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with the surrounding topography, where highly attenuated areas B and C related to cave sediments
correspond to depressions (Figure 12d,e). The recognized deepening on the road at the distance of
60 m is most probably connected with anomaly A.

Figure 12. (a) The starting point and direction of Profile 4 with the surface depression which appears
in the area of anomaly A detected by GPR. The surface deepening is also visible on the road; (b) The
radargram conducted with the 50 MHz antenna with the detected anomaly A and attenuated areas B
and C interpreted as cave sediments; (¢) The radargram conducted with the 250 MHz antenna (note
the vertical exaggeration 1:5) with a comparison of signal amplitudes, where the signal is strongly
attenuated by the depth in the area of cave sediments even after the processing steps; (d) Surface
morphology in the area of anomaly B, where the depression and the deepening on the road occur—the
attenuated areas were interpreted as cave sediments; (e) The extent of cave sediments on the field as
detected by GPR and the accompanying occurrences of the road deepening.
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Profile 5 was positioned on a large area of a deepening on the road, where the road needs to be
frequently filled with coarse-grained material and gutters must be dug to drain the redundant water
(Figure 13a). In the vicinity, large outcrops of flowstone appear on the surface on a steep slope below the
road (Figure 13b,c). According to the results of the profiles at testing locations, we expected a similar
GPR image with a strongly attenuated area but the radargram recorded with the 250 MHz antenna
(the same results were also obtained with the 50 MHz antenna) does not show any clear evidence of cave
sediments. The signal is slightly more attenuated in the area between 0-35 m compared to the other parts
of the radargram (Figure 13d) but not as strongly as in Profiles 1, 2, 3 and 4. This could be explained by
the fact that a lot of material has been deposited in this area through the frequent reconstructions of the
road. The strong reflection visible at the distance of 18 m down to the depth of 9 m could be the result of
reflections from a larger block of filling material. However, due to the unclear results obtained by GPR,
we interpreted this area as having a possible presence of cave sediments (Figure 13d).
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Figure 13. (a) Roadwork, where slightly deepened areas need to be filled with coarse-grained material
to keep the road in function; (b) Large outcrops of flowstone occur below the road; (c) A detail of
flowstone structure; (d) In the radargram of Profile 5, the area of the possible presence of cave sediments
is not as obvious as in other profiles.

Profile 6 was positioned along the road to observe a possible connection with the detected
attenuated area in Profile 3 and to discover other possible interconnections between different

depressions. As it is visible in Figure 14, four large areas of high attenuation are evident. Superficial
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indicators for cave sediments are only evident at one location (at the distance of 235-265 m). However,
the attenuated area at 155-175 m is almost certainly related to cave sediments, because its position
corresponds to the cave sediments detected in Profile 3. The other two locations (at the distance of
105-125 m and 400-455 m) most probably belong to cave sediments as well but we should not exclude
the possibility of other sedimentary regolith bodies. These areas were therefore classified as having a
possible presence of cave sediments, even though there are no superficial indicators for their presence.
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Figure 14. The radargram of Profile 6 with four detected attenuated areas. Flowstone only occurs on
the surface at one location, so other locations were interpreted as “possible locations of cave sediments”
(see legend). The attenuated area at the distance of 155-170 m corresponds to the direction of the cave
sediments extent detected in Profile 3.

