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Abstract

The Radovna River Valley is located in the north-western part of Slovenia in the Julian Alps, where there is 
an extensive intergranular aquifer whose depth to pre-Quaternary bedrock is unknown. Therefore, to obtain 
information about the depth of the valley and the geometry of the aquifer two geophysical methods were used in 
our study; ground penetrating radar (GPR) and seismic reflection method. The low-frequency GPR method has 
shown to be useful for determining the depth of the groundwater and the predominant groundwater recharge. 
Also, the high-resolution seismic method provided an insight about the morphology of the pre-Quaternary 
basement with the deepest point at 141 meters below surface. Measurements of hydrogeological parameters such 
as groundwater level and river discharge measurements were carried out in the study area. Both data analyses 
showed that groundwater level and river discharge are highly fluctuating and rapidly changing, indicating a 
well-permeable aquifer, implying that such an aquifer is extremely sensitive and vulnerable to extreme climate 
events. Both the geophysical methods and the hydrogeological information have provided important information 
about the morphology of the valley and the alluvial aquifer, as well as increasing the knowledge about the 
Radovna springs system, which will contribute very important information for future hydrogeological studies.

Izvleček

Dolina reke Radovne leži v severozahodnem delu Slovenije na območju Julijskih Alp, kjer se nahaja obsežen 
medzrnski vodonosnik, katerega globina do predkvartarne podlage ni znana. Zato smo v naši raziskavi za 
pridobitev podatkov o globini doline in geometriji vodonosnika uporabili dve geofizikalni metodi; georadar in 
metodo seizmične refleksije. Metoda nizkofrekvenčnega georadarja se je izkazala za uporabno pri določanju 
globine podzemne vode in smeri prevladujočega napajanja podzemne vode. Tudi seizmična metoda visoke 
ločljivosti je omogočila vpogled v morfologijo predkvartarne podlage z najglobljo točko 141 metrov pod površjem. 
Na območju raziskav so bile opravljene tudi meritve hidrogeoloških parametrov, kot so gladina podzemne vode 
in pretok v reki. Analiza obeh parametrov je pokazala, da nivo podzemne vode in rečni pretok močno nihata 
in se hitro spreminjata, kar pomeni, da je tak vodonosnik izjemno občutljiv in ranljiv za ekstremne podnebne 
dogodke. Tako geofizikalne metode kot hidrogeološki podatki predstavljajo pomembne informacije o morfologiji 
doline in aluvialnega vodonosnika, prav tako je znanje o sistemu izvirov Radovne večje, kar bo predstavljalo 
pomemben doprinos pri hidrogeoloških raziskavah v prihodnje.
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Introduction

Characterization of the lithology, stratigraph-
ic features and geometry of the aquifer is essen-
tial component of modern hydrogeological stud-
ies. Quantification of these attributes is difficult 
in many aquifers, especially where the aquifers 
consist of alluvial and glacial deposits (Bowling 
et al., 2007). The sediments in such aquifers con-
sist of different grain sizes and sorting, making it 
difficult to adequately characterize the hydraulic 
properties of the aquifer through direct observa-
tions. Knowledge of the geometry of the aquifer 
and definition of the key geometric elements are 
of great importance for studying hydrogeology 
and water balance in particular area. The most 
accurate way to define the depth of the aquifer is 
with existing or new boreholes. The cost of sev-
eral boreholes can be a limitation, as was also in 
our case, in addition to other characteristics of 
the location. The investigated area, the Radov-
na spring, is located in the Julian Alps (Fig. 1), 
inside the Triglav National Park, where tradi-
tional hydrogeological methods of investigations 
are difficult to apply and are restricted. In the 
Radovna Valley interaction between karstic and 
intergranular aquifers is present and this is re-
flected in the water dynamics and also in chemi-
cal and isotopic characteristics of the water. The 
fluvioglacial sediments are composed of a hetero-
geneous mix of fine-grained and coarse-grained 
materials and it is difficult to drill enough bore-
holes for sufficient characterization of the aqui-
fer (McClymont et al., 2012). For these reasons, 
the definition of the aquifer geometry in this 
study has been achieved through application of 
non-invasive geophysical methods. 

