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ABSTRACT 

The paper presents the research conducted in Topusko, 
one of the three pilot areas of the HyTheC project, in 
the first year of field research. The results from 
geophysical research by electrical resistivity 
tomography have served to identify the fault damage 
zone in the subsurface of these thermal springs for the 
first time. The hydrodynamic measurements have 
enabled us the calculation of hydrogeological 
parameters of the aquifer, while the hydrochemical 
research gives us an insight into the conditions and the 
dominant processes in the aquifer. 

1. INTRODUCTION 

With temperatures up to 65 °C, natural thermal springs 
emerge at two dozen localities in the Pannonian part of 
Croatia, which has favourable geothermal 
characteristics: anomalously high surface heat flow and 
geothermal gradient due to back-arc crustal thinning in 
the Pannonian Basin System. These waters have been 
used for millennia, and in the past fifty years they were 
a basis for the development of recreational and health 
tourism. The increase in thermal water utilisation is 
foreseen by many European and Croatian strategic 
documents regulating energetics, tourism and 
environmental protection. Thus, Croatian Geological 
Survey wishes to establish a multidisciplinary group for 
hydrothermal systems (HTSs) research, contributing to 
responsible geothermal development in our country 
through a 5-year research project HyTheC. 

Thermal springs are generally part of intermediate scale 
hydrothermal systems, including recharge areas in the 
mountainous hinterlands and geothermal aquifers 
mostly hosted in Mesozoic carbonate rocks. A system-
level understanding of the factors controlling these 
resources is necessary for their sustainable utilization. 
A multidisciplinary approach is used to characterize 
Daruvar, Hrvatsko zagorje, and Topusko HTSs in NE 
Croatia. 

Structural, hydrogeological, geothermal, 
hydrogeochemical, geophysical investigations, and 
remote sensing will be used to construct conceptual 
models. Their physical validity will be tested through 
numerical simulations supported by 3D geological 
reconstructions and local hydrogeological and thermal 
parameterisation of the hydrostratigraphic units. 

This paper presents the most interesting results from the 
research in the discharge area of the Topusko HTS 
(location shown in Fig. 1) in the first year of ongoing 
field research. 

2. GEOLOGICAL AND HYDROGEOLOGICAL 
SETTINGS 

Topusko is located at the SW margin of the Pannonian 
Basin System. Surface geology is characterised by the 
presence of younger rocks and sediments (Fig. 1). The 
oldest sediments at the surface are the loose Badenian 
arenites (M4). Sandy and clayey marls (Pl1

2) outcrop in 
contact with younger Plio-Quaternary and alluvial 
deposits. Plio-Quaternary sedimentary deposits (Pl, Q), 
approximately 70 meters thick, consist of sand and 
gravel with interlayers of clay, and lay discordantly 
over various older lithological units. The Quaternary is 
mainly represented by clays, sands and gravels. 

From a hydrogeological point of view, Triassic 
carbonates (T2; T2

1; T2
2, T3) represent geothermal 

aquifers in the Topusko HTS. The complex of 
Paleozoic deposits of Petrova gora Mt. form an 
impermeable core, together with Lower Triassic 
elements of the structure (Bahun & Raljević, 1969). 
This caused the formation of a network of smaller 
streams that deepened the valleys by erosion. Miocene 
and Plio-Quaternary sediments characterized by 
variable permeability overlay the geothermal aquifer in 
the discharge area of Topusko. 

The spring area is bounded by three faults that form a 
block in the form of a three-sided prism (Fig. 1), 
enabling the uplifting of Triassic carbonates, which was 
determined by drilling. The geological relations that 
enabled the emergence of hot thermal water on the 
surface are not completely clarified to this day, and no 
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research has even been conducted with such goal 
(Šimunić 2008). 

 

 

Figure 1: Position of Topusko natural thermal springs and a simplified geological map of the spring area modified 
from Šimunić (2008).

3. IDENTIFICATION OF FAULT DAMAGE 
ZONES BY ELECTRICAL RESISTIVITY 
TOMOGRAPHY 

It is long considered that natural thermal springs in 
Topusko occur in a fault damage zone of intersecting 
faults, as described in the previous section. If that is the 
case, we hypothesized that this situation can be detected 
in the subsurface by imaging the electrical resistivity 
contrasts so electrical resistivity tomography (ERT) 
measurements were foreseen. 