4.4. XRD and XRF Results

The quantitative XRD analysis shows a rather similar mineralogical composition of cave sediments
and soils on carbonate rocks (rendzina), where vermiculite (Vrm), chlorite group minerals (Chl),
muscovite/illite (Ms/Ill), kaolinite (KIn) and quartz (Qz) were detected in all samples (Figure 15).
Hematite (1-2%) is present in some samples of cave sediments and rutile was detected in one surface
sample from V1. Na-plagioclase feldspar (7-10%) are present only in soils on carbonate rocks.
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Figure 15. X-ray diffraction (XRD) patterns of air-dried oriented samples with the determined minerals
(Vrm-vermiculite, Chl-chlorite group minerals, Ms/Ill-muscovite/illite, KIn-kaolinite, Qz-quartz).
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Principal component analysis (Figure 16) explained 64.63% of the variance in the data by the
first two components (PCA1 and PCA?2). It is a procedure for finding hypothetical components that
account for as much of the variance in multidimensional data as possible [48]. Samples from location
V3 are associated with the high values of Si, Sr, Mg and Ca related to the well-crystallized carbonates,
Na-plagioclase feldspar, quartz and chlorite group minerals. These samples also contain lesser amounts
of clay minerals (kaolinite, illite and vermiculite). A high proportion of Al, Fe, Mn, Ti, S, Rb, Ba, As,
Zn, Zr, Nb, Cu, Pb and Mo belongs to samples of cave sediments (V1 and V2). Most of them are related
with clays (KIn, Vrm), as well as Fe/Al/Ti oxides/hydroxides. Fe/Al/Ti oxides/hydroxides were not
detected by XRD due to broad reflections and poor crystallinity of such minerals.
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Figure 16. PCA (Principal Component Analysis) diagram for the overall XRF and XRD datasets.

4.5. Integration of Results

The synthesis of results from different methods used in this study is shown in Figure 17. For a
comprehensive determination, many techniques and methods should be used to minimize the
ambiguities in interpretation. Field work, which includes geomorphological mapping and locating all
surface indicators of speleogenesis on a LIDAR map, is very important. Based on terrain observations,
GPR profiling can be properly planed and locations for the mineralogical and geochemical analyses
can be selected. For a proper reconstruction of unroofed cave systems, each location of cave sediments
must be specifically investigated due to heterogeneous mineral composition of the cave sediments.
The lateral comparison of signal attenuation between the cave sediments and soils in surrounding
proved to be very good indicator for the cave sediments presence. However, signal attenuation can
occur also in areas of filled shafts or other regolith bodies. Due to the very complex and heterogeneous
characteristics of karst underground system, which is full of voids, different features of various
sizes and shapes, automatic recognition of cave sediments cannot be provided. Besides that, cave
sediments can have very heterogeneous mineral composition and their extent can be of various
size and shape. In order to provide possible automation of the proposed procedure (e.g., [49]),
additional mineralogical-geochemical analyses should be done in the future and the electrical resistivity
tomography (ERT) as a complementary method can be conducted in the further research. However,
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due to the locally rough karst terrain and the time-consuming nature of ERT, we decided to apply only
the GPR method for the purpose of this study.
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Figure 17. Diagram shows the used methods with the main results, as needed to delineate unroofed
cave systems into a whole.

5. Discussion

Cave sediments at all testing locations (Profiles 1, 2 and 3), where outcrops of flowstone indicate
their presence, are clearly shown as highly attenuated areas on radargrams (Figures 7, 8 and 10). Signal
amplitude is completely attenuated and the depth of penetration consequently restricted in these areas
(Figures 7c and 12c¢). As field examinations and geological mapping are mostly insufficient to follow
the extent of cave sediments in the whole area of interest, due to limited occurrences of indicators on
the surface, GPR proved to be a very useful tool to determine their spatial extent. The spatial extent of
cave sediments and the direction of the unroofed cave system were determined in two testing locations
(see Profiles 2a, 2b and 3 in Figures 8b and 10).

The relatively complex terrain of the study area, full of dolines, complicates the task of recognizing
the various features as a cohesive whole model, compared to unroofed cave systems observed in
Classical Karst, where segments of unroofed cave systems are easier to identify (e.g., [1,2,5,7]). To study
the location, size and shape of unroofed caves, high-resolution LiDAR data proved to be very useful [2].
Where LiDAR data are not available, aerial photos can also be an indispensable tool in planning the
proper location of GPR profiles [13]. Nowadays, remotely gathered data (e.g., LIDAR) in conjunction
with the ground penetrating radar method and field observations enable easier and comprehensive
studying of various geomorphological issues [50-58]. Previously unrecognized geomorphological
features can now be revealed by LiDAR data in combination with different geophysical methods.
It is important to note that all GPR results should be correlated and integrated with field topography
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observations. The extent of cave sediments derived from GPR profiling was further placed on the
LiDAR image to facilitate the final interpretation (Figure 18). In addition, the terrain was meticulously
re-examined after GPR measurements to determine any possible connections of the detected anomalies
with the surrounding topography (Figures 9 and 12a,d,e).

