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Abstract: Ground penetrating radar (GPR) using a special unshielded 50 MHz Rough Terrain Antenna
(RTA) in combination with a shielded 250 MHz antenna was used to study the capability of this
geophysical method for detecting cave sediments. Allochthonous cave sediments found in the study
area of Lanski vrh (W Slovenia) are now exposed on the karst surface in the so-called “unroofed
caves” due to a general lowering of the surface (denudation of carbonate rocks) and can provide
valuable evidence of the karst development. In the first phase, GPR profiles were measured at three
test locations, where cave sediments are clearly evident on the surface and appear with flowstone.
It turned out that cave sediments are clearly visible on GPR radargrams as areas of strong signal
attenuation. Based on this finding, GPR profiling was used in several other places where direct
indicators of unroofed caves or other indicators for speleogenesis are not present due to strong
surface reshaping. The influence of various field conditions, especially water content, on GPR
measurements was also analysed by comparing radargrams measured in various field conditions.
Further mineralogical-geochemical analyses were conducted to better understand the factors that
influence the attenuation in the area of cave sediments. Samples of cave sediments and soils on
carbonate rocks (rendzina) were taken for X-ray diffraction (XRD) and X-ray fluorescence (XRF)
analyses to compare the mineral and geochemical compositions of both sediments. Results show that
cave sediments contain higher amounts of clay minerals and iron/aluminium oxides/hydroxides
which, in addition to the thickness of cave sediments, can play an important role in the depth of
penetration. Differences in the mineral composition also lead to water retention in cave sediments
even through dry periods which additionally contribute to increased attenuation with respect to
surrounding soils. The GPR method has proven to be reliable for locating areas of cave sediments at
the surface and to determine their spatial extent, which is very important in delineating the geometry
of unroofed cave systems. GPR thus proved to be a very valuable method in supporting geological
and geomorphological mapping for a more comprehensive recognition of unroofed cave systems.
These are important for understanding karstification and speleogenetic processes that influenced
the formation of former underground caves and can help us reconstruct the direction of former
underground water flows.

Keywords: ground penetrating radar (GPR); X-ray diffraction (XRD); X-ray fluorescence (XRF); karst;
cave sediments; unroofed caves
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1. Introduction

Unroofed caves are surface karst features, the result of a general surface lowering originating from
the dissolution of soluble rocks (denudation), mainly carbonates. They present the former underground
features that are now exposed on the surface [1,2]. Unroofed caves as karst phenomena have been
thoroughly studied mostly in Slovenia [1-7]. However, some international studies also describe these
phenomena but mainly without speleological or geomorphological interpretations [8-11].

Many new findings were made in karstological science during motorway network constructions
in Slovenia (see a review of all the research in the book edited by Knez and Slabe [12]). Many surface,
epikarst and subsoil karst features were revealed during the construction works and over 350 new
caves were opened in the Karst region, including unroofed caves [12]. Many karst features have been
neglected, including unroofed caves in karst studies, therefore such research provides invaluable
information and contributes to the fundamental knowledge of karstology. However, apart from karst
investigations incorporated, for instance, in the earthworks preceding motorway construction, studying
karst environment is mostly limited to observing features that are visible on the surface. Traditional
destructive methods such as drilling and trenching are time-consuming, expensive and often unfeasible
due to the rough and inaccessible karst terrain. Surface and underground features are closely linked and
the pre-existence of underground karstification has conditioned the formation of surface features [5,6],
which is why geophysical methods in general and especially ground penetrating radar (GPR), are very
useful non-invasive and relatively fast methods to provide subsurface information.

