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A PRINCIPAL BREAKTHROUGH IN GEORADAR TECHNOLOGY - ROTEG

The purpose of the research was to verify the extraordinary big theoretical penetration depth of new
developed georadar in the real conditions of karsts areas. The new kind of the Ground Penetrating Radar (GPR) —
Roteg — was developed in 2013 (RTG-Tengler 2013). Its technical parameters (pulse peak on the transmitting
antenna 20 kV or more, and the sensitivity of the receiving antenna at least 2 uV, i.e. the real signal detection
level around 20 uV) express that the real signal detection sensitivity is 9 orders, i.e. 180 dB. Such sensitivity
means that the real penetration depth should be two orders bigger than in the case of common GPR’s. We tested
the real penetration depths in the suitable environmental conditions over the caves in the Moravian Karst and in
Slovenia near Postojna cave. The measurements results showed that reflections from known caves are reliably
detectable at depths of 40-210 m below the surface. Reflections from the geological structures up to a depth of
480 m, in which the bottom of Lift 1l is probably located, were observable on the profile above the Hranicka
abyss. The new kind of Roteg georadar with 20 kV pulses on the transmitting antennas was able to detect
reflections from the Devon — Brno Granite contact at a depth of up to 850 m in the case of optimal conditions in
the karst without soil cover (in the Mala Dohoda quarry in the Moravian Karst). The radarogram showed a
change in the lithology between the Vilémovice — Lazanky limestone and layers of clasts in the bottom of
limestone strata. Both of the tests mentioned above confirmed the extraordinary big penetration depth of the
GPR signal which exceeded 500 m in karst conditions when using the maximum power on transmitting
antennas. The quite new kind of GPR called Roteg with the extraordinary high voltage on transmitting antenna
and pulse instead of harmonic signal generation of transmitted signal allows reach two orders bigger penetration
depths than the common GPRs. The new kind of Roteg GPR makes it possible to obtain data (especially from
karst areas) from depths that were previously only accessible by seismic methods or boreholes. GPR
measurements are orders of magnitude cheaper and much faster in the field.
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Introduction For commonly used GPR and typical environ-
ments in Central Europe with the resistivity of hun-
dreds Qm, the penetration depth can be a few metres
for GPRs with the output of 300-1,500 V and the
centre frequency of 10-1000 MHz (for example, IRIS

The Ground Penetrating Radar (GPR) measure-
ment is one of most effective geophysical measu-
rements in the field. The GPR is based on the

transmission of high frequency pulses (usually 25 to
1000 MHz) by one antenna and on receiving the
reflections of those pulses by another antenna. A
delay t of the reflections is proportional to the depth d
of the interface of materials with different permit-
tivities (g1, €,)) that reflects the pulses and indirectly
proportional to the velocity v following the rela-
tionship of t=2d/v. The velocity v depends on the
permittivity g, of the material following the relation-
ship of v=c/\g,, where ¢ is speed of light and ¢, is
relative permittivity. Limestone has relative permit-
tivity of 2-2.5 and typical velocity of 12-14 cm/ns.
Fresh water has relative permittivity of 9-10 and
typical velocity of 3 cm/ns [Annan, 2005]. Therefore,
wet limestone with the porosity of 5 % has the
velocity of 10-12 cm/ns. The amplitude of reflections
is proportional to the ratio of permittivity €; and ¢, of
these materials and decreases exponentially with
depth, depending on the electric conductivity of the
material [van der Kruk et al., 1999; Gosar, 2012].
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GPRs or the ProEx GPR unit [IRIS GPRs, 2019]) up
to several ten metres for several kV output and 25—
50 MHz centre frequency [Chamberlain et al., 2000].
Smith and Jol (1995) experimentally estimated that
the penetration depth for a 25 MHz antenna and the
Quaternary sedimentary environment (above the
surface of mineralised water) is between 52 and 57 m.
For a 100 MHz antenna the penetration depth reduced
to 37 m. The results of experimental measurements
above the cave of Divaska Jama [Gosar, 2012] and
above the S-19 Cave on the Kanin massif [Gosar &
Ceru, 2016] correspond to such estimations.