Cave sediments were also clearly evident in other GPR profiles, where cave sediments or flowstone
occur only occasionally in the vicinity of the GPR lines. All detected anomalies visible as highly
attenuated areas in the presented profiles are related to the larger sedimentary regolith bodies. In the
areas where superficial indicators complement their speleogenetic origin, these thicker sediment
occurrences can be defined as cave sediments (Figures 12 and 13).

However, it should be noted that it is not always possible to distinguish between various larger
regolith bodies filled with sediments on the basis of their mineralogy. Due to their vertical shape,
only karst cutters can collect sufficient insoluble residue, all other accumulation of regolith bodies
must be admixed materials of diverse origins or be completely allogenic in origin [20]. With GPR we
can detect the increased thickness of sediments, while the sediments can be of various origins. In karst
environments, the origin of various surface features cannot always be determined but anomalous areas
detectable by GPR contribute to the information which is otherwise often invisible from the surface.

During the extensive research, measurements were carried out in different field conditions to
observe how cave sediments reflect on the radargrams depending on different water content. Loamy
and clayey materials strongly attenuate radar signals, so various horizons or layers of soil materials
cannot be distinguished when their electrical properties are too similar. The penetration depths can be
severely restricted in clayey materials in areas of karst [37,59]. However, such attenuated areas can
be good indicators for the presence of thicker sediments, which is important evidence in detecting
unroofed caves [13].

The depth range of GPR surveys is dependent mostly on field conditions including hydrogeological
characteristics, climate and weather conditions (moisture content, infiltration, subsurface water flow, etc.)
and many other factors. The impact of the above-mentioned factors on the characteristics of a certain
terrain is very complex, especially in karst environments. Only a small number of published papers
studies the influence of seasonal changes in soil moisture on GPR data [60-64]. Slowik [62] demonstrated
that the depths of penetration were highest at low groundwater levels but the depth range containing
useful information was the same as at high water levels. Furthermore, Slowik [65] conducted GPR on
fluvial, lacustrine and anthropogenic landforms to determine the influence of hydrogeological conditions,
silt content and measurements parameter settings on depth range and resolution. He determined that
the highest depths of penetration were reached at low groundwater levels but some sedimentary
structures were better imaged at high groundwater levels. Zhang et al. [35] showed that GPR reflections
between different horizon interfaces became clearer as soil became wetter at one test location, while
GPR reflections in the soil-bedrock interface and the weathered-unweathered rock interface became
intermittent as soil became wetter at another test location. From the results of different studies, we can
conclude that water content related to seasonal changes can have different effects on the GPR image.
The results of the mentioned studies demonstrate the value of repeated GPR surveys in different field
conditions to select the optimal time for GPR surveys for the specific terrain conditions and for a better
insight in the interpretation of radargrams. However, the results of our study show that different field
conditions did not substantially affect the quality of GPR data when detecting cave sediments which
are highly conducted materials by themselves, irrespective of the water content during measuring.

The mineralogy of cave sediments and soils on carbonate rocks is similar, there are only small
variations in the abundance of each mineral. Mineral composition of cave sediments includes more clay
minerals (kaolinite, illite and vermiculite) and iron/aluminium oxides/hydroxides. Hematite causing the
red colour was detected in some samples of cave sediments, while Na-plagioclase feldspar only occurred
in soils on carbonate rocks. However, the mentioned differences in mineralogy, especially the proportion
and the type of clay minerals and a higher content of Fe, Mn and Al elements, most likely contribute
to increased attenuation in cave sediments compared to soils on carbonate rocks. However, mineral
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composition of soils and an abundance of different minerals play an important role in the performance of
GPR. For example, Breiner et al. [22] observed that soils on a bedrock in granitic terrain, which contains
more mafic minerals (5% hornblende, 20% biotite), are more attenuating compared to soils on a bedrock
where mafic mineral content is lower (<1% hornblende and 20% biotite). They concluded that especially
increased biotite content severely restricts the performance of GPR. Van Dam et al. [66] discovered that
iron oxides lower electromagnetic wave velocity. Further laboratory analyses proved that the amount of
iron oxide in a material correlates with volumetric water content and, therefore with dielectric properties.
The correlation is caused by the larger specific surface and capillary-retention capacity of iron oxides like
goethite and can thus have a profound influence on the GPR signal [66].

