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Abstract: Topusko is the second warmest natural thermal water spring area in Croatia, located at
the southwest edge of the Pannonian Basin System. Due to favourable geothermal properties, these
waters have been used for heating and health and recreational tourism since the 1980s. Thermal
springs with temperatures up to 50 °C are the final part of an intermediate-scale hydrothermal system.
However, systematic research on the Topusko spring area has not been conducted to lay the founda-
tion for sustainable resource utilisation. Multidisciplinary research including the hydrogeochemical
characterisation of naturally emerging thermal water, an electrical resistivity tomography (ERT)
investigation conducted to reconstruct the subsurface geology, and hydrogeological parametrisation
of the geothermal aquifer was carried out to refine the existing local conceptual model. The results
show Ca-HCOj facies of Topusko thermal waters, which get heated in a Mesozoic carbonate aquifer.
The water equilibrium temperature in the geothermal aquifer is estimated to be 78 °C based on the
SiO,-quartz geothermometer. The fault damage zone, which enables the upwelling of thermal water,
was identified by ERT investigations. The transmissivity values of the aquifer derived from the
results of step-drawdown tests range from 1.8 x 1072 to 2.3 x 1072 m?/s. Further multidisciplinary
research is necessary to improve the existing conceptual model of the Topusko hydrothermal system.

Keywords: thermal spring; hydrogeochemical characteristics; electrical resistivity tomography;
hydrogeological parameters; hydrothermal system; Croatia

1. Introduction

Geothermal energy is a renewable energy source that encompasses the thermal energy
generated and/or stored in the subsurface, representing a strong driver of the EU’s clean
energy transition as envisioned by the European Green Deal [1-5]. It is considered an
inherently clean form of energy without combustion that facilitates meeting environmental
standards and regulations. When it can be economically extracted from an aquifer and used
for generating electric power or any domestic, agricultural, or industrial application, it
forms a geothermal resource [6]. The availability of a geothermal resource can contribute to
domestic economic health, decrease the annual energy trade deficit, and reduce dependence
on imported energy. Its characteristics and possible modalities of utilisation are closely
related to the geological and hydrogeological setting of the connected geothermal system.
To classify a geological system as geothermal, three main elements must be present: a source
of heat and fluid, an aquifer that accumulates them, and a barrier that retains them [7].

There are several classifications for geothermal resources based on their geological or
engineering characteristics [8-10]. According to [10], there are three main types of geother-
mal resources based on their geological characteristics and the heat transfer mechanism:
(i) hydrothermal convection resources, (ii) hot igneous resources, and (iii) conduction-
dominated resources. When the underlying mechanism of heat transfer involves the
convection of water in a liquid or vapour state, it is considered a hydrothermal system.
Hydrothermal systems include a recharge area where meteoric water infiltrates into the
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subsurface, a geothermal aquifer where water gets heated by terrestrial heat flow, and a dis-
charge area where the heated water flows out in the form of natural thermal springs [7,11].
The outflow of thermal waters is generally driven by favourable structural conditions that
increase the local permeability [10-12].

Determining the geological and hydrogeological settings driving a hydrothermal
system is crucial in order to understand its development and renewability. The renewability
of a hydrothermal system depends on continuous and sufficient recharge by meteoric water
and heat inflow, while sustainable utilisation depends on both the local hydrogeological
characteristics and the exploitation scheme. As many European and Croatian strategic
documents regulating energy, tourism, and environmental protection envisage the use of
thermal water in order to transit towards climate neutrality, a detailed characterisation
of the resource is needed to assess its renewability and propose a long-term sustainable
utilisation scenario.

The characterisation of resources through hydrogeochemical, geophysical, hydrody-
namic, and geological investigations is commonly used for the exploration of hydrother-
mal resources and to assess their renewability and the sustainability of utilisation prac-
tices [7,11,13-15]. Hydrogeochemical methods are an effective tool to determine the origin
of the geothermal fluid, the interaction with the aquifer, aquifer equilibrium temperature,
water mean residence time, and possible mixing processes [16-18]. Geophysical meth-
ods can be used to reconstruct the geological and structural settings in the subsurface
assessing the volume of the aquifer and the geometry of the fault network that drives the
fluid flow [19-21]. In addition, the management of the geothermal aquifer requires an
assessment of the hydrogeological parameters of an aquifer, such as hydraulic conductivity,
transmissivity, and porosity.