The term unroofed cave also includes flowstones and other allochthonous fluvial cave sediments
that appear on the surface, even when caves are not morphologically expressed due to strong
surface reshaping [2]. Since rock sculpturing and larger outcrops of flowstones as typical proofs
of speleogenesis are usually absent, unroofed caves are often preserved only by their fine-grained
alluvium material, the so-called “cave sediments.” In such cases, geophysical methods used in
favourable conditions can provide information about the presence of cave sediments on the surface
and underground features related to unroofed caves. Unroofed caves and related sediment-filled karst
features and their characterization have recently been successfully studied with GPR on Krk Island
in Croatia [13]. Subsurface information obtained using a GPR with a 50 MHz RTA (Rough Terrain
Antenna) reveals that the valley-like depressions, irregular depressions completely or partially filled
with sediment and some dolines are associated with a nearly 4 km-long unroofed cave (developed as a
result of karst denudation) [13].

Clastic cave sediments that encompass autochthonous and allochthonous cave sediments [14] have
been the subject of many studies because they are important in paleoclimatic and paleogeographic
reconstructions and help us understand the relationship between sedimentary and speleogenetic
processes [14-19]. Although the objective of this paper is not to study the origin of the cave sediments,
it should be noted that cave sediments can be of autogenic (originating from the cave) or allogenic
(surface material transported with the stream flow) origin and are not homogeneous throughout the
cave [20]. However, their mineral composition and origin are not easy to study. When cave sediments
are exposed on the surface due to denudation processes, they are under the influence of intensive
pedological processes [21]. Their mineralogical composition begins to change and their mineralogy
turns out to be much more complex and heterogeneous.

Although GPR is widely used to investigate different soils, fewer studies observe the impact of the
mineralogical and geochemical compositions of the soil on GPR results. Mineralogical and geochemical
changes in composition can strongly affect the GPR effectiveness in the sense of the penetration of
electromagnetic (EM) waves into the subsurface [22,23]. Conditions in the field can be very heterogeneous
and many factors such as water content, grain size, mineralogical composition, organic-matter content
and others may influence the propagation of the GPR signal in sediments [24]. These conditions can never
be fully known when conducting GPR surveying in the field but complementary mineralogical analyses
can provide very useful information for interpreting GPR images. Sediment properties in different karst



Remote Sens. 2018, 10, 639 3 of 25

areas can vary strongly, which means that a geochemical-mineralogical characterization should be done
for each individual research area, which is time-consuming and requires additional funds.

The main goal of this research was to study the potential of the GPR method in detecting unroofed
caves in regions where they are not morphologically expressed on the surface but partly revealed only
by cave sediments preserved to a smaller extent. Because the research took place over a longer time
period in different seasons, we also observed the influence of the various field conditions on GPR
results. At the test location, the sampling of cave sediments and soils on carbonate rocks (rendzina) was
carried out for geochemical and mineralogical analyses. They were completed in order to determine
which factors might significantly influence GPR signal attenuation and lower the EM wave velocity.

2. Study Area

The study area (Lanski vrh) is located in the south-eastern part of the Planinsko polje, within
the classical karst of western Slovenia (Figure 1) and is tectonically a part of the Adriatic carbonate
platform. Planinsko polje extends along the Idrija strike-slip fault zone in the NW-SE direction.
The wider surroundings of Planinsko polje are built of Upper Triassic dolomite as well as Jurassic and
Lower and Upper Cretaceous carbonate rocks [25]. The study area of Lanski vrh consists mainly of
Lower Cretaceous bituminous limestones with fossils (Requienia, Miliolidae) interbedded with grained
dolomites and Upper Cretaceous rudist limestones and limestones with chert. The wider area is densely
covered with solution dolines [26], with some collapse dolines (cave roof collapses appearing on the
surface) visible as larger depressions on the LiDAR high resolution shaded relief image (Figure 1).
Apart from all the mentioned features, there are many explored caves and also remnants of unroofed
caves, which often appear at the (Cretaceous) limestone-dolomite contacts.
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Figure 1. Location of the study area Lanski vrh and the basic geology [27] with the selected
lithostratigraphic units of the narrow area on the LiDAR shaded relief image [28].