In the past several independent geological and 
hydrogeological studies were carried out in the 
Radovna Valley, but their results are not pub-
lished and are mainly available in the archive 
of the Geological Survey of Slovenia and are in 
details described elsewhere (Torkar & Brenčič, 
2015). The investigated area of the Radovna River 
system is a unique study case for its interaction 
between karstic and intergranular aquifers and 
therefore of great interest for hydrogeological 
studies. The area of the Radovna River is also the 
most important drinking water source in NW Slo-
venia supplying 29,700 inhabitants and studies in 
this area are important for future water manage-
ment. Between 1960 and 1980 geological mapping 
was carried out with several shallow boreholes 
as a part of chalk exploitation in Sr. Radovna. 
In 1965 in the Krma Valley three boreholes were 
drilled for planned construction of a tourist cen-

tre with the deepest borehole at 60 m still in the 
alluvial sediments. Hydrogeological and geome-
chanical investigations were done in 1977 in the 
middle part of the valley for a planned but never 
accomplished high dam water-storage reservoir. 
Three boreholes were drilled, on both sides of 
the valley and in the central part with the maxi-
mum depth at 103 m. The borehole did not reach 
the pre-Quaternary basement. Recent studies 
are directed towards hydrogeological (Torkar & 
Brenčič, 2015) and hydrogeochemical investiga-
tions of water (Kanduč et al., 2012; Torkar et al., 
2016) and soil (Ferjan Stanič et al., 2013). 

Despite all drilled boreholes, none of the bore-
holes did reached the pre-Quaternary bedrock. 
Therefore, there is a lack of information about 
the depth of the valley and the geometry of the 
aquifer for future hydrogeological investigations. 
The aims of this study were to determine the po-
sition of the groundwater table and the preferred 
direction of water recharge using ground pene-
trating radar (GPR) and to determine the depth 
of the intergranular aquifer and to reveal the 
pre-Quaternary bedrock topography with seis-
mic reflection method.

General Settings

The Radovna spring is located in the 
north-western part of Slovenia in the Julian Alps 
in a typically U-shaped narrow glacial valley 
with very steep slopes. West from the Radovna 
Valley are glacial valleys Kot and Krma which 
together with considerable part of eastern Julian 
Alps represent the recharge area of the Radovna 
spring (Fig. 1). Both valleys are filled with high-
ly permeable gravel. The altitude of the spring 
area is around 750 m a.s.l. and the average al-
titude of surrounding plateaus of Pokljuka and 
Mežakla are 1228 and 1106 m a.s.l. respectively. 
The slope of the Pokljuka plateau in the south is 
steeper than the slope of the Mežakla plateau in 
the north. The width of the Radovna River Val-
ley varies in the upper part between 300 and 350 
meters in the middle part it is around 250 meters 
and in the lower part it is the narrowest in the 
Vintgar gorge with only a few meters. The Ra-
dovna River flows almost entirely in the Triglav 
National Park and after its 19.4 km long course 
discharges into the Sava Dolinka River. 

The Radovna spring is positioned in an Al-
pine region with an average air temperature be-
tween -8 °C in January and 23.8 °C in July tak-
en from the meteorological station Rateče (Lat. 
46.50, Lon. 13.71, altitude 864 m, 20.7 km distance 
from the Radovna spring). The standard 30-year 
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(1981–2010) average annual precipitation from 
the precipitation station Zg. Radovna is 1701 mm. 
Highest amount of precipitation falls in the au-
tumn with an average of 584 mm and the lowest 
in the winter with 346 mm (Nadbath, 2012). 

Geological and hydrogeological settings

The broader study area, which includes the 
western part of the Mežakla and Pokljuka pla-
teaus, the Kot and Krma Valleys and the eastern 
part of the Julian Alps, consists of Triassic lime-
stone, dolomite and dolomitized limestone. In the 
Radovna Valley Quaternary fluvio-glacial sedi-
ments are present and are represented by gravel, 
sand and partly conglomerate with interbedded 
lenses of clay (Buser, 1980; Jurkovšek, 1987). In 
the central part of the valley, chalk deposits were 
exploited in the past (Iskra, 1982). Chalk mixed 
with sand occurs also in the north-western part 
of the valley, where geophysical investigations 
were conducted. Previous borehole data indi-
cates that the local thickness of the Quaternary 
sediments in the valley is more than 100 meters 
(Torkar & Brenčič, 2015).