Geothermal waters in the Republic of Croatia have significant potential for large-scale
heat generation, cascading water uses, and local power generation [22]. They generally oc-
cur in areas of high surface heat flow and are predominantly hosted in Mesozoic carbonate
rock [23,24]. One of the most relevant thermal manifestations in Croatia is represented by
the thermal springs in Topusko, being the second warmest natural spring area in Croatia.
Springs with temperatures of up to 50 °C attracted people’s attention already in Roman
times [25]. Four exploitation wells were drilled in the 1980s with depths of 80-250 m,
enabling the outflow of artesian waters of up to 66 °C. Thermal waters have been directly
used for heating and balneology. During the Croatian War of Independence (1991-1995),
the area of Topusko suffered enormous destruction, and the damage has not been fully
repaired to this day. Before that, the consumption of thermal water for therapy, recreation,
and heating of residential and commercial buildings was higher.

Despite the great natural potential of the Topusko geothermal resource, research is
scarce, and unpublished reports on well construction and revitalisation make up most of the
available data. Multidisciplinary research of the discharge area is one of the steps leading
to the development of an improved conceptual model of the Topusko hydrothermal system
(THS). The main objectives of this work are (i) the hydrogeochemical characterisation of
the naturally emerging thermal water and the estimation of the aquifer equilibrium tem-
perature, (ii) the reconstruction of the subsurface geological setting and the identification
of preferential flow paths allowing the thermal water outflow in the spring area, and (iii)
the hydrogeological parameterisation of the geothermal aquifer.

2. Materials and Methods
2.1. Study Area

The town of Topusko is located approximately 60 km south of Zagreb in the lowlands
along the eastern slopes of Petrova gora hill (Figure 1). Geomorphologically, the Topusko
area belongs to the floodplain along the middle course of the Glina river. According to the
2021 census, the town of Topusko had 2310 inhabitants [26]. This area has been inhabited
since ancient times due to the rich thermal water springs and ore deposits. A moderate
continental climate prevails in the study area, slightly influenced by the Mediterranean
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climate of the northern Adriatic [27]. The annual average precipitation is 900 mm and up
to 1400 mm in the period of 1961-1990 (Sisak meteorological station), with peaks at the
beginning of summer and the end of autumn. Average monthly air temperatures range
from —1.1 °C in January to 20.8 °C in July, while the annual average is 10 °C [28].
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Figure 1. Geographical setting of the study area. The division between the major tectonic units of
the External and Internal Dinarides (W and E, respectively) is simplified from [29-31]. Coordinate
system: EPSG 3765.

Geological and Hydrogeological Setting

The study area is located at the NE margin of the Dinarides, belonging to the tectonic
unit of the Internal Dinarides [23,29]. Figure 1 shows the tectonic contact dividing External
and Internal Dinarides. External Dinarides are characterised by a thick sequence of Meso-
zoic carbonates (up to 8 km), being part of the Adriatic microplate [29,32]. The Internal
Dinarides consist of a set of complex nappe sheets comprising continental-derived deposits
sedimented at the distal edge of the Adriatic microplate, formed mainly during the last
orogeny from the Cretaceous to the Cenozoic [30]. Furthermore, the Topusko area is located
at the southwest margin of the Pannonian Basin System, sharing its favourable geothermal
characteristics connected to back-arc crustal thinning. In the Croatian part of the Pannonian
basin, natural thermal water springs emerge at two dozen localities, with temperatures up
to 58 °C [24,33].

