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1. INTRODUCTION

The sinkholes are the most specific surface forms of the karst 
relief. They form closed depressions of variable dimensions with 
slightly inclined to almost vertical side walls (Bondesan et al., 
1992; Wiliams, 2004). From a morphodynamic point of view, 
they form a basic hydrographic unit that acts as a simple catch-
ment, that drives water to its lowest accumulation point by using 
its slope system. The genesis of the karst sinkholes is influenced 
by topographic and morphostructural predisposition. For this 
reason, they can arise through multiple processes. In general, four 
main mechanisms of karst sinkhole formation are recognized 
(corrosion, collapse, suffosion and subsidence), but the forma-
tion of karst sinkholes cannot always be connected to one of 
these processes. That is why they are described as polygenetic 
forms of the relief. Depending on the process, various shapes of 
karst sinkholes may occur, they are either isolated or appear in 
groups. Since international terminology uses multiple concepts 
to designate genetic types of karst sinkholes. Williams (2004) 
for example assigns individual terms to a particular genetic pro-
cess. Jakál (1975) on the other hand used the classification with  
2 genetic types of sinkholes: a.) sinkholes resulted from collapse 
of karst structures, and b.) sinkholes created by water corrosion. 
He also divides the sinkholes according to their slope dips into 
four categories (funnel-shaped, spherical, pot-like and annular). 
Morphometric analysis is a quantification tool for generating 
hypotheses about the evolution and dynamics of karst geosystem 

and surrounding landscape. The genesis of the sinkholes also 
depends on the basement type and on tectonic processes that 
influenced them. Adequate analysis of sinkhole genesis requires 
combination of numerous methods, including morphometrical 
analysis, basement rock analysis, as well as analysis of subsur-
face conditions, provided by geophysical methods. The present 
study offers such approach and deals with the different factors 
of sinkhole genesis and with complicated geological conditions 
in the Komberek karst plateau. The following results and their 
implications will provide and comprehensive workflow, which 
can be followed in comparable regions.

2. GEOLOGICAL SETTINGS

The Komberek karst area, as well as the Malé Karpaty Mts., are in-
tegral parts of the Western Carpathian orogenic belt (Fig. 1). The 
geological structure of Malé Karpaty Mts. is divided into several 
tectonic units (Polák et al., 2011). The Tatricum tectonic unit is 
the most autochthonous unit and it is built by Paleozoic crystal-
line rocks and Mesozoic sedimentary cover rocks. The Fatricum 
and Hronicum tectonic units belong to the Western Carpathian 
nappe structures which were tectonically individualized during 
the Alpine orogeny in the Cretaceous period. In the studied area 
the Tatricum unit contains only its uppermost synorogenic flysch 
member, clayey shales, and turbiditic sandstones of Albian to 
Cenomanian age. An Upper Cretaceous thrust plane separates 
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underlying Tatric from Fatric unit in its hanging wall. The Komb-
erek area (Fig. 2) is almost exclusively built up by the Fatric unit 
with Triassic and Jurassic to Cretaceous members. Middle Trias-
sic dark-grey to black thick-bedded Gutenstein type limestone 
is the prevailing rock type in this area, and it also represents the 
lowermost part of Fatric unit. The tectonic contact between the 
Tatricum and the flysch sediments of the Fatricum units is linked 
to the rauhwackes. Rauhwackes (cornieules or cargneules) are 
breccias with a calcareous matrix that weather to form cavernous 
rocks. Very often they are associated with tectonic contacts. The 
origin of rauhwacke is still controversial but has been attributed 
to the weathering and alteration of dolomite-bearing evaporites, 
the tectonization of dolomites, or other processes (Krauter, 1971; 
Schaad, 1995). It is supposed that the rauhwackes are tectoni-
cally derived from the Gutenstein Limestones. The Gutenstein 
Limestones are commonly overlaid by Ramsau Dolomites. 
Variegated clayey shales, siliceous sandstones, and quartzites of 

Fig. 1. a) Location of the study area in the Central European region. b) Study 

area of the karst plateau Komberek is situated in the northeastern part of the 

Malé Karpaty Mts.