Purpose

The purpose of the research was to verify the
extraordinary big theoretical penetration depth of
georadar in the real conditions of karsts areas, which
follows from the quite new principle of pulse signal
generation instead of harmonic signal generation on
the transmitting antenna.
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Methodology

Parameters of the georadar Roteg
and the theoretical penetration depth

The table of basic parameters of Roteg georadar
(Table 1) [RTG-Tengler, 2013] shows that the
gain is much greater than 120 dB. In fact, the real

Basic parameters of Roteg

gain is approximately 180 dB, because the output
power on the transmitting antenna is 20 kV or
more, and the sensitivity of the receiving antenna
is at least 2 uV, i.e. the real signal detection level
is around 20 uV. The ratio between 20 kV output
and the real signal detection sensitivity is 9
orders, i.e. 180 dB.

Table 1
georadar [RTG-Tengler, 2013]

FREQUENCY RANGE

0.1-1000 MHz
DATA 12 Bit
SAMPLING FREQUENCY 500 MHz — 4 GHz
RECORDING TIME 32000 - 128000 ns
MEASUREMENT RATE =3 000 scans/second (all pulses from transmitier)
VERTICAL RESOLUTION 0.25 — 2 ns (based on sampling frequency)
GAIN =120 dB 1?80?
STACKING 1—1 000, adjustable
TRIGGERING MODE Wheel, Time, Manual
STEP Smmto 10 m
WIFI 2.4 GHz
MEMORY 100 MB (WiFi send buffer)
BATTERY 9600 mAR
GPS ACCURACY 1—2m (or external GPS)
BAROMETER ACCURACY +10cm
IP CODE IP&3
DIMENSIONS 280 x 180 x 165 mm
WEIGHT 4.57 Kg (with battery)
REAL TIME ON SCREEN DATA TRANSFER AND CONTROL BY WIFI
WIFI DATA BUFFERING
DETACHABLE DC 12 V ACCUMULATOR
LOZA GPR COMPATIBLE
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Fig. 1. The attenuation coefficients (for wet clay, wet sand and dry sand, dB/m
(according to Sensors&Softwares Inc. — https://www.sensoft.ca/support/fag/)
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For wet clays and the georadar frequency 25 MHz
(Fig. 1), the attenuation coefficient is 5 dB/m, for wet
sand is 0.2 dB/m and for dry sand is 0.08 dB/m. Than
the theoretical penetration depths for Roteg georadar
should be 180/5/2 m = 18 m for wet clays,
180/0.2/2 m = 450 m for wet sand and 180/0.08/2
m = 1125 m for dry sand. The limestone has similar
attenuation coefficient as dry sand.

Results
Results of the penetration depth tests

In 2013, a new type of GPR (Roteg) was deve-
loped, one with an extremely high pulse output of
several kV on transmitting antenna [RTG-Tengler,
2013]. In 2015-2017, tests were carried out,
including the operation and interpretation, at the
following sites (verified minimum penetration depth
is shown in brackets): Pytlik Cave (20 m) [Kalenda et
al., 2016], Mala Dohoda Quarry (20 m) [Kalenda et
al., 2016], the area under the quarry of Na Bradinach
(20 m) [Kalenda et al., 2016], Holstejn Cave (40 m)
[Kalenda and Tengler, 2016], the cave of Spodni
Suchdolska jeskyné (40 m) [Kalenda et al., 2016],
Lopac¢ Cave (20-60 m) [Tengler et al., 2016], cave
No. 561A in the quarry of Velka dohoda (40 m
with a 1-metre antenna and 150 MHz) [Kalenda et
al., 2016], the cave of Amatérska jeskyné (90—
110 m) [Tengler et al., 2016], and Pekarna Cave
(140 m) [Kalenda et al., 2017a]. In the glaciofluvial
gravel environment, the penetration depth was at
least 60 m under the level of groundwater, and
when measuring on profiles on the surface of Lake
Tittensee, we could even detect reflections of
sediments at the depth of 10 m under the bottom of
this lake.

In 2016, another version (2.0) was developed of a
georadar with a big voltage pulse up to 20 kV on
antennas. Encouraged by positive results, we tested
the most efficient version of the radar above and
behind the cave of Divaska Jama, Slovenia [Kalenda
et al., 2018]. We could clearly detect the deepest parts
of this cave (60-80 m), as well as unknown caves at
the depths of 200 m below the surface.