Measurements were done using POLARES 2.0 
electrical imaging system (P.A.S.I. srl) which uses a 
sinusoidal alternate current of variable frequency. With 
its automatic “multiplexer” to commute signals on the 
different electrodes, the instrument can measure both 
current and voltage with microprocessor-controlled 

sequence of measurements. This system is connected to 
stainless steel electrodes, which are laid out in a straight 
line with a constant spacing of 10 m via a multi-core 
cable. The resistivity meter selects only four active 
electrodes to be used for each measurement. 

Surveys were conducted with a Wenner-Schlumberger 
array, at a frequency of 1.8 Hz, and max. phase of 20° 
(delay of the voltage signal respect to the current 
signal). This configuration is considered to have good 
signal response, the ability to resolve horizontal and 
vertical structures relatively well, and greater depth of 
investigation – approximately one fifth of the section 
length in the central part of the cross-section (Ward 
1990; Sharma 1997; Reynolds 1997; Loke 2020). 
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Figure 2: Electrical resistivity tomography cross-sections. Locations of the sections are shown in Figure 1. 

 
The results presented in Fig. 2 show that, indeed, the 
resistivity contrast is very visible and such sharp 
interface suggests a tectonically predisposed structure 
of the subsurface. Our findings therefore corroborate 
the idea of the existence of the fault interaction zone 
which has created an extensive fault damage zone and 
enabled the formation of high-yield natural thermal 
springs. Faults shown in A-A’ and B-B’ cross-sections 
can be considered the cause of emergence of Livadski 
izvori and Blatne kupelji springs (Fig. 1). 

More ERT research will be conducted in order to image 
the other faults and their damage zones as they are not 
visible on the surface due to young sediments in the 
surface. Special attention will be given to the area of 
the third natural spring, Bistro vrelo (Fig. 1) 

4. HYDROGEOLOGICAL PARAMETRISATION 

The thermal aquifer in Topusko is artesian with a water 
pressure currently ranging from 0.66 to 1.53 bar and up 
to 2.5 bar in the 1980s. 

Well tests on TEB-1, 3 and 4 were conducted in 
September 2021 to assess the hydrogeological 
characteristics of the aquifer. Due to the wells 
construction, TEB-3 and 4 were investigated by 
recovery tests that yielded partial results. A step-
drawdown test was conducted on TEB-1 (Fig. 1) 
providing good results on the well efficiency and the 
hydrogeological properties of the aquifer. Six pumping 
rates (Q) from 2.7 to 24.1 l/s were conducted. The water 
pressure was measured at the time interval of 1 s using 
a digital manometer with a resolution of 1 mbar, while 
the water temperature was measured once for every 

pumping rate step. The water density was determined 
from its temperature, and the pressure drop was 
converted in drawdown (Δ in m). 

The drawdown is the result from both aquifer and well 
losses (e.g. Kruseman et al 1970). The aquifer losses 
are head losses occurring in the aquifer that vary 
linearly with the well discharge. Well losses can be 
linear and non-linear, and are caused respectively by: i) 
the damage to the aquifer during the drilling and 
completion of the well, and ii) the turbulent flow in the 
well and its surroundings. Linear and non-linear losses 
can be determined using the equation (Jacob 1947):  

Δ = (𝐵 + 𝐵 )𝑄 + 𝐶𝑄   [1] 

The B+B’ and C parameters can be calculated through 
a linear regression from a modified version of the 
Jacob’s equation (Bruin and Hudson 1955): 

= (𝐵 + 𝐵 ) + 𝐶𝑄  [2] 

This approach was applied for the results of the step-
drawdown test in TEB-1. A representative pressure 
value for every pumping rate was calculated using the 
last 100 measurements in the step (Pfin in Tab. 1 of Fig. 
3). The linear regression between Δ/Q and Q (Tab. 2 of 
Fig. 3) resulted in an intercept of 62.78, corresponding 
to B+B’, and a slope of 3686.34, corresponding to C. 
The coefficient of determination (r2 in Tab. 2 of Fig. 3) 
close to 1 points to a “quasi-perfect” linear correlation 
between the variables, while the low standard errors 
(Tab. 2 of Fig. 3) suggest a good fitting between the 
regression and the data.
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Figure 3: Interpretation of the step-drawdown test results conducted in the TEB-1 well. 