Fig. 2. Geological map with schematical cross-section of the study area. The cartographic background is elaborated according to  

https://zbgis.skgeodesy.sk/mkzbgis/sk/zakladna-mapa.
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Upper Triassic age belonging to Carpathian Keuper Formation 
which overlies the Gutenstein and Ramsau carbonatic complex. 
In the north western part of the Komberek area Jurassic grey 
crinoidal cherty and nodular limestones occur. The Komberek 
area is disrupted by northwest–southeast-oriented normal faults 
active during the Neogene (Polák et al., 2012). The sinkholes 
are localized along lines situated on litological and tectonic dis-
continuities. The main lithological discontinuity is between the 
Carpathian Keuper Formation and the Ramsau Dolomites. The 
northwest-southeast tectonic line is the reason for the occur-
rence of the sinkholes array that follows it. The karst plateau is 
topped by a few meters thick cover of Quaternary deposits. These 
deposits are together with the karst landforms the main subject 
of this study. The Quaternary strata of the study area are until 
now poorly investigated, but the common presence of mudholes 
(explained below) and their lithology observed in speleological 
excavations indicate their fine-grained character.

3. GEOMORPHOLOGY AND K ARST 
LANDFOR MS IN THE STUDY AR EA

The studied area belongs to the Kuchyňa-Orešany Karst (Stanko-
viansky, 1974). The northeastern part of Kuchyňa-Orešany Karst 

is represented by the Komberek (Kŕč) Hill (409 m a.s.l.), which 
is a small (covering about 1 km2) but interesting karst plain  
(Fig. 2). Two caves, the Strapek Cave – backfilled (Fig. 3A, B) 
and the Závrtová Priepasť Cave (Fig. 3C), were discovered. The 
karst platform represents a remnant of a pre-Pliocene planation 
surface (Stankoviansky 1974; Jakál et al., 1990; Minár et al., 
2011). The surface of the karst plateau is situated 100 to 170 m 
above the recent Parná Stream and spans in altitudes of 370 to 
406 m. a. s. l. Surface inclination reaches values of 0–8°. The 
plateau is adjacent to a mountain ridge which is situated on the 
southern part with altitudes up to 450–550 m. a. s. l.

	 Besides the caves, more than seventy terrain depressions 
were found in the area (Fig. 4), but some of them are not karst 
landforms, as they are man-made lime kilns (Putiška et al., 2014). 
The lime kilns were created to produce quick lime through the 
calcination of limestone. The kilns are up to 3 m in diameter and 
1 m deep, which is very similar to some of the smaller natural 
sinkholes in the area. The original sinkholes as natural depres-
sion which could have been used as lime kilns as well. Several 
depressions are filled with mud and water, which makes it difficult 
to distinguish whether their origin is natural or not. The term 
mudhole will be used for these structures in the following text. 

In the past, these sinkholes were described in the works of 
Droppa (1952), Novodomec (1967), Stankoviansky (1974), 

Fig 3.  

(A) Strapek Sinkhole.  

(B) Historical map 

of the backfilled 

Strapek Cave, 

mapped by  

P. Nemček.  

(C) Map of the 

Závrtová priepasť 

Cave.  

(D) The largest  

sinkhole (KOM 30)  

in the Komberek 

karst area with 

localization of soil 

radon emanometry 

profile.
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Lačný (2007, 2008) and Šmída (2008). The sinkholes are 4–11 
m wide and 0.5–3 m deep. One of the larger sinkholes (Strapek) 
was investigated by cavers led by P. Nemček (Nemček, 1967) 
and possibly earlier also by Vajsábel and Banič (Droppa, 1952). 
The largest of the sinkholes reaches a diameter of 26 m and  
a depth of 10 m (Fig. 3D).

Complexity of the geometry and spatial distribution of sink-
holes, together with the various lithological composition of the 
basement rocks, outlines a question about factors affecting the 
genesis of the karst landforms. The presented study aims to in-
vestigate those issues.

4. METHODS

The standard methods and techniques of the geological 
mapping were used (in scale of 1: 10 000). The main portion of 
mapping activity was devoted to the internal structure of the 
Fatricum tectonic unit, mutual contact between the Mesozoic 
sediments as well as kinematic character and age of surface 
visible (mappable) faults.