Because we thought that in the case of a karst
environment and a thin soil cover, the penetration
depth of the GPR is at least 200 m, we decided to test
the penetration depth of the GPR with maximum
performance at the Hranicka abyss. The Hranice
Abyss (HA) is the world’s deepest flooded cave with

a depth of 404 m, according to figures recorded so far
[Guba, 2016; Musil, 2017]. The next test of the
penetration depth of the GPR was carried out in the
quarry of Mala Dohoda, Holstejn near Blansko, and
the results were compared with the geological cross-
section [Baldik, 2016] that was traced in the distance
of approx. 1 km from the quarry.

Here, in this paper, we will show the typical (and
of high quality) results of the GPR measurements.
We started with the Roteg GPR with 1-m (150 MHz)
antennas in the quarry Velka Dohoda, where the
optimal conditions for such measurements are. The
thick limestone benches are separated by clay layers,
which are at the roof of cavities, caves or corridors.
Such cavities are placed in the top of the hyperbolas
(Fig. 2).

Because the caves are known in the Velka
Dohoda quarry, one of other profiles was lined up
above one of caves (Cave in Velkd Dohoda
Quarry) (Fig. 3). Most of reflections come from
the ceiling of this cave at a depth of 30 up to 40 m
below the surface, but the valid reflections come
from the depths up to 50 m (with 1-m antenna =
=150 MHz).

The other shallow caves are known in Moravian
Karst near Suchdol at depths of approximately
40 metres. The test profiles Kal51 and Kal52 were
perpendicular to a known Suchdolska cave and the
profile Kal54 was situated almost above this cave
at its known end (Fig. 4). The 3-m antennas
(f=50 MHz) were used. The top of hyperbolas
practically at the middle of both profiles at the depth
of 40 m confirmed both the position and the depth of
the ceiling of this cave (Fig. 5). The same was seen
on the profile Kal54.

Another known cave in the southern part of
Moravian Karst is Pekarna cave. Although the
depth of the ceiling is approximately 20 m below
the surface, we used 6-m long antennas to detect
all of cavities in the limestone strata and the
contact between limestone and clastics in the
basis of the sedimentary sequence at the depth
approximately 100 m below Lazanecké limestone
[Slezak, 1955-56; Slezak and Stelcl, 1963; Hasek and
Stelcl, 1972; Rez, 2010; Slezak et al., 2016]. The
Pekarna cave was detected practically on all of
profiles by 6-m and by 3-m antennas as well
[Kalenda et al., 2017a, 2018a]. Many of unknown
caves, cavities and faults were detected at depths up to
100 m below the surface (Fig. 6).
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Fig. 3. Radarogram on profile P16 above cave in Velka Dohoda quarry.

Cave map by ZO 6-16 Tartaros, drawn by F. Musil 2001
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Fig. 5. Radarograms on profiles Kal51 and Kal52 above Suchdolska cave
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Fig. 6. Radarogram on profile P6.

Elipses mark the interpreted ceilings of the caves. The most distinct reflection is from the Pekarna Cave
ceiling (position of 75-85 m, depth 19-24 m). The white dots mark beginning — centre — end of the depression,
created by tectonics. (according to [Kalenda et al., 2017a])

d =

Fig. 7. Radarogram on profile P1 above Holstejnska cave (between distances 280 m and 315 m)
(according to [Tengler et al. 2016])
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The Holstejnska cave is one of most famous
caves in Moravian Karst, because the speleologists
prolonged this fully filled cave to several hundred
metres from the entrance during 30 years of works
(Fig. 7) [Zamek and Zatloukal, 1993]. Although
the practically sub horizontal ceiling of this cave is
at the depth only 40 m below the surface, there was
almost impossible to detect the next unknown parts
of such cave with the help of other geophysical
methods like VLF, gravimetric measurements,
magnetometers, due to a small contrast of almost
all geophysical parameters between limestone and
sediments, filled the whole space inside the cave
[Blecha and Kalenda, 2004; Blecha et al., 2005;
Kalenda et al., 2006, 2008].

The 6-m antennas (25 MHz) were used pulled
behind the cars and we were able to make the map of
the unknown part of this cave during one day of
measurements [Kalenda and Tengler, 2016].