The recharge area of the Radovna spring is 
karstified, where nearly all precipitation infil-
trates into carbonate rocks and then drains into 

the alluvial intergranular aquifer and partly 
some in to the slope deposits. Groundwater in the 
karst-fractured aquifer and intergranular aqui-
fer occurs in unconfined conditions. Ground-
water recharge in the investigated area is very 
uneven, because snow is predominant form of 
precipitation in the winter and groundwater has 
limited recharge during this period. The ground-
water table in the study area fluctuates for ap-
proximately 20 meters; consequently the Radov-
na spring changes its locations up and down the 
valley (up to 2 km) due to different water con-
ditions. The estimated average hydraulic con-
ductivity of limestone and dolomite ranges from 
10-5 to 10-7 m/s and fluvio-glacial sediments with 
a wide range of average estimated permeability 
from 10-3 to 10-7 m/s.

Methodology 

The geophysical methods used in our investi-
gation were ground penetrating radar (GPR) and 
seismic reflection method. Both methods were 
used once on different profiles and time periods 
due to different purpose of research. For the ad-
ditional information about the aquifer, instru-
ments for measurements of groundwater level 
and river discharge were installed in the field.

Fig. 1. Position map of the investigated area (red rectangle).
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Ground penetrating radar

GPR is a non-invasive geophysical method 
used to investigate the shallow subsurface. Its ap-
plication and operating principles have been de-
scribed in various publications (e.g. Annan, 2002; 
Milsom, 2003; Neal, 2004; Blindow et al., 2007; 
Jol, 2009).High-frequency electromagnetic sig-
nals are emitted into the subsurface where they 
reflect from different discontinuities or struc-
tures back to the surface. The time it takes the 
signals to propagate from the transmitting an-
tenna to the discontinuity and back to the receiv-
ing antenna (the so-called two-way travel time 
or TWT) is recorded and later converted to depth 
(Blindow et al., 2007; Jol, 2009). The depth range 
is mostly determined by the antenna frequency 
used, although it is also affected by other factors, 
such as the presence of water and clay (Jol; 2009). 
For the purpose of defining the depth to the water 
table, the GPR method has been proven useful in 
several studies to date (e.g. Doolittle et al., 2006; 
Mahmoudzadeh et al., 2012; Rejiba et al., 2012; 
Afshar et al., 2015; Paz et al., 2017).

For the purpose of this study, three GPR pro-
files were recorded (Figs. 2, 3) in October 2012 
using the Malå ProEx GPR recording unit with 
an unshielded 50 MHz Rough Terrain Antenna 
(RTA). The flexible tube-like shape of this anten-
na allows carrying out GPR research even in the 
most rugged terrain (e.g. Zajc et al., 2014, 2015). It 
is 9.25 m long, with the distance of 4 m between 
the transmitter and the receiver (Malå, 2009). 
The design of the antenna allowed us to manoeu-
ver through very rough terrain in an overgrown 
forest, over roots and branches as well as under 
wires and electric fences.

The longitudinal profile R1 was recorded from 
the water well at the western end of the profile, 
which served as a control point due to the known 
depth of the water table, and along the slope to 
the location of the Radovna River springs them-
selves in the east. The purpose of this profile was 
to determine the position of groundwater ta-
ble. In addition to the longitudinal profile, two 
transverse profiles R2 and R3 were recorded to 
determine whether or not there is a difference in 
recharge of groundwater from both surrounding 
plateaus, which could be seen as a slight incli-
nation of the water table to the north or to the 
south. The transverse profiles also represented 
additional ways of checking the depth to ground-
water levels at the intersections with the profile 
R1. Table 1 shows the basic data of the recorded 
GPR profiles. 

In order to assure steady signal triggering 
with the measuring step of 0.2 m, a device con-
taining a measuring thread was used.

In order to apply topographic corrections to 
GPR profiles, GNSS coordinates were recorded 
every 50 m along the profile lines, as well as in 
areas with sudden topographic changes, such as 
dirt roads and dry riverbeds. The x and y coor-
dinates were used to calibrate the length of the 
profiles, while the z coordinate was used to de-
termine the elevation of the terrain. During the 
recording of GPR profiles the locations of these 
control points were indicated on radargrams us-
ing markers. 

Table 1. Basic data on recorded GPR profiles.