Cave sediments have already been systematically studied in the area of Laski Ravnik, which lies
in the vicinity of our study area (Figure 1). Morphological and sedimentological indicators of unroofed
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caves, such as conglomerates, basal fills, flowstones, unroofed cave channels and openings of phreatic
tubes were mapped in the area of Laski Ravnik [29]. The features now exposed on the surface were
originally deep phreatic, oblique and relatively small with localized flowstone only [29].

Cave sediments in the study area (Lanski vrh) are mostly distinguishable by slightly yellowish or
reddish colour compared to the brownish colour of the soil on carbonate rocks, the so-called “rendzina”
(Figure 2a,b). In some places, we can find preserved flowstones (Figure 2c,d) that could be indicators
for speleogenesis and septarian concretions, the latter being one of the most reliable indicators for
speleogenesis. However, such indicators are generally not preserved in the area. Cave sediments can
sometimes also be revealed by deepenings on forest roads, requiring the road surface to be frequently
filled to keep it passable (Figure 3a). In these areas, water retention is evident, lasting even through
dry periods in summer, so it is often necessary to dig gutters to drain the redundant water (Figure 3b).

The shape of the unroofed cave depends on the size, shape and type of the former underground
cave, as well as on the incline of the surface which cut through the cave. A theoretical model of unroofed
cave development is shown on the case of a simple horizontal cave passage (Figure 4). The underground
passage developed in the first phase during karstification processes. In the second stage, the water
table starts dropping, which results in the passage gradually becoming completely dry. During this
stage, cave sediments are being deposited in the passage and speleothem growth begins. At some
point, denudation reaches the passage and the cave starts to disintegrate, becoming a part of the surface
topography. Therefore, cave sediments appear on the surface or are located right below the surface.
In some places, the surface flowstone is well preserved but it mostly occurs locally in smaller pieces.
Strong surface reshaping masks the primary form of the cave, which is why detecting cave sediments
with GPR can help us follow and connect certain surface features into unroofed cave systems. The areas
on which we focused in this study are presented in a simplified model (see the red ellipses in Figure 4).

Figure 2. Cave sediments and flowstone as typical indicators for speleogenesis: (a) Comparison of the
colour difference between cave sediments and soils on carbonate rocks (rendzina); (b) Closer view of
the cave sediments; (c) Cave sediments are accompanied with occurrences of flowstone in some places;
(d) Outcrops of flowstone are often covered with moss, making it easier to recognize them compared to
outcrops of limestones.
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Figure 3. Indirect indicators for the possible presence of cave sediments: (a) Cave sediments are
sometimes associated with surface deepening, so the road must be frequently filled to keep it passable;
(b) Increased water retention in sediments even during dry periods is evident in certain places. In the
area below the increased water retention septarian concretions were found as one of the most reliable
indicators of speleogenesis.

Simplified schematic model of unroofed cave development

a) Formation of underground passage (phase 1), water table lowering, and deposition of cave sediments and speleothems (phase 2)
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Figure 4. Schematic model of unroofed cave development: (a) Underground horizontal passage formed
during karstification. When the water table started dropping, cave sediments were deposited and
speleothems began to form. Dry passage filled with allochthonous and autochthonous sediments;
(b) Denudation processes cut off the passage’s upper parts, so cave sediments are revealed on the
surface. Weathering and surface processes reshape the karst surface.
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3. Materials and Methods

First, we selected the locations of testing profiles where the presence of cave sediments was
proven by direct indicators of speleogenesis such as flowstones, septarian concretions and the
typical colour of cave sediments. We chose three such locations to test how the cave sediments
are reflected on radargrams and to evaluate the GPR method for accurate characterizations of such
areas. Profiles 1, 2 and 3 at testing locations (Figure 5) were measured where undeniable indicators
proved the presence of cave sediments. At one test location (Profile 1), we obtained samples for
further mineralogical-geochemical analyses to identify the possible differences in mineral composition
between cave sediments and soils on carbonate rocks that can influence the GPR image.

