. Czifra, Dr. G. Surányi,
Dr. K. Kostov, and G. Nikolov) it was found a suit-
able thin stalagmite with 117 cm height and 5.1 cm
maximal diameter for in situ measurement
(Fig. 3.61). The results are presented in Table 3.4.

The peak ground acceleration that can break the
studied stalagmite is in the range of 6.0–10.5 m/s2.
Unfortunately, the very thin stalagmites in Eminova
and Snezhanka caves are not suitable for sampling for
U-series dating. On the base of conducted research,
we can suppose that the measured speleothems have
not been exited by high horizontal acceleration in the
last millennium.

Fig. 3.61 Dr. Katalin Gribovszki measuring the natural fre-
quency of the stalagmite in Eminova Cave (photo G. Suranyi)

Table 3.4 The parameters of the studied stalagmites in Eminova Cave (Paskaleva et al. 2008)

H
(cm)

DAverage

(DMin - DMax)
(cm)

Measured
natural
frequency
f0(Hz)

Theoretical
natural
frequency
fo(Hz)

Elastic
modul, E
(GPa)

Density
(g/cm3)

Tensile
failure stress
(MPa)

ag (m/s2)

1 2 3 4 5 6 7 8 9

Eminova
Cave

117 4.2
3.0–5.1

17.5 5.7 3.735 2.14 ± 0.25 3.83 ± 0.81 6.0–10.5
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Glossary

Abyss Sub-vertical cavity of extremely great depth

Active cave A cave containing a running stream

Anisotropy A variance of physical characteristics of mass depending on the direction of their measurement

Anomaly A deviation of the characteristics from the normally expected

Aquifer, karst An aquifer in which the water flow is appreciable trough joints, faults and cavities enlarged by
dissolution

Aquifer, confined An aquifer bounded above and below by confining rocks of distinctly lower permeability
than that of the aquifer itself

Aquiclude Porous rock formation capable of storing water without sufficient transmitting rates to furnish an
appreciable supply for spring

Aquifuge Porous rock formation without interconnected openings or interstices unable neither to store nor to
transmit water

Aquitard A confining bed retarding, but not preventing the water flow to or from an adjacent aquifer

Allochthon Rock formation originating from different locality than the one in which it has been deposed

Autochthon Rock formation originating and deposed at about the same location

Barrier A geological formation or structure having become impervious to ground water flow

Base of karstification Level below which karstification has not occured

Basin Hydrogeographic unit receiving water from precipitations and discharging it trough one or more springs

Brittle deformation A property of materials for sudden failure; complete loss of cohesion across one or more
planes

Catchment An area or a depression that collects and drains rainwater

Cave A single, different lengths accessible passage or an extensive complex network of underground galleries

Cavern An underground opening in soluble rocks

Cavern system An underground network of passages, chambers, galleries and other cavities with or without
underground river(s)

Conjugated joints Two sets of joints that are formed under the same stress conditions (during the same
deformational event) Synonym: Joint system

Crack A small fracture with respect to the scale of the volume in which it occurs
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Dip The angle between an inclined surface (bedding plane, fracture plane) and the horizontal

Dip direction The angle between the geographical north and the sense of dipping of an inclined surface
(bedding plane, fracture plane)

Discharge The volume of water flow through a given cross-section

Displacement A change in position of material point

Doline A funnel-shaped hollow in carbonate rocks. Synonym: Sinkhole

Elastic limit The point on a stress/strain curve at which the elastic behavior of the material transforms to
inelastic behavior

Exposed karst Karstic rocks outcropping at the ground surface

Fault A fracture separating two bodies of rock, which have moved relatively to one another, or continue to
move

Fault zone A zone with number of parallel or sub-parallel faults

Fissure Commonly used term in karst studies, is an open joint or crack, capable to provide a route for water
movement and consequent rock dissolution

Fracture A more general term for all kinds of fracturing caused by mechanical stress in the rocks

Fracture pattern A special arrangement of a group of fracture surfaces

Fracturing A formation of breaks in a rock

Gallery A large, nearly horizontal passage in cave

Heterogeneity A variation of material properties from point to point

Homogeneity Material properties are identical everywhere

Isotropy Material properties are the same in all directions

Joint A fracture surface in the rock along which no displacement has occurred

Joint system See Conjugated joints

Karren The complex of superficial solution forms on compact carbonate rock. They vary in depth from a few
millimeters to more than meter and are separated by ridges

Karst Internationally used term for specific morphological and hydrological features in soluble (mostly
carbonate) rocks

Karst water A water dissolving the rocks during the passage through them and discharged from karst springs

Karstification A process (chemical and mechanical) of karst formation by water solution and infiltration

Laterite A tropical ferruginous clay soil

Lithology A physical characteristic and structure of rocks (composition, grain size, texture, degree of
lithification)

Lithostratigraphy A system of formal naming and description on a local scale of defined recognizable units
of rock successions

Normal fault A fault in which the lower block has moved downward relative to the upper block

Outcrop An open exposure of rocks, normally covered by younger sediments
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Overthrust Thrust fault with a very low angle of dip and relatively large net of displacement

Permeability coefficient The rate of water flow through a unit cross-section and under unit hydraulic gradient

Phreatic cave A cave developed by dissolution bellow the water table

Plateau An elevated level and relatively flattened land surface

Polje A flat floored depression in karst areas whose long axis is parallel to major local structural trends

Ponor Hole in the bottom of a depression where a surface water stream flows underground into the karst
system

Pothole Dominantly vertical cave or cave system

Precipice High vertical face of a rock

Reverse fault A fault where the hanging wall (lower block) has moved upward

Rock formation Lithostratigraphically distinct part of the lithosphere

Rupture The stage of the initial development of a fracture when instability occurs

Sedimentation The process of deposition of disintegrated rocks by water, wind, or gravitationally

Shear plane A plane along which of failure of materials occurs by shearing

Sinkhole The site where a surface water stream disappears underground

Slikenside Striated rock surface on a fault plane produced during the fault movement

Speleothem Term proposed by Moore (1952) for the unification of the secondary mineral deposits in caves

Spring, karst An emerging spring from karstified rocks

Spring, vauclusian The water rises under pressure from a vertical bedrock passage (Fontaine de Vaucluse,
France)

Stress The average intensity of the strain applied on surface unit

Strike The azimuth of fault or joint plane

Stylolite An irregular suture-lake boundary along bedding planes in limestones. Their genesis is supposed to
be provoked by dissolution under pressure

Terra-rossa Insoluble reddish-brown soil formed by rock weathering of limestones

Thrust A gently dipping fault where the lower block is moved upward

Underground river Water flowing trough caves, caverns and galleries in underground karst systems
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