The well mapped cave in Moravian karst is the
main cave — Amatérska cave. The precision of the
map of Amatérska cave is better than 0.5 m both
in horizontal as well as vertical directions. The
part of Stara Amatérska cave — Pritokova corridor —
at depths of 60 m up to 80 m below the surface
was used (Fig.8). The 6-m antennas pulled
behind cars were used. The Ptitokova corridor
was precisely detected on both opposing profiles
Sloup05 and Sloup06 (point A). The unknown

deeper corridor of Amatérska cave system, which
is fully filled by water now, was detected too
(point B) (Figs. 8 and 9).

The test measurements continued in Slovenia. The
start was above known caves Jama na Poti and Crna
jama (Figs. 10 and 11). The 6-m antennas were used.
All of known caves were correctly detected [Kalenda
et al., 2017b].

During the test of the maximum penetration
depth, the experiment, that was made by Andrej
Gosar in 2012, was repeated (Fig. 12). The Divaska
jama is well known cave with the precise map and
vertical cross-sections at many places to the end of
known part of the cave [Gospodari¢, 1985]. Andrej
Gosar was able to detect the ceiling of Pretnerjeva
Dvorana at the depth of 37 m with the help of GPR
with special long antennas (100 MHz), but deeper
parts of the cave were undetectable.

The 3-m antennas were used during our
experiment and all known parts of the Divaska jama
were easy detectable with high precision (Figs. 13
and 14). Therefore we continued with our
measurement behind Divaska jama and we detected
much deeper unknown parts of this cave system
[Kalenda et al., 2018b]. Moreover, we prolonged our
measurements towards the Lokev village and we
found probably the other branch of cave system of
Reka river at the depths between 150 and 200 m
below the surface (Fig. 15).

81



Geodynamics 2(33)/2022

120
240
380
480 \-......4-
600
720
840
960

TREns

10804 0
12001 |
1320 { U0
14404 53 AT '\“J A i . BT o
bty I’ﬂ ’-v‘ q oyl -:“"‘J:‘ e
™ - . 5 ~ 3 5 W
wan | I8 SRV e A : : bty

o - o . - al T
1900 § L5 TR NN A 0 R Ie AN T e e - B it“’loﬂ“*‘ N

e
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Red parts of curves denoted the detected parts of cave

Fig. 13. Radarogram on profile P2 above Pretnerjeva Dvorana. Cross-section by
[Gospodari¢, 1985] (according to [Kalenda et al., 2018b])
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Fig. 14. Radarogram on profile P11 above Zibernova Dvorana. Cross-section by
[Gospodari¢, 1985] (according to [Kalenda et al., 2018b])
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Fig. 15. Radarogram on profile P22 behind Divaska jama
(according to [Kalenda et al., 2018b])

Because of nice results obtained behind Divaska
jama, we decided to test the radar near Skocjan caves,
to find the possible fossil corridors at the depths of
100-150 m below surface. The 3-m antennas
(50 MHz) were used in the same manner as in the

84

case of the measurements behind Divaska cave
[Kalenda et al., 2018c]. The huge corridors were
detected 100-150 m below the surface westerly from
Martelova dvorana in Skocjan cave (Figs. 16 and 17).
The findings were communicated to local speleologists
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even in 2017 and published in prestigious cave
journal Speleoforum in 2018 [Kalenda et al., 2018c].
According to our suggestions, the Slovenian
speleologists turned their attention to the western wall
of Martelova Dvorana and to the Fedrigotov Dihalnik
hole and at the beginning of 2019 they discovered
the biggest discoveries for last 100 years in
Skocjan caves (Primorske novice 28.1.2019). The
discoverers confirmed explicitly on the press-
conference [STA.novice 29.1.2019] that the found
old corridors (Skrita jama) were perfectly at the

depth and position, as were published in
Speleoforum 2018 journal (Fig. 16).

In 2019 we repeated several test measurements in
Slovenia and we were invited to Crnoti¢e limestone
quarry to confirm the position and depth of detected
border between limestone and claystone along
overthrust’s plane, which was interpreted based on
geological drilling holes [Celarc et al., 2012]. Both
measurements with 3-m long and 1-m long antennas
easily detected such huge discontinuity at the depths
of 50-100 m (Fig. 18).