The main method of the geophysical research was the electrical 
resistivity tomography (ERT), which was implemented in two 

phases. The first work was carried out in 2011 (partially published 
in Putiška et al., 2014), further detailed work was done during 
2017. The ERT method allowed to obtain information on the 
distribution of the electrical resistivity in horizontal and vertical 
directions. The main principle of this measurement is the use of 
multiple grounded electrodes with the same distance between 
them and their subsequent connection to a multi-core cable (Grif-
fiths and Barker, 1993). The measurements were made using the 
ARES II (GF Instrument) using Wenner-alpha electrode and 
dipole-dipole configuration. When using a large amount of meas-
ured data (resistivity cross section), it is possible to reconstruct the 
rock environment relatively well (Loke and Barker, 1995, 1996; 
LaBrecque et al., 1996). The realized geophysical measurements 
were positioned and height-oriented with Trimble GeoXR and 
Trimble M3v in the SJTSK coordinate system. The RES2DINV 
(Loke, 2010) application was used to interpret the measured 
values. The program creates a model where the calculated data 
are as close as possible to the measured data (Loke and Barker, 
1996; Li and Oldenburg, 2000). When generating the model, the 
morphology of the terrain is also incorporated to the calculation.

A 235 m long profile with 5.0 m electrode step was measured 
at the KOM 30 sinkhole. Four additional profiles (ERT-P1 to 
ERT-P4) were measured in the vicinity of the Strapek sinkhole. 

acta geologica slovaca, 10(1), 2018, 151–164

Fig. 4. Map of the Komberek area with distribution of sinkholes and mudholes, as well as with depicted ERT surveys and boreholes. Elevation contour step is 

10 m (bold lines) and 2.5 m, respectively. (A) Spatial variation of a sinkhole depth.
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The length of the profiles was 156.0 m and the electrode step 
was 4.0 m.

As the additional method of the geophysical research the 
soil radon emanometry was applied. It is an atmogeochemical 
method that analyses a soil air sample for the presence of radio-
active radon (222Rn86 isotope) emanation as a daughter product 
of 238U disintegration in rock matrix. The amount of radon gas in 
soil air depends not only on uranium concentration in bedrocks, 
covers and soils but also on their permeability as radon gas has 
considerable ability to move upwards from extensive depths. 
This way the soil radon emanometry serves as a useful technique 
to trace places with higher air permeability due to weathering 
processes, tectonic disturbances or simply higher porosity, such 
as faults, disturbed zones, sinkholes, underground spaces, etc.

The measurements were made using the LUK 3R radon detec-
tor (SMM Prague, Czech Republic). The activity concentration 
of 222Rn in soil air in kilo-Becquerels per cubic meter (kBq·m–3) 
was the measured variable. A 55 m long profile with 5–2 me-
ters between single stations was measured cross the KOM 30 
sinkhole in NW – SE direction. Soil air was sampled from the 
depth of approx. 0.8 m.

Quaternary sedimentary cover was studied using a shallow 
hand drill. The drilling equipment allowed to sample material in 

20 cm steps. The obtained material was mixed in a 20 cm step and 
hence the primary depositional character was observable only 
in fragments of the cohesive sediment. The lithological log was 
created from visual observations of the drilled material. The clay 
versus silt content was estimated by hand. Furthermore, the fine 
fractions content was verified by six samples, which underwent 
sedimentation by the hydrometer method and sieving.

5. R ESULT

5.1. Geological mapping

The results of geological mapping are depicted on the geologi-
cal map at scale 1: 10 000 (Fig. 2). The area in question is build 
up by the Tatricum and Fatricum tectonic units, with significant 
presence of the Tatricum rock complexes. 

 5.2. Electric resistivity tomography surveys

The purpose of ERT profile measurements was to verify the 
geological structure in the vicinity of two mentioned sinkholes 
(KOM 30 and Strapek). The main task was to determine the 

Fig. 4. Map of the Komberek area with distribution of sinkholes and mudholes, as well as with depicted ERT surveys and boreholes. Elevation contour step is 

10 m (bold lines) and 2.5 m, respectively. (B) Spatial variation of a sinkhole width.

the Komberek karst area - an example of the basement rock influence on the morphology of karst sinkholes...
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thickness of the cover structures and the presence of discon-
tinuities (tectonic disturbances or lithological interfaces) on 
which the above-mentioned karst phenomena are developed.