 
The obtained parameters were used to determine the 
theoretical drawdown curve of TEB-1 (Tab. 3 in Fig. 
3), and the well efficiency (i.e., the ratio between the 
drawdown and the linear losses) was calculated. The 
well efficiency is good (70-80 %) at low flow rates, and 
it drastically drops to approximately 40 % at higher 
flow rates suggesting significant head losses in the well. 
Poor well efficiency is also suggested by the C value 
pointing out to a severe clogging in the well (Kurtulus 
et al., 2019). 

The collected data were also used to assess the 
transmissivity of the thermal aquifer through the well-
established experimental relation between the 

transmissivity and the specific capacity (i.e., ratio 
between the flow rate and the drawdown). In particular, 
the equations proposed by Fabbri (1997) and 
Verbovšek (2008) were considered since they were 
developed, respectively, for a carbonate thermal aquifer 
and for dolomite aquifers in nearby Slovenia. An 
average specific capacity was calculated from the flow 
rates and the drawdowns of the first to fourth pumping 
steps. fThe fifth and sixth steps were excluded since 
they show the highest well losses reflecting in the 
lowest efficiency. The resulting transmissivity for both 
equations was approximately 2*10-2 m2/s, which 
corresponds to a hydraulic conductivity of 
approximately 2*10-4 m/s considering that the 
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thickness of the dolomite aquifer in TEB-1 is 106 m. 
This hydraulic conductivity value is within the range of 
hydraulic conductivities for fractured carbonates 
commonly found in literature (e.g., Domenico and 
Schwartz 1990; Freeze and Cherry 1979; Heath 1983). 

5. HYDROGEOCHEMICAL 
CHARACTERIZATION OF THE AQUIFER 

36 thermal water samples were collected during the 
first year of the sampling campaign (March 2021 to 
February 2022) in the Topusko HTS discharge area for 
hydrochemical analysis. We sampled two natural 
thermal springs, Livadski izvori and Blatne kupelji, and 
TEB-4 thermal water well (Fig. 4). In situ parameters 
measured by a multi-parameter probe included water 
temperature, pH, and electrical conductivity (EC). The 
concentration of bicarbonate anion was determined in 
situ by volumetric titration using a digital titrator. 
Major anion and cation composition and SiO2 
concentrations were analysed in the Hydrochemical 
Laboratory of the Department of Hydrogeology and 
Engineering Geology at the Croatian Geological 
Survey using ion chromatography and 
spectrophotometric methods. “DIAGRAMMES” 
program was used to make the Piper diagram and to 
calculate total dissolved solids (TDS) (Simler, 2012). 

Table 1 shows the average values of groundwater 
physicochemical parameters measured in situ. Thermal 
water pH has a slightly acid character, averaging 
around 6.5 – 6.8. Total dissolved solids (TDS) in 
thermal water range from 497 to 572 mg/l and serve as 
a good indicator of water mineralization (Hiscock, 
2014) which can be characterized as medium to low. 
Serianz (2020) characterized thermal water around the 
Bled area in Slovenia, which is hosted in a Mesozoic 
geothermal carbonate aquifer, as highly mineralized 
(around 700 – 840 mg/l) with regard to adjacent karstic 
freshwater springs with relatively low mineralization 
(around 200 – 320 mg/l). 

Table 1: Average values of in situ parameters of 
thermal groundwater samples – Topusko 
HTS (March 2021 – February 2022). 

 T(⁰C) pH EC TDS 

Livadski 
izvori 

52.3 6.5 622 533 

Blatne 
kupelji 

48.4 6.8 642 543 

TEB-4 64.7* 6.6 631 544 

 

Figure 4 shows that Livadski izvori thermal spring has 
a relatively constant temperature with a very low 
oscillation of 1.3 ⁰C, while Blatne kupelji spring 
temperature plot appears to follow seasonal 
fluctuations. With the highest measured temperature in 
July 2021 (51.9 ⁰C) and the lowest in January 2022 
(45.1 ⁰C), it oscillates by 6.8 ⁰C.  