After measuring the testing profiles, where cave sediments are clearly evident on GPR images as
strongly attenuated areas, profiling was performed on other locations (Profiles 4, 5 and 6), where direct
indicators for unroofed caves are absent or inadequate and appear only sporadically. We selected
these locations to detect the spatial extent of cave sediments where there is no direct evidence for
their presence, even though outcrops of flowstones and/or cave sediments are visible in the vicinity
(Profiles 4 and 5). Occasionally, indirect indicators such as slight deepenings and water retention in
sediments even during dry periods can indicate their presence. During the profiling, we marked all
the possible signs for the presence of cave sediments on radargrams for an easier integration of GPR
data and geomorphological mapping. Some profiles that are not presented in this study are given in
orange lines in Figure 5.

Since the extensive research also included other research issues which took place over a longer
period of time, we conducted the GPR surveys in various field conditions in different seasons
(see Table 1). In this paper, only radargrams of Profiles 1, 2a and 2b are presented, measured in various
field condition. Most of the profiles were measured in dry periods to avoid additional attenuation in
wet field conditions.

——— presented GPR profiles
other measured profiles

5 Testing location

Figure 5. Locations of ground penetrating radar (GPR) profiles at the investigated area on the LIDAR
shaded relief image. Testing locations (blue rectangles) were chosen where cave sediments and
flowstone occur on the surface.
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Table 1. Presented profiles with basic characteristics.

Profile Antenna General Period of Field Indicators for the Presence of
Frequency  Direction Measuring Conditions Cave Sediments
July 2016 very dr
Profile 1 50 and 250 SE-NW March y oy colour of sediments, flowstone
dry
2017
March
Profile 22 50and 250  SSW-NNE 2017 dry colour of sediments, small pieces
January moderately wet of flowstone .
2018 Testing
Profiles
March
Profile2b 50 and 250 EW 2017 dry colour of sediments, small pieces
January moderately wet of flowstone
2018
Profile 3 250 SSW-NNE  July 2016 very dry colour of sediments, flowstone

SSE-NNW, January
ESE-WNW 2018

Profile 5 250 NNW-SSE  July 2016 very dry deepening on the road, water retention

deepening on the road, water retention,

Profile 4 50 and 250 . L .
septarian concretions in cave sediments

moderately wet

Profile 6 50 SE-NW July 2016 very dry flowstone at one location

In the second stage of the research, at the location of Profile 1 (Figure 5), we drilled three
boreholes with auger drilling equipment to collect the samples for the X-ray diffraction (XRD) and
X-ray fluorescence (XRF) analyses. Borehole V1 and V2 were located in the area of cave sediments,
while borehole V3 (at a distance of 10 m from borehole V2) was located in the soil on carbonate rocks
(rendzina). Manual drilling into cave sediments was possible to the depth of 85 cm in V1 and 95
cm in V2. The depth of 85 cm in V3 represents the contact between soil and the carbonate bedrock.
Samples were collected every 20-35 cm. The colour of samples by depth is shown in Table 2.

Table 2. The soil colour of the samples.

Sample Depth (cm) Colour (Munsel Soil Chart)

1V1 0-20 7.5YR5/6-7.5YR5/8
cave sediments V1 2V1 20-50 5YR 3/4
3V1 50-85 5YR 3/4
1v2 0-20 75YR 4/4
. 2V2 20-40 5YR 4/4
cave sediments V2 3V2 40-70 5YR 4/4
4V2 70-95 5YR 4/4
1V3 0-20 10YR5/3
soil on carbonate rocks (rendzina) V3 2V3 20-50 10YR 4/3
3V3 50-85 10YR 4/4-10YR 4/6