The geological environment at the KOM 30 sinkhole is com-
posed of two different environments with contrasting resis-
tivities (Fig. 5A). To the east of the sinkhole the environment 

is formed by rocks with a high resistivity value (above 500 
Ω·m) correlated with compact carbonates. To the west of the 
KOM 30 sinkhole the environment changes and is formed by 
rocks with significantly lower resistivity values (5–300 Ω·m) 
which reach a thickness of 5 to 10 m in different parts of the 
section. The body may represent the Quaternary sedimentary 

Fig. 5. (A) ERT results (profile KOM 30) –inverse resistivity cross sections. a) Wenner-alpha array, b) dipole-dipole array. (B) Soil radon emanometry results 

cross KOM 30 with topography of terrain.

acta geologica slovaca, 10(1), 2018, 151–164
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fill of the depression. The sinkhole is located at the boundary 
of these environments. In the inverse line calculated from the 
dipole-dipole arrangements (Fig. 5A, below) a high resistivity 
anomaly is probably connected to a cavity under the sinkhole.

Similar situation is also found in the Strapek Sinkhole (Figs. 
6 and 7), where the two profiles P1 and P2 located in an E–W 

direction have reviled two different environments with distinct 
resistivity. To the east of the sinkhole an environment formed 
by compact rocks with a high resistivity values (above 500 Ω·m) 
occurs, to the east of the sinkhole is represented by an envi-
ronment formed by rocks with a low resistivity values (5–300 
Ω·m). Compact high resistivity environment was also confirmed  

Fig. 6. ERT results (Strapek Sinkhole) – inverse resistivity cross sections for Wenner-alpha array. 

the Komberek karst area - an example of the basement rock influence on the morphology of karst sinkholes...
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by the P3 profile, which was located east of the sinkhole in an 
N–S direction. On the P4 profile, which was located to the west 
in an N–S direction, the presence of an environment with a low 
resistivity values were confirmed up from the 40th m meter  
to the end of the profile. The environment with low resistivity 

has a thickness of 5–10 m. At the same time, there is an area 
with a high resistivity value (0–40 m), which is north from the 
sinkhole. It can be the associated with the same environment 
that is present east of the sinkhole.

Fig. 7. ERT results (Strapek Sinkhole) – inverse resistivity cross sections for dipole-dipole array.

acta geologica slovaca, 10(1), 2018, 151–164
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5.3. Soil radon emanometry measurements

The measurements of activity concentration of 222Rn iso-
tope in soil air were performed in detailed scale along a 55 m 
long profile cross the KOM 30 sinkhole in NW – SE direction  
(Fig. 3D) for the purpose to evaluate possible differences in cover 
and soil permeability between the sinkhole and its surroundings 
and to verify possible gas communication between sinkhole and 
its tectonic basement (Fig. 2). 

The Figure 5B clearly documents strong difference in the 
soil radon concentrations (bar graph) between sinkhole and its 
surroundings. While the values outside the sinkhole (stations 
at 0, 5, 10, 50 and 55 m) reach from 4.2 to 25.5 kBq·m–3, with 
average of 16.7 kBq·m–3, those ones in the sinkhole (stations 

at 15–40 m) range from 16.1 to 73.2 kBq·m–3, with average 
of 41.8 kBq·m–3. As such small survey area around KOM 30 
sinkhole has homogeneous geochemical composition the soil 
radon concentrationś  differences are attributed to differences 
in gas communication. Thus the sinkhole with higher perme-
ability (thanks to karstic processes) undergoes better gas com-
munication with underneath tectonics and is characterized by 
higher soil radon concentrations. The very opposite is valid for 
the sinkhole surroundings.

The radon bar graph also shows that the highest values of soil 
radon concentration are in the upper parts of sinkhole slopes 
(stations at 15–21 m and 33–45 m; with exception of 45 m that 
is not in the slope) which means the highest permeability and 
looseness. The lower parts of the sinkhole slopes (stations at 23, 

Fig. 8. Lithological logs obtained by hand drilling equipment, with indicated sampling points for granulometric analyses. Location of drillings is on Fig. 4. 