Fig. 16. Georadar profiles above and westerly of Skocjan Caves

The names mark the beginnings of profiles. Thumbnails mark the positions, where the cavities and caves
were detected. Numbers are depths of cavities. Orange arrows points to the most probable continuation of the
upper cave level, which is 60-100 m above recent flow. The cave Ka¢na Jama with Reka river flow is drawn.

(Adopted from [Kalenda et al., 2018c])

Tima [ns]
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Fig. 17. Radarogram on profile SkoO1 with the unknown corridor at the depth
of 145 m at the distance 100 m (according to [Kalenda et al., 2018c])
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Fig. 18. Radarogram and geological cross-section via Crnotice quarry
(according to [Celarc et al., 2012]) (adopted from [Tengler and Kalenda, 2019])
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Fig. 19. Geological map of Mala Dohoda quarry surrounding (according
[Baldik, 2016] and profile P1 in the quarry (blue arrow) (according to [Kalenda et al., 2020])

The deepest measurements were made already in
2016 in the Mala Dohoda quarry [Kalenda et al.,
2020] in the optimal conditions at the bottom of the
quarry (Fig. 19). The 6-m long antennas (25 MHz)
were used and the length of the record was set to
16000 ns to reach depths of at least 750 m in
limestone. The GPR profiles were measured approx.
1 km outside the geological cross-section [Baldik,
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2016]. On the radarogram there are well visible the
cavities (karstification) to the depths of 4500 ns (cca
500 m for 9.1 cm/ns) (Fig. 20). This is in agreement
with the minimal water level before Baden
transgression. The principal level between two kinds
of limestone is detected at the depths of 7900 ns
(approx. 870 m for 9.1 cm/ns). The limestone above
this level are much compact than limestone below
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this level. The stratification is well visible below this
level. The other huge borders are visible at the depths
of 13000 ns and 14300 ns (approx. 710 m and 785 m
for 9.1 cm/ns), which is in agreement with the

Fig. 20. Radarogram on profile P1
in the Mala dohoda quarry (adopted from
[Kalenda et al., 2020])

geological cross-section, that placed to these depths
the borders between limestones, basal conglomerates
and Brno granite [Baldik, 2016] (Fig. 21) [Kalenda et

al., 2020].
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Fig. 21. Comparison between radarogram on profile P1 in Mala dohoda quarry
and parallel geological cross-section [Baldik, 2016] (adopted from [Kalenda et al., 2020])
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Originality

The quite new kind of GPR called Roteg with the
extraordinary high voltage on transmitting antenna
and pulse instead of harmonic signal generation of
transmitted signal allows reach two orders bigger
penetration depths than the common GPRs. Such
results are unique and until now they have not been
described in the literature.

Practical significance

The practical significance is obvious. The new
kind of Roteg GPR makes it possible to obtain data
(especially from karst areas) from depths that were
previously only accessible by seismic methods or
boreholes. GPR measurements are orders of magnitude
cheaper and much faster in the field.

Conclusions

New type of Roteg GPR, which bypasses the
semiconductor switching elements on the generator
side, discharging the current from the capacitor
directly into the spark gap, reducing its length to a
minimum even at high output voltages (5-20 kV) and
increasing dynamic range between the transmitting
and receiving antennas of more than 180 dB, is able
to increase the penetration depth many times. The
theoretical penetration depth for wet clays should be
18 m, for wet sand 450 m and for dry sand (and
limestone more than) 1125 m.

In the field experiments we subsequently
verified the actual penetration depth for known caves.
In the Moravian Karst, caves were clearly detected to
depths of about 140 m below the surface, and in
Slovenia we detected large caves to depths of about
250 m in the Classic Karst. Our results were
confirmed by the discovery of the largest passage in
the Skocjan cave system (the main discovery during
last 100 years — Hidden Cave in the depth of 140 m
below the surface).