The surface geology in the area of Topusko is mostly characterised by Pliocene to
Holocene sedimentary deposits (hereafter referred to as Plio-Quaternary deposits) up
to 90 m thick. They consist of clays, sands, and gravels laying discordantly over older
lithological units (Figure 2). Locally, older deposits consisting of loose Badenian arenites
(My) crop out. Below these units, the occurrence of Miocene marls and sandstones and
Mesozoic dolomites interlayered with sandstones and marls was determined by drilling.
The spring area is presumed to be bounded by three faults that form a block in the form of
a three-sided prism (Figure 2), enabling the uplifting of Triassic carbonates, which were
determined to be the aquifer [34].
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Figure 2. Geological map of the study area modified from [34,35] with the positions of natural thermal
springs and exploitation and exploratory wells in Topusko town.

There are three natural artesian thermal springs (Figure 2; Livadski izvor, Blatne
kupelji, and Bistro vrelo springs) with temperatures up to 50 °C and an estimated total
capacity of approximately 20 L/s [36,37]. In particular, the Livadski izvor spring is the
second warmest thermal spring in Croatia. Four exploitation wells (TEB-1 to 4) were drilled
during the 1980s based on the results of eight exploratory wells (i.e., TP 1 to 7 with depths
up to 50 m and temperatures between 28 and 62 °C, and TP 8 with a depth of 170 m and
temperature of 62 °C). TEB-1, 3, and 4 have constantly been operating, being the source
for heating, balneology, and health tourism in Topusko. TEB-2 was damaged, and it is no
longer in operation. The wells are artesian with a pressure of 0.5 to 2.3 bar, a temperature of
64 to 68 °C, and an estimated total capacity of 200 L/s [38,39]. A water permit was issued
in 1998, allowing exploitation with a maximum flow rate of 151 L/s. However, annual
consumption data (2009-2013) show that the actual average flow rate is approximately
30 L/s, pointing to very low utilisation.

From a hydrogeological perspective, Mesozoic carbonates represent the geothermal
aquifer of the THS, while younger Neogene sediments characterised by generally lower
permeability represent the aquitard at the top of the aquifer [35,40].

Simuni¢ [34] proposed a conceptual model of THS. The recharge area is to the west of
the Petrova gora hills, where Triassic carbonates crop out. Infiltrated waters flow in the
Mesozoic carbonates below the Paleozoic metamorphic units of the Petrova gora nappe,
reaching a depth of 3 km. In Topusko, a set of faults forming a block in the shape of a
three-sided prism enabled the uplifting of the aquifer. However, the geological relations
that enable the emergence of thermal water on the surface are still not fully understood.
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2.2. Geochemical Investigations
2.2.1. Chemical Composition of Groundwater

The chemical composition of groundwater is determined by the original composition
of the infiltrated water and the chemical reactions occurring in the aquifer during its
flow. Its final composition is influenced by many factors including altitude, vegetation,
climate, and the mineralogical composition of the aquifer. The principal anion and cation
composition gives insight into the mineralogical composition of the aquifer, as well as
possible mixing with water from shallower cold aquifers in the spring areas [17,41]. In
addition, selected chemical compounds can be used to calculate the aquifer equilibrium
temperature by using different empirical formulae [42-44].

Hydrochemical analyses conducted during several sampling campaigns in the 1980s
were collected for this work [36,45-47]. The hydrogeochemical parameters of thermal
water samples included groundwater temperature (T), pH, major ions (Ca’*, Mg?*, Na*,
K*, HCO;~, SO42~, and CI7), and silica (S5iO;). The quality of the analysis was tested by
evaluating the charge balance and its error through the equation:

_ antions B Zanions % 100’ (1)
Zions

where the ionic concentrations are in meq/L. Samples with a charge balance error of more
than £2% were excluded from further analysis [17,48,49].

Processing of acquired data was carried out in Excel and DIAGRAMMES computer
software, which was used to make the Piper diagram and to calculate total dissolved
solids (TDS) [50]. A trilinear Piper diagram was used to graphically determine ground-
water hydrochemical facies based on the chemical composition of thermal water samples
and their dominant ions [51,52]. In addition, the equivalent ratio of Ca?t/ Mg2+, (Ca%* +
Mg?*)/(HCO3 ™), (Ca®* + Mg?*)/(HCO;~ + SO427), and the molar ratio of Ca?*/(Mg?* +
Ca?*) vs. 50427 /(SO42~ + HCO; ™) in groundwater were graphically analysed, detailing
the water-rock interactions in the system.