 

 

 

Figure 4: In-situ thermal springs temperatures and 
pH. 

In thermal waters of Livadski izvori and TEB-4 well 
the pH is stable. The biggest measured pH differences 
for both are 0.2. The pH measured in Blatne kupelji 
spring shows a variation of 0.8 which is almost 1, 
pointing to lowering the concentration of H+ ions by a 
factor of 8. This could indicate the mixing of thermal 
water with some alkaline fluids (eg. detergent). Further 
investigations will seek to validate this assumption. 

 

 

Figure 5: Piper diagram of groundwater samples 
from the Topusko HTS (March 2021 – 
February 2022). 
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The major anion and cation composition of 
groundwater is graphically presented in the Piper 
diagram (Fig. 5) (Piper, 1944). Thermal water in 
Livadski izvori, Blatne kupelji and TEB-4 show Ca-
HCO3 hydrochemical facies, with a dominance of Ca 
cation followed by Mg, which is characteristic of 
groundwater in carbonate aquifers (Li et al 2020; Wang 
et al 2020; Patekar et al 2022). 

Figure 6 shows the relationship between Ca+Mg and 
HCO3. The milligram equivalent ratio of (Ca + Mg) / 
(HCO3) should be 1:1 when HCO3 is derived from the 
dissolution of carbonate minerals (calcite and 
dolomite). Thermal water samples have an average 
equivalent ratio of 1.3 and fall close to the 1:1 line, 
suggesting that the dissolved inorganic carbon is 
mainly composed of bicarbonate and related to 
carbonate dissolution (Carlson 2001; Li et al 2020).  

 

Figure 6: Relationship between Ca + Mg and HCO3. 

Figures 5 and 6 suggest that carbonate weathering is the 
major source of solutes in the thermal waters of 
Topusko HTS. 

The average mass concentration of silica (SiO2) is 36.7 
and 37.4 mgl/l for thermal springs Livadski izvori and 
Blatne kupelji, respectively. A classical chemical 
geothermometer, which includes the dissolved silica 
geothermometer (SiO2-quartz), is used to calculate the 
preliminary reservoir temperature of the HTS Topusko. 
Blasco (2019), amongst others, used a (SiO2-quartz) 
chemical geothermometer to calculate the temperature 
of thermal water hosted in a low-temperature 
geothermal reservoir comprised of carbonate and 
evaporitic rocks. It consists of experimentally 
calibrated equations (Truesdell, 1976; Fournier, 1977; 
Michard, 1979) that enable the determination of the 
temperature in the reservoir using the concentrations 
measured in the thermal springs. The average 
geothermal reservoir temperature can be estimated at 
88 ⁰C, as shown in table 2. 

 

Table 2: Average geothermal reservoir 
temperature of Topusko HTS calculated 
with experimentally calibrated equations. 

 
Truesdel
l (1976)  

Fournier 
(1977)  

Michard (1979)  

Units (mg/l) (mg/l) (mol/l) 
Livadski 

izvori 
(⁰C) 

88.06 87.90 89.13 

Blatne 
kupelji 

(⁰C) 
87.61 88.69 89.95 

𝑇

=
1315

5.205 − lo g( 𝑆𝑖𝑂 )
− 273.15 

𝑇

=
1309

5.19 − lo g( 𝑆𝑖𝑂 )
− 273.15 

𝑇

=
1315

0.435 − lo g( 𝑆𝑖𝑂 )
− 273.15 

 

6. DISCUSSION AND CONCLUSIONS 

The HyTheC project investigates hydrothermal systems 
in Croatia using multidisciplinary methodology in three 
pilot areas in Croatia in order to determine which 
methods are more or less suitable for our conditions: 
gravity driven systems in an extensional back-arc basin 
with conduction-dominated heat transfer, in Triassic 
carbonate aquifers. 

This paper presented our first findings from one of the 
pilot areas, Topusko thermal springs, resulting from 
geophysical, hydrogeological and hydrochemical 
research. Presented research will be complemented by 
magnetotelluric, remote sensing and structural-
geological data in order to achieve a system-level 
understanding, develop its conceptual model and try to 
verify it through modelling and numerical simulations. 
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