Profile R1 R2 R3

Type longitudinal transverse transverse

General direction W → E S → N S → N

Profile length [m] 1070 217 354.5

Seismic reflection profiling

High-resolution seismic reflection (HRS) 
method is a shallow, near-surface application 
of a well-established method regularly used in 
petroleum industry. It is based on the reflec-
tion of artificially generated seismic waves from 
subsurface structures. Seismic waves reflect on 
interfaces where the seismic impedance of the 
sediment or rock changes. Seismic impedance 
depends on density and seismic wave velocity, 
so rapid changes in grain size, compaction, lith-
ification and fluid saturation cause reflection of 
seismic waves (Yilmaz & Doherty, 2001; Yilmaz 
et al., 2008). The depth range and resolution of 
the HRS method is not strictly defined, rather 
the term encompasses seismic reflection surveys 
down to a depth of several hundred meters. HRS 
is regularly used in surveys of shallow aquifers 
and in neotectonic research, targeting recent 
deformations of young sediments (e.g. Kaiser et 
al., 2009).

The high-resolution seismic reflection profile 
HRS Radovna was acquired along a gravel road 
crossing the Radovna valley in July 2013 (Figs. 
2, 4). The active spread used 40 Hz geophones at 
2 m spacing and 48 active channels, with the ac-
tive spread in ‚on end‘ geometry (Tab. 2). A 6-kg 
sledgehammer was used as a seismic source, 
stacking 4 to 10 strikes per shot point. Other 
seismic sources were also considered. The GISCO 
ESS100 accelerated weight drop, which produces 
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significantly higher source energy (Atanackov & 
Gosar, 2013) was not used due to support vehicle 
mechanical problems. A 12-gauge seismic shot-
gun was also considered, but was not used due 
unfavourable dry soil conditions which produces 
poor signal-to-noise ratio (Atanackov & Gosar, 
2013).

Two linked ABEM Terraloc VI 24-channel 
field seismographs were used for data record-
ing. The full length of the HRS Radovna profile 
is 416 m with 185 shot gathers recorded in to-
tal (Tab. 2). Recording conditions were variable 
and data acquisition was stopped during peri-
ods of increased noise due to traffic. Since wind 
was almost constantly present, data acquisition 
could not be limited to intervals with low tor 
wind. 

Table 2. HRS profile Radovna data acquisition parameters.

HRS profile Radovna data acquisition parameters

Length 416 m

Shot gathers 185

Active channels 48

Geophones 40 Hz

Geophone interval 2 m

Active spread length 94 m

Active spread geometry ‚on end‘

Offset (shot point – 1st geophone) 2 m

Seismic source 6-kg sledgehammer

Records length 812 ms

Sampling frequency 1000 Hz

Fig. 2. Position map of seismic reflection profile HRS Radovna, GPR profiles R1, R2 and R3 and location of a well and Gogalov 
Rovt water level measurement station. Dashed orange line is extrapolation of the HRS profile shown in Fig. 8.

Fig. 3. Part of R1 profile in the field. Fig. 4. Part of HRS profile in the field.
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Measurements of groundwater level and 
discharge 

The groundwater level was measured in a 
hand-dug well in the hinterland of the Radovna 
spring (Figs. 2, 5). The depth of the well is 28 me-
ters. The well is dry almost every winter for ap-
proximately four months due to low waters and is 
dry until the snowmelt in the late spring. 

The Gogalov Rovt water level station is down-
stream from the spring, where the discharge in 
the stream is in one uniform channel (Figs. 2, 6). 
On this location the discharge is always present, 
except at the beginning of our investigations, in 
March 2012, when the climate conditions were 
very dry, the channel dried up. The water level 
in the well and at the Gogalov Rovt location was 
measured every hour with level data logger (El-
tratec). The discharge at the Gogalov Rovt was 
measured with dilution method (Flo-Tracer in-
strument) and with hydrometric current-meter 
(A.OTT KEMPTEN Type C2 »10.150«) (Boiten, 
2008).

Fig. 5. The well location. Fig. 6. The Gogalov Rovt location for measurements of river 
water level.

Results and discussion

GPR 

Data Processing 

For the GPR data processing, the program 
Reflexw version 6.0.5 from Sandmeier Software 
was used. 

The processing steps were the same for all 
three radargrams (Tab. 3).