Charge balance error (%)

2.2.2. Geothermometers

The maximum temperature reached by the thermal waters in the aquifer is an impor-
tant parameter determining the potential of using an individual geothermal resource [18].
This parameter can be determined using chemical geothermometers. Chemical geother-
mometry is based on the temperature dependence of mineral-fluid equilibrium. The main
assumptions of geothermometry are that (i) fluids are in chemical equilibrium, (ii) the min-
eral assemblage is thermodynamically stable, and (iii) thermal water retains its chemical
properties during its upwelling to the surface [53].

Classical chemical geothermometers, which include the dissolved silica geothermome-
ter 5i0;-quartz and SiO,-chalcedony, were used to predict the aquifer temperature of the
THS. They consist of experimentally calibrated equations ([54] (2), [55] (3), and [56] (4) for
the SiO;-quartz geothermometer; [55] (5) and [57] (6) for the SiO,-chalcedony geothermome-
ter) that enable the determination of the water temperature in the aquifer using the SiO,
concentrations. The equations used for the 5iO;-quartz geothermometers are:

1315

T=5205 = log (Si0,) — 27315 (°C), @
1309 .

T=519= log (SiO,) —27315(°C), ®)

T 1315 —273.15 (°C). )

T 0.435 — log (Si0,)
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The equation used for the SiO;-chalcedony geothermometers are:

1032
= —273.15 (°
0.435 —log (SiO,) 315 (°C), ©)
1112 — 27315 (°C). ©6)

T 491 — log (Si0,)

Concentration units are in mg/L, except for (4), which is in mol/L. The application of
a quartz geothermometer is recommended for aquifer temperatures above 150 °C. Below
that, chalcedony usually controls the dissolved silica content [11,18].

2.3. Hydrogeological Investigations

Well tests on TEB-1 and 3 were conducted in September 2021 and 2022 to assess the
hydrogeological characteristics of the aquifer. Due to the construction of the wells, step-
drawdown tests with variable pumping rates (Q) were carried out by estimating the wells’
efficiencies and the transmissivity of the aquifer. The water pressure was measured at a
time interval of 1 s using a digital manometer (Keller LEX1) with a resolution of 0.1 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 (A in m).

The drawdown results were determined from both aquifer and well losses [58]. The
aquifer losses (B) are head losses occurring in the aquifer that vary linearly with the well
discharge. Well losses can be linear (B) and non-linear (C) and are caused respectively
by (i) the damage to the aquifer during the drilling and the 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 [59]:

A= (B+B)Q+CQ", @)

with n varying from 1.5 and 3.5. The generally accepted value of n = 2 was used in the
interpretation of the step-drawdown test results [60].

The B + B’ and C parameters were calculated through a linear regression from the
experimental A and Q values [61]:

% = (B+B')+CQ (8)
Different statistical indicators were used to assess the reliability of the linear regression.
The B + B’ and C coefficients were used to calculate the theoretical A at the measured Q.
The well efficiency was calculated as the ratio between the linear losses and the total A.
The collected data were also used to assess the transmissivity of the thermal aquifer
through the well-established experimental relation between the transmissivity of the aquifer
and the specific capacity of the well (SC = Q/A). Both experimental and theoretical A were
used to calculate SC. The aquifer transmissivity (T) was estimated following the equations:

T (m? /day) = 0.85 x SC'77, )

T (m?/s) =239 x SC'¥7. (10)

These equations [62,63] were considered since they were developed, respectively, for a
carbonate thermal aquifer in Italy and dolomite aquifers in Slovenia. SC was calculated for
steps showing well efficiency higher than 50%, and an average value of SC was used to
determine T.
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2.4. Geophysical Investigations

Geophysical investigations can be used to reconstruct the geological and structural set-
tings of the subsurface based on the physical properties of the different geological elements.
These methods are fruitful where the geological setting is concealed below the alluvial
cover and boreholes could provide only partial reconstruction due to lateral variations in
the geological setting. Electrical resistivity tomography (ERT) is a non-invasive and fast
geophysical method, usually applied to obtain high-resolution 2D images of the subsurface
resistivity. This method can be used to define the geometry of an aquifer, delineate the
structural and lithological setting of the subsurface, and determine the geometry of faults
and the width of the connected, water-saturated fault zones [64—66].