3.1. Ground Penetrating Radar (GPR)

The number of various applications of the GPR method has increased in the past 20 years along
with the number of studies examining various issues in karst environments. This indicates a wide
range of potential uses for the GPR method in the last ten years [30-34]. GPR as a high-resolution
geophysical technique has also been widely used in soil surveys to estimate taxonomic composition,
to detect diagnostic soil horizons and evaluate their depth, to assess variations in soil properties,
to determine soil water content and to determine subsurface flow pathways and water table [35—42].
The most commonly used antennas for soil investigations regarding the soil condition and subsurface
features are those with centre frequencies between 100 and 500 MHz or lower-frequency antennas if
the soils cause high attenuation [43]. Apart from the many mentioned applications of the GPR method,
its use in karst environments has been one of the most successful applications [44].
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In our study, we used the ProEx (MALA Geoscience, Sweden) GPR with a 50 MHz unshielded
Rough Terrain Antenna (RTA) and a shielded 250 MHz antenna to observe the information obtained
by measuring with two different frequencies and systems (shielded and unshielded).

Profile measurements were carried out along macadam roads or forest paths due to the even and
cleared terrain, which allows better ground contact for the antenna and thus provides higher-quality
data. The survey was performed during various field conditions but we obtained the major part
of the measurements in dry periods to minimize the influence of moisture on signal attenuation in
sediments, which can be inherently strongly conductive depending on their mineralogical composition.
When studying regolith bodies (the term regolith as suggested by Sustersi¢ [26] covers the great
variety of heterolithic sedimentary bodies in karst environments when their origin is not known),
which are known as highly conductive, sediments properties should be known for a consistent and
certain interpretation of the GPR data. However, karst is one of the most complex and unpredictable
environments, where features are very heterogeneous and the soil/bedrock interface is uniform,
which represents a challenge for geophysical exploration [45]. Therefore, any additional information
about the subsurface constitute an important contribution in the interpretation of geophysical data.

All profiles were processed and analysed using the Reflex-Win software of Sandmeier Geophysical
Research. The following processing steps were employed: editing, subtract-mean (dewow), time zero
correction, background removal, gain (manually-defined exponential corrections) and bandpass
filtering. Lastly, we used subtracting average to eliminate periodic ringing noise and applied
topographic correction where necessary. The raw data and the two radargrams that include some
processing steps are presented on the case of Profile 1 (Figure 6). Various gain functions were applied
to profiles in order to achieve a good visualization of the GPR images. Energy decay and automatic
gain control (AGC) with different time windows were applied first but were not sufficient. Only the
manually-defined exponential corrections, where the operator can emphasize the signal in the areas of
assumed structures gave the most effective results.
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Figure 6. Processing steps (1-9) applied in profiles. Raw data and some processing steps are presented
for Profile 1: (a) Raw data; (b) After dewow and time zero correction; (c) After background removal,
manually-defined exponential gain correction, frequency and 2D filtering.
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3.2. X-ray Diffractometry (XRD)

To characterize the crystalline minerals of the samples, we applied X-ray powder diffraction using
a Philips PW3710 X-ray diffractometer equipped with CuKa radiation, a proportional counter and
a secondary graphite monochromator operated at a voltage of 40 kV with a filament current 30 mA.
Scanning speed was 3.4° 20 per minute in the range from 2° to 70° 26.

Clay minerals were identified from the clay fractions of bulk samples obtained from an
oriented glass slide using a combination of a kitchen-grade blender, an ultrasonic probe and
ultracentrifugation [46]. The following diagnostic treatments were carried out for all the samples:
ethylene glycol solvation at 70 °C overnight, glycerol solvation at 70 °C and heating to 550 °C for
2 h each. Diffraction patterns were identified with X'Perth HighScore Plus 4.6a software using the
PAN-ICSD database and Rietveld refinement that applied the Pseudo-Voigt function for quantitative
mineral phase analysis.