Since the profiles did not contain distinctive 
diffraction hyperbolas necessary to determine 
the signal velocity, the latter was calculated based 
on the depth of the groundwater level measured 
in the well. At the time of GPR measurements, 
the depth of groundwater in the well was 21.8 m, 
which gave the signal velocity of 0.105 m/ns, cor-
responding to the material dielectric constant 
ε=8. These parameters reflect the fluvio-glacial 
deposits of the investigated area that consist of 
gravel, sand and partially conglomerate and are 
influenced by the presence of water. The dielec-
tric constant of dry sand is in the range of ε=3-6, 
which is increased in our study by the presence of 
water (Jol, 2009).

GPR results

In Fig. 7 the longitudinal profile R1 is shown 
together with marked features used to determine 
the groundwater level. The black frames indicate 
areas where a well-expressed linear reflector can 
be seen. This reflector is interrupted between the 
500 m and 600 m profile distance (red frame). Ac-
cording to the geology of the area, the reason for 
this could be the presence of a larger block of rock 
block above the groundwater. Such isolated rock 
blocks occur along the entire Radovna Valley and 

Table 3. GPR processing steps.

Processing Step Parameter

DC Removal 400 – 700 ns

Time-Zero 
Adjustment

First negative peak

Background 
Removal

Normal

Gain Manual gain

Bandpass Filtering
Low-cut 25 MHz, lower plateau  
50 MHz, upper plateau 75 MHz, 

high-cut 150 MHz

Topographic 
Correction

GNSS coordinates every 50 m
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in the nearby Krma Valley. The presence of such 
blocks could be the reason for greater signal at-
tenuation, which means that the signal could not 
reach the groundwater level and this part of the 
radargram consequently does not contain a lin-
ear reflector. Another element, which was also 
used in the determining of the groundwater lev-
el, is the location where water was first seen on 
the surface. With the help of these features, the 
level of the water table was depicted, while the 
measured depth of groundwater in the well and 
calculated signal velocity made it possible to ac-
curately place it in the subsurface. 

In addition to the depth and extent of the wa-
ter table we also wanted to see, if the potential 
dip of the groundwater table is visible. The rea-
son for this is that we wanted to check whether it 
would be possible to determine the groundwater 
gradient based on the GPR results. The gradient 
was determined using the depth of the ground-
water table in the well, which was projected 
on the nearest point on the profile R1 (722.06 m 
a.s.l.), and the depth at the intersection of the 
profiles R1 and R3 (719.20 m a.s.l.). The differ-
ence in the groundwater table of 2.86 m at a dis-
tance of 550 m gives the gradient 0.0052. Despite 
the limited vertical resolution, such a difference 
should be seen in the radargram; however, the 
reflector representing the groundwater level ap-
pears to be more or less horizontal. This may be 

due to the fact that the profile was recorded in 
a very rugged terrain, causing poor contact be-
tween the GPR antenna and the ground. Thus, 
the groundwater level could not be determined 
with such accuracy that a gradient or even a con-
cave groundwater table could be seen. 

A continuous reflector representing the water 
table can also be seen on the profile R3 shown in 
Figure 8, where again it does not have a linear 
shape. This is due to the skipping of the antenna 
during recording over branches, roots and fall-
en trees. However, it is still possible to determine 
the groundwater table, which runs along the 
entire profile R3 at the depth of approximately 
7.5 m, corresponding to the depth determined at 
the intersection with the profile R1. Since the re-
flector is not perfectly smooth, using normal ver-
tical to horizontal scale ratio of radargrams, it is 
hard to say whether or not the groundwater level 
is inclined due to an uneven recharge of ground-
water from both sides of the valley. In Figure 8, 
the depth of the radargram is considerably exag-
gerated compared to its length and the dip of the 
water table towards N is visible. This means that 
the water recharge is higher from the S side of 
the valley, i.e. from the Pokljuka plateau. Along 
the whole profile R3, which is 354.5 m long, the 
difference in the depth of the inclined water table 
is about 1 m. 

Fig. 7. Interpretation of longitudinal GPR profile R1. Top – features (black frames) used to determine the groundwater level 
with marked groundwater depth in the well (21.76 m), disrupted part of the reflector (red frame) and point where water was 
spotted on the surface - spring (dark blue line); bottom - construction of the groundwater level (light blue), water at the surface 
(dark blue), location of transverse profiles GPR R2 and R3 and groundwater depth at the intersection of profiles R1 and R3 
(7.5 m). Vertical exaggeration is approx. 6 ×.
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The transverse profile R2 was recorded in the 
area where the groundwater is just below the sur-
face. Due to the limited vertical resolution of the 
antenna used, this profile does not contain any 
linear reflectors, which also applies to the same 
location on the profile R1. The groundwater depth 
here is too shallow (probably less than 1 m) to be 
detected by a low-frequency GPR method, which 
is optimal for greater depths, therefore this pro-
file is not shown.