Precision of lithological changes is limited by 20 cm drilling steps. Photos of drilled material show variations in consistency (depending on content of fine 

fraction) and colour. Arrow is oriented downwards. 

the Komberek karst area - an example of the basement rock influence on the morphology of karst sinkholes...
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25, 29 and 31 m) are more tightened, with lower permeability, 
perhaps thanks to higher content of fine-grained particles, while 
the central bottom point (at 27 m) is again more loosened with 
higher radon concentration value. This behavior of soil radon 
concentrations crossing natural (tectonics) and man-made (coal 
mine) geological objects is partially documented in previous 
research works such as Mojzeš (2000), Pašteka et al. (2018) and 
Wysocka et al. (2018).

5.4. Sedimentary cover in drillings

Two locations for shallow drillings were selected, according to re-
sults from the ERT surveys, to investigate the character of the low 
resistivity rock environment. The material is generally composed 
of clays and silts with variable content of fine sandy admixture (Fig. 
8). Angular floating clasts of carbonates, quartzites and schists 
are commonly present and reach dimensions of few mm up to 
1 cm in diameter (Fig. 9). The probe Kom-A penetrated silts of 
grey colour, which gradually pass into cohesive beige brown clays 
in depth of 1.2–2.1 m. The content of floating clasts increases, 
as well as content of silt in interval 2.1–2.9 m, where sediment 
appears less cohesive. It is underlain by brown cohesive clays. 
The probe Kom-B penetrated cohesive grayish clays below sandy 
silt, followed abruptly by beige silt in the interval 1.2–2.2 m. The 
content of fine sand increases and floating clasts starts to appear in 
the lower portion of the drilling. Granulometric analysis revealed 
polymodal character of all six analyzed samples (Fig. 10). The most 
significant peak represents clay fraction, while the second most 
important is coarse silt. This peak comprises in samples Kom-
B-260 and Kom-B-330 also very fine sand. Content of coarse sand 
is significant in samples Kom-A-240, Kom-A-320 and Kom-B-130. 
The granulometric analysis revealed, that the presence of floating 
clasts is minor regarding the weight percentage.

6. INTERPR ETATIONS

Based on the above-mentioned results, the eastern part can be 
interpreted as a solid homogeneous carbonate massive (Fig. 11). 
A homogeneous rock mass can also be assumed in the western 
sections of the profiles. In the middle of the rock mass there is 
a depression filled with fine-grained sediments, characteristic 
with polymodal grain size distribution indicating polygenetic 
origin. High content of silt, together with the lithological nature 

Fig. 10. Grain-size distribution of six samples taken from the drillings Kom-A and Kom-B (Fig. 8). Note the polymodal character of the deposit, which prob-

ably mirrors its polygenetic origin.

Fig. 9. Examples of angular clasts from drillings of mostly carbonates, with 

presence of quartzite and granitoide. Scale is in centimetres.

acta geologica slovaca, 10(1), 2018, 151–164
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of observed strata, imply that these sediments are associated with 
redeposited loess. Dominance of clay fraction suggests intense 
weathering of the material, while angular character of the locally 
sourced floating clasts is an evidence of very short transport, 
probably by a surface runoff. The sediments may be the result of 
a low-dynamic, long-term process of redeposition on a low angle 
slope platform which is affected by partial topographic isolation 
from further high angle slopes situated to the south. The input 
of clastic material decreased with time, as could be seen from 
vertical succession logged in the probes.

This depression possibly arose as a consequence of a signifi-
cant fault structure of a NW–SE direction dipping to southwest 
(Fig. 2). The results from field geological mapping imply that the 
structure has normal kinematics. The significant depths and 
diameters of sinkholes are concentrated in a NW–SE line, which 
corresponds to the carbonate contact zone disrupted by fault. 
Supporting evidence is provided by soil radon measurements 
with significantly higher values in the sinkhole in comparison 
with markedly lower values beyond it. The abundance of sinkhole 
soil radon gas has to be rooted in underneath fault. At the same 
time, the line forms the lowest morphological point, where the 
highest drainage and infiltration of water into the underground 
occurs. This results in vertical distribution of soil particle size 
inside the sinkhole where the coarse-grained material covers the 
upper parts of sinkhole slopes while the fine-grained one lies in 
the lower parts of slopes and bottom of the sinkhole (Fig. 5B). 
Further to the west, fine-grained Quaternary sediments form 

a natural isolator against precipitation infiltration, which can 
significantly affect the intensity of karst processes under these 
sediments.