Three ERT profiles (TOP-1, TOP-2, and TOP-3) were recorded in 2021. The ERT surveys
were performed using the POLARES 2.0 electrical imaging system by P.A.S.I. srl, which uses
a sinusoidal alternating current of variable frequency. A multi-electrode resistivity system
consisting of stainless-steel electrodes with constant spacing, connected by a multi-core
cable, was used [67,68]. Surveys were performed using a Wenner-Schlumberger array
at a frequency of 1.79 Hz and a maximum phase of 20° (delay of the voltage signal with
respect to the current signal). This configuration resolves horizontal and vertical structures,
maintaining a good investigation depth (i.e., approximately one-fifth of the section length in
the central part of the profile [69-72]). The TOP-1 profile was measured using 64 electrodes
spaced 5 m apart, resulting in a total length of 315 m. TOP-2 and 3 profiles were conducted
using 32 and 48 electrodes, respectively, and an electrode spacing of 10 m, resulting in a
total profile length of 310 m and 470 m, respectively.

RES2DINYV resistivity inversion software was used to invert the apparent resistiv-
ity data measured in the field into a 2D resistivity model of the subsurface [73]. The
smoothness-constrained least-squares method [74,75] based on an L2 norm [76,77] was
used for the data inversion. This method minimises the square of the differences between
the measured and calculated apparent resistivity values and typically produces smoothly
varying resistivity distributions.

The stratigraphic logs of the wells provided hard data to corroborate the interpretation
of the resistivity models. In particular, the TOP-1 profile crosses the TEB-2 well, while
TOP-2 and TOP-3 profiles are located in the close vicinity of the TEB-4 well.

3. Results
3.1. Geochemical Characterisation of Thermal Groundwater
3.1.1. Major Ions Chemistry

A total of 39 chemical analyses of major ion content from thermal waters in Topusko
were collected from unpublished reports. Nine samples with a reaction error over +2%
were excluded from further analysis. Table 1 shows the concentrations of major ions of
sampled thermal water, along with temperature, pH, and SiO, measurements. The data
are organised based on the sampling location.

The monitored thermal spring Livadski izvor showed a temperature of 50 °C, while
the exploitation and exploration wells showed average temperatures of 65 and 51 °C,
respectively. Thermal water pH was neutral to slightly basic, averaging 7.0 and 7.5 for
Livadski izvor spring and exploitation wells, respectively (Table 1). TDS ranged from 505
to 592 mg/L, being within the range for thermal springs in carbonate aquifers of the Inner
Dinarides, which generally show TDS lower than 1 g/L [78]. Nonetheless, the generally low
concentrations of the cations and anions resulting in low mineralisation of the groundwater
in the study area indicate a precipitation recharge-dominated groundwater system.
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Table 1. Physical and chemical parameters of sampled thermal waters.

Depth T pH Ca** Mg>* Nat K* HCO3z~ SO42- ClI- TDS* SiO,
Name ——— Date
m °C - mg/L
Livadski 0 1904 49.5 - 89.39 19.74 1827 1269 2704 10810 1940 586  29.96
izvor 12/1988 50 70 8520 1750 1520 720 2444 8920 2130 521 25.6
5/1983 66 72 8710 1820 2330 930 2685 10330 2200 581 31.0

7/1983 64.5 765 88.00 1820 1720  6.00 240.0 107.00 21.20 550 30.0
9/1983 65 7.6 88.00 1820 24.00 4.00 238.0 110.00 22.70 554 30.5
11/1983 66 7.4 86.20 1940 16.80  9.80 2622  100.00  20.00 566 32.0
2/1984 65 7.3 9590 11.28 1810 11.30 268.4 95.63 21.94 564 25.8
10/1985 65 7.7 8420 1740 1530 10.60 238.0 104.2 22.50 542 29.5