Fig. 8. Interpretation of transverse GPR profiles R3. Top - 
well pronounced continuous reflector representing ground-
water level; bottom - construction of the groundwater level 
(blue line) and marked location of intersection with longitu-
dinal profile R1 and depth to groundwater (7.5 m). Vertical 
exaggeration is approx. 7 ×.

Seismic reflection profile

Obtained data quality for the HRS Radovna 
profile is highly variable (Fig. 9). The main con-
tributing factors to the variability in data quality 
are natural noise due to the wind and vegetation 
and high signal attenuation. High signal atten-
uation is attributed to the large thickness (20 m) 
of the unsaturated zone of coarse-grained sedi-
ments, which acted as a signal dampener, partic-
ularly at high frequencies. On the day of the seis-
mic reflection profiling the groundwater in the 
nearby well was 22.7 meters below the surface. 

Standard data processing

Data was processed using Parallel Geoscience 
Seismic Processing Workshop software, first 
using a fairly standard seismic reflection data 
processing workflow, including data editing, ge-
ometry input, filtering, amplitude corrections, 
static corrections, velocity analysis and stacking 
(Tab. 4). In data editing only dead traces were 
removed. This was followed by early muting di-
rect and refracted waves. Coherent noise was 
removed with velocity and f-k filters. Velocity 
analysis was performed using Constant Velocity 
Stack (CVS) as data quality was too low for useful 
velocity semblance analysis. Even CVS only pro-
duced useful results in the northern part of the 
profile between Common Mid-Point (CMP) 1120 
and 1180. Normal moveout (NMO) stack was done 
with a constant stacking velocity of 2000 m/s and 
50 % stretch mute.

Fig. 9. Two seismic shot gathers displaying the variability in data quality. Left - shot gather at shot point Tx 1041 with almost 
indiscernible reflectors. Right - shot gather at shot point Tx 1085 with significantly better visibility of reflectors.
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Table 4. HRS Radovna profile standard data processing workflow.

Step   Details     

Prestack

Trace editing

Butterworth filtering
low pass 40 Hz, high pass 200 Hz, low rolloff 18 dB/
oct, high rolloff 18 db/oct

Early & tail 
mute hand picked

Spherical divergence correction

AGC 80 ms window, 40 ms overlap

F-k filtering (GR* and GW* attenuation) velocity filters 

Airwave attenuation f-k filtering

Velocity analysis

Preliminary analysis CVS (400-2000 m/s; 50 m/s interval)

Velocity semblance analysis

NMO correction & stack

NMO correction 50 % stretch mute

 velocity from CVS / semblance analysis

Fig. 10. Stacked section of the high-resolution seismic reflection profile across the Radovna Valley.

Most of the profile is dominated by very poor 
signal-to-noise ratio, with few reflectors dis-
tinguishable from background noise. A strong-
er southward dipping reflector is evident in the 
northern part of the profile between CMP 1120 
and 1180 and TWT 60 to 130 ms (Fig. 10), which 
is interpreted as the pre-Quaternary basement 
Some fragmented reflectors are visible in the 
southern part of the profile at between 60 and 
100 ms TWT, however, the generally poor data 
quality precludes any meaningful interpretation. 

Alternative data processing

Due to the poor general data quality, an al-
ternative approach was attempted in order to ob-
tain some useful data on reflectors and their ap-
proximate depths. From the entire dataset, only 
high-quality shot gathers were selected. Selec-
tion criteria included: absence of random noise, 
low coherent noise and high clarity of seismic 
reflectors. A total of 9 shot gathers were selected 
(six of them shown on Fig. 11 and Tab. 5). On each 
shot gather all distinct reflectors were identified. 
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Approximate zero times of the reflectors were de-
termined and then used as a basis for depth con-
version. 