3.3. X-ray Fluorescence (XRF)

The elemental composition of the samples was measured by the XRF method with a handheld
ThermoFisher NITON XL3t-GOLDD 90S-He analyser using the factory setting Mining mode.
We determined the presence of Si, Al, Fe, Mg, Ca, K, S, Cu, Mn, Mo, Nb, Pb, Rb, Sr, Zn, Zr, Ti
and Ba. During the measurements helium gas was supplied at the analysed site for better light
elements (Mg to S) energy detection. At the beginning and at the end of sample measurement, accuracy
and precision were assessed against pre-calibration with 24 international standards (NIST and USGS)
and calibration with NIST-1d and NIST-88b. To better constrain the relationship between elemental
and mineralogical variability among the samples, statistical analyses (PCA—principal component
analysis) were performed using STATISTICA 8.0 and Grapher 10.0 software.

4. Results

4.1. GPR Results at Testing Locations

At the three test locations (Figure 5), the typical yellowish or reddish colour of cave sediments and
outcrops of flowstones prove that we are researching the remnants of a former underground cave. Some
profiles are presented by comparing the results obtained with different frequencies (Profiles 1, 2a, 2b, 4).
Areas with higher wave attenuation related to larger regolith bodies including cave sediments are clearly
visible on both radargrams recorded with the 50 MHz antenna as well as with the 250 MHz. Therefore,
measurements of Profiles 3, 5 and 6 are presented only by a one-frequency GPR image (50 or 250 MHz).

At the testing location of Profile 1, we obtained measurements where cave sediments and flowstone
occur on the forest path (Figure 7a). Attenuation resulting in the absence of reflections is clearly visible
both on 50 MHz and 250 MHz images (Figure 7b,c). Penetration of the signal is completely restricted in
the area of cave sediments, compared to its surroundings where the depth of penetration for the 50 MHz
and 250 MHz antennas reached approximately 15-20 m and 4-8 m, respectively. In the area of cave
sediments, we drilled boreholes V1 and V2 to the depth of 85 cm and 95 cm, respectively (Figure 7d).
The depth of the boreholes does not represent the total thickness of cave sediments because manual
drilling with an auger was impossible to greater depths. The signal in the area of borehole V3 (Figure 7e),
where the contact between soil and the bedrock occurs at the depth of 85 cm, is not as attenuated as in
the area of cave sediments (see the comparison of signal amplitudes in Figure 7c).

In the area of Profiles 2a and 2b (Figure 8a), cave sediments were revealed on the surface by
a fallen tree where the roots brought up underground material. In addition, we can find pieces of
flowstone in the vicinity. Two profiles were measured in two directions perpendicular to each other to
detect the spreading of the cave sediments. Radargram of Profile 2a clearly shows the direction and
extent of cave sediments, where signal is strongly attenuated (Figure 8b,c). The attenuated area in the
radargram of Profile 2b is limited to the outcrops of cave sediments on the surface which indicates that
the direction of this profile was oriented transversally to the spatial extent of the sediments (Figure 8c).
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Figure 7. (a) Direction of Profile 1 acquired over an area of cave sediments; (b) A processed
radargram with highly attenuated area presenting cave sediments with 50 MHz antenna and (c)
with 250 MHz antenna (vertical exaggeration 1:4); (d) Locations of V1 and V2 boreholes in cave
sediments; (e) Sampling with a manual drilling machine in soils on carbonate rocks (V3).
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Figure 8. (a) Direction of perpendicular Profiles 2a and 2b recorded with a 50 and 250 MHz antenna
(vertical exaggeration of the 250 MHz GPR images is 1:2) in the area of the cave sediments outcrop to
determine their spatial extent; (b) Extent of cave sediments was determined in Profile 2a; (c) Boundaries
of cave sediments detected by GPR are limited to the area of the outcrop visible on the surface.

Larger attenuated areas restricted to 22 m in length in the areas of Profiles 1, 2a and 2b, as visible
on the radargrams, suggest that these areas are related to cave sediments, where pieces of flowstone
also indicate their presence. Geomorphologically, these areas are relatively flat with an elevated
surrounding relief. They could represent the very last surface manifestation of the segments of the
unroofed cave system and cave channels, like the ones visible in the nearby area of Laski Ravnik
(see Figure 3 in [29]). An additional sign for identifying unroofed caves are the geomorphological
features of the surrounding terrain. Depending on the cave type and the manner in which denudation
cut the cave, unroofed caves can appear as elongated dolines, series of dolines, shafts or linear to
irregular depressions completely filled with sediments [2,6,7]. Apart from that, surface processes
can strongly reshape and modify the segments of the former cave, so they are sometimes completely
masked, meaning that their speleogenetic origin cannot be demonstrated.