TEB-1 243

5/1983 67 7.1 90.20 17.60 1840 11.10 2593 96.00 22.30 553 24.0
7/1983 66 7.1 90.20 1820 22.00 10.10 2654 104.00 21.50 579 30.0
TEB-2 150 9/1983 67 7.4 86.00 17.60 22.00 6.00 231.0 10570 2250 540 30.5
11/1983 67 7.2 86.00 1820 1870 11.10 2502 102.80  23.00 560 31.0
10/1985 68 7.9 85.10 1740 1580 9.20 244.1 104.5 23.30 547 28.9

5/1983 66 7 8820 18.80 1830  7.80 2624 10040 21.90 556 24.0
7/1983 62 765 8620 1820 17.00  6.00 2440 100.80  20.90 539 29.0
9/1983 63 7.6 96.00 18.80 18.00 3.90 286.8 96.50 22.70 588 28.5
11/1983 66 7.3 8820 17.60 1840 10.00 250.2 108.60  22.00 566 32.0
2/1984 66 725 8588 1649 2450 1320 2684 94.41 21.85 567 26.3
12/1988 - 72 8820 19.60 1280 11.40 228.8 98.76 39.00 563 30.80

TEB-3 163

TEB-4 80.8 11/1985 64 7.1 8420 1630 1542 1560 247.10 10040 22.10 544 235

TP-5 50 1978 36 765 8416 1580 14.00 20.80 268.0 83.10 19.70 543 234

5/1983 52 7.2 8710 1820 2310 8.26 280.6  101.00  21.60 578 23.6
7/1983 52 765 8420 1580 1690  8.20 232.0 88.50 21.00 505 21.0
9/1983 54 7.1 92.00 17.00 19.00 4.00 259.3 90.00 22.90 549 28.0
11/1983 52 73 8620 16.80 18.80 11.60  268.5 89.00 22.60 556 26.5

TP-4 50

5/1983 58 715 9020 1820 16.10 1140 265.0 107.80 2230 576 28.0
7/1983 53 7.8 8720 17.00 1780  9.00 238.0  100.00  20.90 528 24.0
TP-8 170 9/1983 53 7 90.20 1820 18.00 10.70 259.0 10270  22.10 566 28.0
11/1983 54 7.4 9420 1820 1570 1270 2685 102.80  23.00 581 29.0
2/1984 48 73 8731 1996 2460 1130 2684 11640 20.71 592 26.9

Charge balance errors are £2%. TDS* was calculated in Diagrammes software, V6.5 [50].

The major anion and cation composition of thermal water is graphically presented in
the Piper diagram (Figure 3) [51]. All samples show Ca-HCO3 hydrochemical facies [79],
with a dominance of Ca®* cation followed by Mg?*, which is a characteristic of groundwater
in carbonate aquifers [80-82]. The ion composition is almost constant over time, which
indicates a large and stable hydrothermal system.
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Figure 3. Piper diagram of the examined samples.