However, the slopes on the karst plateau reach an average 
diameter of 4–11 m with depths of 0.5–3 m (Fig. 12). They 
concentrate especially south-east of the sinkhole line, exclud-
ing limestone pits south of Komberek Hill. They are formed by 
shallow depressions, often filled with mud, in which water is 
partly held (Fig. 13). In these portions, the largest accumula-
tions of sediments occur (5 to 10 m thick). We infer that the 
sinkholes also follow a discontinuity in the basement. As a result 
of the coverage by fine-grained sediments, the karst processes 
are limited, and the slopes tend to dip more moderately than 
their equivalents found at the edge of depression which are in 
contact with the carbonates (Fig. 14).

It can be assumed that, before the depression opened (before 
fault movement) the rock mass was exposed on both sides of 
the fracture. Thus, the karst processes could have had a similar 
intensity. After the deposition of the fine-grained sediments, 
the karst processes were significantly limited in this zone, but 
the depressions are still situated above the sinkholes located in 
the basement. The creation of an impermeable sediment body 
had the opposite effect on the formation of sinkholes directly at 
the fault, where the increased infiltration made karst processes 
more intense.

It is also important to mention occurrence of a sinkhole (KOM 
55), which is located in the western part of the plateau and is 

Fig. 11. The overall situation of all ERT profiles in the study area. 

the Komberek karst area - an example of the basement rock influence on the morphology of karst sinkholes...
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formed on the lithological boundary of the Carpathian Keuper 
and carbonates. At the site the Carpathian Keuper is formed 
mainly by reddish shales and quartzites. On the surface the red 
shales denudate rapidly and leave behind a characteristic red 
colored. This makes direct field determination possible where 
the red color reviles the presence of a nearby outcrop, where 
sinkholes may have originated on a lithological boundary of 
karstic and nonkarstic rocks.

7. CONCLUSIONS

A case study of the Komberek karst plateau was performed 
by using methods of field geological research and geophysical 
survey methods (the ERT method and the soil radon emanom-
etry). Based on the obtained results it was possible to interpret 
the origin and morphology of the sinkholes which depends on 
the nature of the basement rocks, the sedimentary cover and the 

Fig. 12. Histograms of depth and width of sinkholes in the study area.

Fig. 14. Interpretation origin of sinkholes in the profile P1 near Strapek with backfilled Strapek Cave.

Fig. 13. (A) Mudhole with water and (B) shallow sinkhole localized in the southeastern part of the Komberek karst area (yellow line represent morphology). 

acta geologica slovaca, 10(1), 2018, 151–164



163

tectonic influence. In terms of the Jakál ś classification (Jakál, 
1975), funnel-shaped and pot-like sinkholes are concentrated 
into a sinkhole line located at the edge of the depression filled 
with fine-grained impermeable sediments; on the contrary, 
the bowl-like sinkholes, are often connected to swampy areas 
where the basement reaches highest thickness. The sinkholes 
were created by the slow corrosive effect of water on tectonic or 
lithological discontinuities. A linear NW–SE-trending structure 
seems to be controlling the karst forms in this area. The above-
mentioned discontinuities also developed sinkholes in a lines in 
the Biela skala and Dlhý vrch area of the Kuchyňa-Orešany Karst 
(Veselský et al., 2014a, b). Furthermore, this study highlights 
the possible presence of cave spaces under the largest of the 
sinkholes found on the karst plateau. The possible cave spaces 
are located in the KOM 30 and Strapek sinkholes. Nevertheless, 
an interesting problem remains, where is the surface infiltrated 
water further drained? It is likely to have a deeper circulation, as 
there is no significant karst spring in the vicinity of the platform 
which would be connected to this area.
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