Based on the results of this study we can conclude that in addition to the thickness of the cave
sediments, small differences in the amounts of a particular type of clay minerals can affect attenuation
in the soils. Even very small quantities of hematite and other iron oxides and hydroxides greatly
increase the overall soil conductivity. Apart from that, all mentioned factors indirectly affect increased
water retention in areas of cave sediments compared to their surroundings. Variations in the abundance
of clay minerals and a consequently higher water content severely restrict GPR signal propagation.

Distinction between cave sediments and other regolith bodies (sediments in dolines, filled shafts,
cutters) in karst can be very difficult, especially since cave sediments can be very heterogeneous and
similar to the soils as the product of bedrock weathering. For that reason, attenuated areas detected
by GPR were labelled as having a possible presence of cave sediments, where superficial indicators
for their presence are absent (Figure 18). GPR has limitations when the size of regolith bodies and
their mineral composition are too similar, therefore caution is needed when interpreting the results.
On the basis of GPR data in combination with geomorphological mapping and LiDAR data, certain
Kkarst features can be interconnected. However, additional profiles (outside forest paths) should be
conducted in order to gain information needed for a proper determination of the geometrical extent of
unroofed cave systems.
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Figure 18. Profiles with interpreted anomalies detected by GPR and the occurrences of the superficial
indicators of cave sediments.
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6. Conclusions

Systematic mapping of unroofed cave features such as cave sediments and flowstones can yield
a better insight into the spatial distribution of cave systems. It can contribute to the knowledge of
former underground cave systems, their history and most importantly, to a better understanding of
the karst development in the sense of an interconnection between the underground and the surface.
Any new information helps us determine the origin of surface features including the most common
form, a doline, the formation of which is still not clearly understood. Outcrops of cave sediments
and other regolith bodies are usually limited in spatial extent, covered or completely reshaped due to
surface processes. Most of the indicators for unroofed caves disappear over time. In areas where direct
indicators for unroofed caves, such as cave sediments and flowstones, are preserved only locally, GPR
has proven to be a useful method to determine the spatial extent of cave sediments. Results obtained
by geological and geomorphological mapping in combination with GPR can thus help us recognize
individual cave systems and reconstruct the direction of the former underground streams.

The results of XRD and XRF analyses show that mineralogical-geochemical characteristics of cave
sediments are not obviously different from the characteristics of soils on carbonate rocks. However,
we found that minor changes in mineralogical composition and an abundance of clay minerals can
strongly affect the GPR image. The quantity and type of clay minerals are important factors affecting
the dielectric properties and attenuation in the soil. As observed, minor differences can lead to
significant changes in signal penetration.

Furthermore, greater amounts of clay minerals and the presence of small amounts of iron and
aluminium oxides as well as hydroxides control the water quantity and its retention time in the soil,
which are the key factors for increased attenuation in the areas of cave sediments.

Further detailed XRD analyses with changes such as a longer scanning time, Mg and K-saturation
as well as glycerol solvation are in progress to distinguish all types of clay and mix-layered clay
minerals. Some additional explorations of different locations for GPR profiling and for further
mineralogical-geochemical analyses are planned since the mineral composition of cave sediments is
quite heterogeneous. The suggested surveys will contribute to a better understanding of the impact
of the mineralogical-geochemical composition on the GPR performance in sediments, where mineral
composition and consequently a certain proportion of water are of great importance for material
conductivity properties.
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