Hydrogeological interpretation

For the purpose of building the model of the 
Radovna aquifer, data from all nine selected shot 
gathers was used. At each useful shot gathers 
individual reflectors were identified and their 
depth in TWT was estimated. All reflectors were 
depth converted (Tab. 5) using an average veloc-
ity vp of 2000 m/s, which is the average seismic 
wave velocity for glacial sediments (Kearey et al., 
2002). It was assumed due to previous investiga-
tions that the reflectors within the valley fill sed-
iments are generally horizontal or only slightly 
dipping, therefore reflections at similar depths 
were interpreted as the same reflector. From each 

selected shot point the deepest reflector was as-
sumed as the depth to the pre-Quaternary base-
ment and on the basis of these data, the shape 
of the basement was determined. We expect the 
depths to be accurate to within approximately 
30%, accounting for uncertainty in reflector zero 
times and potential variability in vp the valley 
fill. We expect the depths to be accurate to within 
approximately 30 %, accounting for uncertainty 
in reflector zero times and potential variability 
in vp the valley fill.

For the input structural model, the shape of 
the seismic horizons was linearly interpolated be-
tween the data points. Due to the lack of borehole 
data, it is impossible to characterize the litholog-
ical boundaries or sediment transitions that pro-
duced the reflectors. It is possible that reflectors 
are produced by either a major change in grain 

Fig. 11. Six of nine seismic shot gathers used in the alternative processing (shot points 1029, 1050, 1069, 1079, 1099 and 1151).

CMP
h1 

(m)

h2 

(m)

h3 

(m)

h4 

(m)

h5 

(m)

h6 

(m)

h7 

(m)

h8 

(m)

Bedrock 

(m)

1029 -37  -63 -81   -125  -125

1050 -37  -57 -70 -95 -109 -125 -141 -141

1062  -40 -59  -87 -100 -122  -122

1079 -34 -43 -55  -83     

1085 -35 -44 -56  -86 -117   -117

1099 -28  -55 -71 -89 -111   -111

1109 -30  -49 -66 -89     

1115  -42  -65 -95    -95

1151 -16  -53      -53

Table 5. Selected seismic 
shot gathers with depths of 
interpreted reflectors ar-
ranged in nine horizons. 
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sizes in glacial till (different moraine types) or 
between different types of sediment, such as gla-
cial till, alluvial and glaciofluvial sediments. 

From the interpolated data, the schematic 
cross-section of the valley was plotted (Fig. 12). 
Since the profile could not be obtained through-
out the whole width of the valley, the extrapo-
lated part is represented with dashed line. The 
line was truncated at the edge of a large pasture, 
enclosed by an electric fence and occupied by 
cattle which precluded measurements. Addition-
ally, the very soft grassy surface was inappropri-
ate for data acquisition using impact sources due 
to high signal attenuation – an effect which has 
been described elsewhere under similar condi-
tions (Atanackov & Gosar, 2013).

Based on previous research, it is assumed that 
results represent some sort of stratification of 
sediments and most likely to reflect the differ-
ence between well and poorly granulated sandy 
gravel layers and layers with glacial dropstones. 
With the analysis at least seven different layers 
were determined (Fig. 10). The deepest point of 
the pre-Quaternary basement is 141 meters deep 
and was determined with only one shot gather. 
Though the lack of data, this depth is realistic 
according to previous investigations in this area, 
where the depth of the sediments was determined 
to be at least 100 meters (Torkar & Brenčič, 2015). 
Similar seismic reflection investigations were 
done in the area of Sava springs area in a similar 
parallel valley, where the pre-Quaternary base-
ment was determined to be at the depth of 200 m 
and is linked to the Sava fault zone (Atanackov 
et al., 2015). The southern slope of the buried val-
ley is steeper than the northern slope. This cor-
responds to the shape of valley above the surface. 
The morphology of the pre-Quaternary basement 

is realistic in the whole width of the valley, ex-
cept between 200 and 300 meters distance, where 
it is very steep.

Fluctuation of groundwater level and discharge

Groundwater level in the well (Figs. 2, 5) was 
measured hourly in the period from 4.10.2011 to 
12.4.2016 and contains 37.934 data. Since the well 
dries up in the winter, the missing data was sup-
plemented with the recession curve, where the 
data were processed with exponential regression 
(Posavec et al., 2006; 2010).