In the area of Profiles 1, 2a and 2b, an elongated depression (Figure 9a) and series of dolines with
intermediate ridges (Figure 9b) support the existence of segments of unroofed cave in these areas.
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elongated
depression

] “ b=y
the ridge between
depressions

the area of
cave sediments

Figure 9. Surface topography in the vicinity of detected cave sediments: (a) An elongated depression at
the location of Profile 1; (b) The surface morphology in the area of Profiles 2a and 2b, where depressions
pass from one to another with intervening small ridges.

The last test location is situated in the vicinity of the collapse doline which is also the entrance
to the Vranja cave. Profile 3 was measured in the area of a flowstone outcrop and the processed
profile revealed a large attenuated area which extends over the larger area beyond the measured line
(Figure 10). The penetration of the signal is completely restricted (distance 6-50 m) compared to its
surroundings where the depth of penetration for the 250 MHz antenna reached to the approximate
depth of 6-7 m, which can be seen at the beginning of the profile.
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Figure 10. Radargram acquired with a 250 MHz antenna, where the spatial extent of cave sediments
was revealed along Profile 3.

4.2. A Comparison of GPR Images Conducted in Different Time Periods

Studying the effect of seasonal soil water dynamics on GPR signal changes is usually conducted
to reveal subsurface flow dynamics and patterns [35]. In this study, profiles were measured in different
site conditions to determine how a difference in water content influences the GPR data and to verify if
measuring is appropriate in all time periods regardless of the weather conditions before profiling.

A comparison of radargrams conducted in various field conditions is illustrated in Figure 11.
We selected only two profiles to show the results because comparisons of other profiles are quite
similar. As we can see from the radargrams of Profiles 1 and 2b, anomalous zones (highly attenuated
areas associated with cave sediments) are clearly visible regardless of the field conditions during
the measuring. Comparing the radargrams of Profile 1, we can see some smaller differences in the
continuity of the reflections. In very dry conditions (radargram measured in July 2016 in Figure 11a),
greater continuity of a slightly dipping reflector (distance 3040 m at the depth of 1-3 m) can be seen
in comparison to the radargram conducted in a slightly wetter but still generally dry time period
(radargram measured in March 2017 in Figure 11a). On the GPR images of Profile 2b there is essentially
no difference between the results of the surveys conducted in a relatively dry time period (radargram
measured in March 2017 in Figure 11b) and in moderately wet field conditions (radargram measured
in January in Figure 11b). We can conclude that measuring in different weather conditions does not
significantly affect the quality of GPR images for the purpose of this study where detecting cave
sediments was the main goal.



Remote Sens. 2018, 10, 639 14 of 25

a) Profile 1

b) Profile 2b DISTANCE [METER]

DISTANCE [METER] 0 10 20 30

[w] HLdAq
TIME [ns]
[w] HLdda

140 ; 250 MHz (March 2017) |g

- = =
g [ E(E E
= 80 s 5% E |- E

AL 5
100 §
¥ 6
120 250 MHz (March 2017) 5 140 ' 5 250 MHz (January 2018)

Figure 11. The GPR images obtained in various field conditions using the 250 MHz antenna and the
area of cave sediments (dashed red lines): (a) Profile 1 acquired in July 2016 (very dry field conditions)
and in March 2017 (dry field conditions); (b) Profile 2b acquired in March 2017 (dry field conditions)
and in January 2018 (moderately wet field conditions).