The diagram in Figure 4a shows the Ca?* /(Ca?* + Mg?*) mole ratio in Topusko ther-
mal waters compared with freshwater samples from the carbonate—evaporite formation
aquifer [83]. A mole ratio of 1 corresponds to the dissolution of pure calcite, while 0.5 cor-
responds to the dissolution of stoichiometric dolomite. All samples from Topusko are
characterised by values from 0.81 to 0.89 (average 0.83), indicating that groundwater reacts
with both dolomite and calcite. In Figure 4b, the Ca?*/Mg?" ratio diagram shows the
dominance of CaZ* in all sampled thermal waters, which should be 1 in a system domi-
nated by pure dolomite. This ratio suggests the interaction of Topusko thermal water with
limestones [84,85], pointing to their occurrence in the aquifer together with the dolomites
found in the thermal wells. Figure 4c shows the ratio of Ca?* + Mg?* and HCO;~. Ac-
cording to the stoichiometry of the reaction of carbonate rock dissolution, the milligram
equivalent ratio of (Ca®* + Mg?*)/(HCO; ™) should be 1 when HCO3 ™ is derived from the
dissolution of carbonate minerals (calcite and dolomite) and only carbonic acid is involved
in the reaction. Collected thermal groundwater samples have an average equivalent ratio
of 1.4, suggesting that the dissolved inorganic carbon is mainly composed of bicarbonate
and related to carbonate dissolution. This ratio positions the samples slightly above the 1:1
line, indicating an excess of Ca?* + Mg?* ions over HCO3 ™ and reflecting an additional
source of Ca?* and Mg?*. The milligram equivalent ratio of (Ca®* + Mg?*)/(HCO;~ +
SO427) for the thermal water samples is 0.9, almost on the 1:1 line (Figure 4d), indicating
that in addition to HCO;~, the SO4,~ ion is also involved in balancing Ca?* and Mg?*.
The dissolution of carbonate rocks with carbonic acid is accompanied by sulphuric acid.
If the gypsum dissolution was the main natural process, Ca?*/SO42~ would have had an
equivalent ratio of 1. Instead, the samples showed an equivalent ratio of 2.1, suggesting
that the excess of Ca?* comes from carbonate dissolution, and the origin of the sulphate
anion remains undetermined. The dissolution resulting from silicate weathering may have
contributed to the groundwater chemistry, providing the additional source of Ca?* and
Mg?* balanced by sulphate anions [80,86,87].
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Figure 4. Scatter plots of major ions. (a) Ca®*/(Ca?* + Mg?*) vs. SO42 /(SO4> +HCO; ) diagram;
(b) Ca®*/Mg?* diagram with different Ca®>*/Mg?* ratios; (c) (Ca®* + Mg?*)/(HCO3 ) diagram;
(d) (Ca?* + Mg?*)/(HCO3; +S042 ).

Figures 3 and 4 point to (i) carbonate dissolution as the primary process driving the
solute content in the thermal waters of Topusko, (ii) the interaction of the waters with
Mesozoic carbonates that represent the main aquifer of THS, and (iii) the presence of
limestone and dolomite rock in the system.

3.1.2. Geothermometrical Results

Table 2 shows the results obtained by the application of SiO,-quartz and SiO,-chalcedony
geothermometers for assessing the aquifer equilibrium temperature of the THS. The average
mass concentration of SiO, (Table 1) is 27.8 mg/L for the Livadski izvor spring and ranges
from 23.5 to 29.8 mg/L for wells TEB-1 to 4. These silica concentrations provide an aquifer
equilibration temperature of 76 °C applying the SiO,-quartz and 46 °C applying SiO;-
chalcedony geothermometers. The medians of the calculated temperatures are 78 °C and
47 °C, respectively.
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Table 2. Temperatures (°C) calculated by applying experimentally calibrated SiO,-quartz and SiO;-
chalcedony geothermometers for the Topusko thermal water samples.

Truesdell Fournier Michard Fournier Arnorsson et al.
Name (1976) [54] (1977) [55] (1979) [56] (1977) [55] (1983) [57]
Si0O7-Quartz SiO,-Chalcedony
Livadski 76 76 78 45 48
izvor
TEB-1 79 79 78 48 51
TEB-2 78 78 80 46 49
TEB-3 77 77 78 46 49
TEB-4 70 70 71 38 41

The temperatures calculated using the chalcedony geothermometers are slightly lower
than the measured temperature in the natural thermal spring and significantly lower than
temperatures measured in wells. Consequently, these results are unreliable since the water
temperature would have decreased during its ascent to the surface due to the cooling effect.

Therefore, quartz is the phase most likely to control the dissolved silica content in
thermal waters [88]. Dissolved silica is most likely released into the water due to chert
dissolution or clay mineral alteration [46,47]. The average aquifer temperature of THS is
predicted to be approximately 78 °C, as several studies showed realistic results for the
temperatures obtained with experimentally calibrated SiO,-quartz geothermometers [88,89].