During the entire investigation (10/2011–
04/2016) we managed to record, both the dry 
period and floods. From mid-2011 and mid-2012 
there was a drought period (ARSO, 2012). In the 
same year, there was a lot of precipitation, which 
caused flooding. The fluctuation of the ground-
water level in the well is very dynamic. With the 
instrument we recorded a range of fluctuations 
up to 19.11 m. With the construction of the curve 
(dashed line) we recorded a range of fluctuations 
of up to 28.6 m (Fig. 13), which is much more than 
previously determined. The groundwater level 
was the lowest recorded, with the help of a re-
construction, on 11 March 2012 at an altitude of 
708.3 m and the highest on 10.11.2012 at an alti-
tude of 736.9 m. The well dried each year, with 
the exception of 2014, when precipitation in that 
area was 2394.2 mm, which represents 126 % of 
the precipitation relative to the reference period 
1961–1990.

The groundwater level in the upper part of 
the Radovna River Valley fluctuates greatly and 
changes rapidly, indicating well-permeable aqui-
fer, and at the same time such an aquifer is ex-
tremely sensitive and vulnerable to extreme cli-
matic events such as drought or lack of snow and 

Fig. 12. Schematic N-S 
cross-section model of the 
Radovna River Valley deri-
ved from HRS profile. 
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floods, or too much water in a short time, which 
can cause a lot of damage. The fluctuations of the 
groundwater level are simultaneously reflected 
at the location of the Radovna Spring, as it moves 
along the valley up and down according to the 
amount of water in the aquifer.

At the Gogalov Rovt location (Figs. 2, 6) dis-
charge was measured from 1.3.2012 to 12.4.2016. 
At the beginning of the measurements the river-
bed was dry till the beginning of May, due to ex-
tremely low precipitations in 2011 and 2012. The 
discharge ranged between 0 and 3.74 m3/s, with 
an average of 0.16 m3/s (Fig. 14). 

The Gogalov Rovt hydrograph shows a mixed, 
Alpine snow-rain drainage regime, with minimal 
discharges in the winter and summer periods 
and with maximum discharges in spring, during 
snow melting period, and in autumn during heavy 

precipitations. The fluctuations of discharges in 
the river are a reflection of the fluctuation of the 
groundwater level in the aquifer and the direct 
impact of precipitation. In case of heavy precipi-
tation the water in the riverbed increases greatly, 
but also drains very quickly. The snow melting 
periods are very different during the observation 
period on the hydrograph, which is influenced by 
several factors, such as the thickness of the snow 
cover, the temperature at the melting time, the 
amount of rainfall, etc.

Conclusions

The low-frequency GPR method has shown 
to be useful for determining the depth of the 
groundwater table in the hinterland of the Ra-
dovna spring. Given the rather unfavourable 
conditions for GPR measurements that caused 

Fig. 13. The fluctuation of 
the groundwater level in 
the well in time; dashed line 
marks the calculated levels 
by recession curve, the red 
line indicates the depth of 
the well.

Fig. 14. Discharge of 
Radovna river as a function 
of time at location Gogalov 
Rovt.
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poor antennas ground contact, the results are 
satisfactory. Although it was impossible to deter-
mine the shape of the groundwater table in de-
tail, an insight into the aquifer and calculation 
of groundwater gradient was obtained with the 
longitudinal profile R1. A greater recharge from 
the southern Pokljuka plateau was detected in 
the transverse profile R3.

The high-resolution seismic reflection profile 
provided, despite generally poor data quality 
and necessity to apply alternative interpretation 
method, highly valuable information on the ge-
ometry of the aquifer and the depth of the sed-
iments in the valley. The seismic reflection data 
gave an insight about the morphology of the 
pre-Quaternary basement with the deepest point 
at 141 meters below surface.

Measurements of the groundwater level 
showed that the fluctuations were very dynamic 
reaching up to 19.11 meters, and even, 28.6 me-
ters when the curve was extrapolated. Surface 
water discharges ranged between 0 and 3.74 m3/s, 
with an average of 0.16 m3/s, showing a mixed, 
Alpine snow-rain drainage regime. The fluctua-
tion of groundwater level is directly reflected in 
the discharges in the river, as the location of the 
Radovna Spring moves up and down depending 
on the amount of water in the aquifer.

Both the geophysical and hydrogeological 
methods provided important information on the 
morphology of the valley and the alluvial aquifer, 
adding to the knowledge of the Radovna springs 
system and providing very important informa-
tion for future hydrogeological investigations.
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