4.3. GPR Results at Other Locations

After profiling at the test locations, where cave sediments are clearly evident on the profile,
we measured other profiles (Profiles 4, 5 and 6 presented in this study) where direct indicators for the
presence of cave sediments are absent or appear only locally. Profiles were also positioned in areas
where traces of water retention were observed in the field (Profiles 4 and 5).

In Profile 4, three anomalous areas are clearly seen on the radargram (Figure 12b,c). First, the concave
downward anomaly in area A is seen at the beginning of the profile (distance 15-70 m in the 50 MHz
image and 22-65 m in the 250 MHz image). The location of the anomaly detected by GPR corresponds
with the position of the two successive elongated depressions (Figure 12a). Considering the GPR results
and the geomorphological characteristics of the closer area, we concluded that this area was a depression
that was filled and compacted with material during the construction of the road. Furthermore, the filled
depression below the road and the two elongated depressions most probably belong to the segments of
an unroofed cave, especially due to the fact that flowstone occurs in two places along the depressions
on the line from the road to the entrance of Najdena cave. The concave downward reflection in the
profile is completely contrary to our expectations for a filled circular depression. The study completed
by Goodman and Piro [47], in which they modelled a deeply buried circular trench, revealed that the
shapes recorded on raw radargrams may have a completely opposite structure in the ground and can be
mistakenly interpreted as a reflection pattern due to a buried cylindrical object.

The anomalous areas B and C in Profile 4 are characterized by a strong attenuation of signal on
both radargrams (Figure 12b,c). The signal amplitude is totally attenuated in area C compared to its
surroundings (see signal amplitudes in Figure 12c).

After re-examining the terrain where the anomalies were detected, we observed four potential
areas of water retention recognizable as slight deepenings on the road (green rectangles in Figure 12).
In the immediate vicinity of the detected anomaly C, septarian concretions also prove the presence of
the cave sediments. However, only the areas of anomalies B and C detected by GPR correspond to
the observed deepenings in the field. Furthermore, the locations of these two areas are also consistent
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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.

LEGEND:

deepening on the road

cave sediments/flowstone
“---<  evident on surface

the area of depression

presence of cave sediments as
visible on GPR profiles

the area of cave sediments in the
field determined by GPR results

Profile 4 /
SSE (4 anomaly A ...y
{20 40

g 8

TIME [ns]
w
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3
<
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w. anomaly A ..., 7

[w] HLdAQ

TIME [ns]
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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; (c) 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).

outcrop of flowstone
below the road

Profile 5 DISTANCE [METER]

RO s e
NNW.y i 20 |30 40 50 SSE

0 =
20 |f
40
60 |iti
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LEGEND: 7

. . i 1 the area where larger outcrops ? 8

d) 250 MHz I~~~ of flowstone occur below the road

160
j=——— possible presence of cave sediments

i __ 1 areaofdeepening on the road as visible on the GPR profile

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.

Profile 6
DISTANCE [METER] !
SE0 NW
0
100
7 200) g
g | =
= -
= 300 -
& )
400
LEGEND:
500 presence of cave sediments
50 MHz as visible on the GPR profile :_ il ] flowstone on the surface 30
9 possible presence of cave sediments
L2 (without superfical indicators)

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.

s
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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, Kln-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 PCA2). 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.

Detection of cave
sediments on the

surface
Geological field Geochemical and
observations geophysical methods
Mapping surface Geomorphological Sampling vo{it_h a GPR
indicators fo_r mapping manual dpllmg profiling
speleogenesis machine
XRD ‘ XRF

v v v

« lateral comparison of signal
attenuation between the cave
sediments and soils in
surroundings

« determination of cave sediment
extension

» mapping typical proof for speleogenesis (flowstone,
septarian conretions...)

» mapping indirect indicators (deepenings on the road
and areas of water retention)

« field topography inspection (dolines, elongated
dolines...)

« comparison of mineral
and geochemical
composition between the
cave sediments and soils
in surroundings

v

Integration of results obtained by different methods and techiques for
a comprehensive reconstruction of unroofed cave systems

==~
-

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
karst 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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