The deepest reflections were detected at the
Hranicka Abyss (580 m below the surface) and in the
optimal conditions of the Mala Dohoda quarry near
Holstejn (870 m below the surface).
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[IPUHIATIOBUI ITPOPUB YV TEXHOJIOI'Ti TEOPAJIAPIB — ROTEG

Merta [IOCHIIKEHb — IEPeBIPUTU HAN3BHYAMHO BENUKY TCOPETHYHY TIIMOWHY MPOHUKHEHHS HOBOTO pO3-
pobiieHoro Teopanapa B pealbHUX yMoBax 30H BamHskiB. Y 2013 p. po3pobiieno HoBmii Bua reopagapa (GPR) —
Roteg (RTG-Tengler 2013). Horo TexHiuHi mapameTpu (aMIuTiTya iMoyisCcy Ha nepenaBaibHiit anteni 20 kB i
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Oinblie, YyTIMBICTh NPUIIMAbHOI aHTEHW HE MEHIIe HiX 2 MKB, TOOTO peabHHIl piBEHb BUSBICHHS CUTHAIY
6mu3pko 20 MKB) cBiguath mpo Te, 10 peanbHUil TUHAMIYHHIN [Tiala3oH peecTparii CHrHainy CTaHOBHUTH 9 mMo-
psankiB, Tooto 180 nb. Taka gyTnmBicTH 03Hayae€, MO peaybHA TIHOWHA MPOHUKHCHHS ITOBHHHA OYTH Ha JBa
MOpPsiAKY O1TBIIO0, HIXK Yy BUMAAKY 3BUYalHUX reopanapis. Mu nepeBipiiu peajbHy INIMOMHY IPOHUKHEHHS 3a
BIJIMIOBITHUX YMOB HaBKOJHIIHBOTO CEepeloBHINAa Haja meuepamu B Mopascbkomy Kaperi ta B CroBeHii 6ins
neuepu [loctoitra. Pe3ynbraTé BUMipIOBaHb ITOKA3aJd, IO BiJOWTTS Bifl BIJOMHUX IeYep HAMIHHO BUSBISIOTHCS
3a ix rubun 40-210 M mix nosepxuero. Ha npodini Hag ['paHnibkuM IPOBAIIISIM HPOCTEKYIOTHCS BIIOUTTS Bij
TeoJIOTIUHKUX CTPYKTYp 1o riubunu 480 M, ne, iiMoBipHO, po3mimene nquo Konozssst 1I. HoBuit Bua reopanapa
Roteg 3 immymscamu 20 kB Ha BHNpOMIHIOBANBHINA aHTCHI 3MIT BUSIBUTH BIIOWTTS Bil KOHTakTy JleBoH —
I'paniti BpHo Ha rnubuHi 10 850 M B ONTHMAbHUX YMOBaX y BalHsAKaxX 0e3 IPYHTOBOTO MOKPHBY (B KOMANbHI
Maua Jloxona y Mopascekomy Kapcri). Pagaporpama mokasana 3miny sitonorii Mixk BamHskoM Bizemogime —
JlaxxaHKM Ta [IapaMu YJIaMKOBHX IOpiA y HM3aX BamHAKoBOi ToBmii. OOuzaBa 3rajaHi BUIE BUIPOOYBaHHS
HiATBEpAWIN HAA3BUYAHHO BEJMKY TTMOMHY IIPOHMKHEHHS CHTHAIY reopanapa, ska nepesuirysaia 500 M B
YMOBaX BaNHAKIB i3 BHUKOPHCTAaHHSIM MAaKCHMAlbHOI HOTYXHOCTI HepelaBalbHUX aHTEH. 30BCIM HOBUI BUA
reopajzapa mia Ha3Boio RoOteg i3 Haa3BMYafHO BHCOKOIO HANMPYTOI0 Ha MepelaBajbHIN aHTEHI Ta TeHepalli€ero
30HIYBAJILHOTO IMIYJIECY 3aMiCTh TapMOHIYHOTO CUTHAITY JIa€ 3MOT'Y JOCSITTH Ha J1Ba MOPSIKU OLIbIIO] rIMOuHH
NMPOHMKHEHHS, HDX 3BHUaiiHi reopamapu. Hoeuil Tum reopamapa Roteg mae MOXJIIMBICTH OTpUMATH JaHi
(0oco6uHBO i3 30H BamHAKIB) 3 TIHOHH, Ki paHilie OyIIH IOCTYIIHI JIUIIE 38 JOTIOMOTOI0 CEHCMITHUX METOIIB ab0
CBEp/IOBHH. ['eopasapHi BUMipIOBaHHS Ha MOPSIKH JCHIEBII Ta HabaraTo MIBU/MII B IOJIBOBUX YMOBax
Knrouosi cnosa: reopanap; rmubuHa IPOHUKHEHHS; KapCT.
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