3.2. Hydrogeological Parametrisation Results
3.2.1. TEB-1 Step-Drawdown Test

Six pumping rates (Q) ranging from 2.7 to 24.1 L/s were used, resulting in a progressive
decline in water pressure from 1.4 to 1.05 bar. The density of water was calculated using
its temperature, and the pressure drop was converted to drawdown (in m), yielding a
maximum reduction of 3.62 m with a flow rate of 23.41 L/s. A representative pressure
value for every pumping rate was calculated using the last 100 measurements in the step
(Pgin, in Table SA1 of Figure S1).

The linear regression between A/Q and Q (Table SA2 of Figure S1) resulted in an
intercept of 62.78, corresponding to B + B/, and a slope of 3686.34, corresponding to C. The
high coefficient of determination and the low standard errors (r? and se, respectively, in
Table SA2 of Figure S1) suggest a good fit between the regression and the data. The B + B/
and C values were inserted into (7), obtaining the theoretical drawdown vs. flow rate curve
(Table SA3 in Figure S1) for the TEB-1 well:

A = 62.78Q + 3686.3Q2 (11)

The obtained parameters were used to determine the well efficiency. 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, indicating severe clogging in the well [58].

An average specific capacity was calculated from the flow rates and the drawdowns of
the first to fourth testing steps since the fifth and sixth steps showed the highest well losses
reflecting the lowest efficiency. The resulting transmissivity from Equations (9) and (10) was
approximately 2 x 10~2 m?/s, which corresponds to a hydraulic conductivity of approximately
2 x 10~* m/s considering that the thickness of the aquifer in TEB-1 is 106 m [47].

3.2.2. TEB-3 Step-Drawdown Test

Four pumping rates (Q) ranging from 2.8 to 12.8 L/s were used, resulting in a progres-
sive decline in water pressure from 0.7 to 0.66 bar. The density of water was calculated
using its temperature, and the pressure drop was converted to drawdown (in m), yielding
a maximum reduction of 0.35 m with a flow rate of 12.8 L/s. A representative pressure
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value for every pumping rate was calculated using the last 100 measurements in the step
(P, in Table SB1 of Figure S2).

The linear regression between A/Q and Q (Table SB2 of Figure S2) resulted in an
intercept of 9.81, corresponding to B + B/, and a slope of 1316.4, corresponding to C. The
Pearson coefficient r > 0 (r = 0.84) shows a positive correlation, indicating an increase in
pressure drop (A/Q) with an increase in the pumping rate (Q). Compared to TEB-1 results,
the linear correlation between the variables is weaker. However, medium to low standard
errors (se in Table SB2 of Figure S2) suggest a relatively good fit between the regression
and the data. Therefore, a linear relationship between these two variables is considered.
The B + B’ and C values were inserted in (7), obtaining the theoretical drawdown vs. flow
rate curve (Table SB3 in Figure S2) for the TEB-3 well:

A= 9.81Q + 1316.4Q? (12)

The obtained parameters were used to calculate the well efficiency. The well efficiency
is good (60-70%) at low flow rates, and it drops to approximately 37% at higher flow rates,
suggesting significant head losses in the well.

An average specific capacity was calculated from the flow rates and the drawdowns of
the first and second testing steps. The resulting transmissivity for both Equations (9) and (10)
in Section 2.3 was 1.1 x 1072 m?/s and 1.4 x 1072 m?/s, respectively. However, since the
stratigraphic log of the well is not available, the corresponding hydraulic conductivity was
not calculated.

3.3. Interpretation of ERT Results
Figure 5 shows three cross-sections (TOP-1, 2, and 3) of continuous 2D resistivity
models of the subsurface.
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Figure 5. Inverted resistivity profiles TOP-1, 2 and 3 and the locations of ERT profiles within the
study area. TOP-2 and 3 share the same resistivity values displayed in the legend. Locations of
natural thermal springs are also presented: B is Blatne kupelji spring, Bv is Bistro vrelo spring, and L
is Livadski izvor spring.
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The TOP-1 profile reached an investigation depth of approximately 50 m. The data
inversion resulted in an RMS error of 12.5% with resistivity values between 2 and 650 Om.
Four layers could be distinguished based on resistivity distribution (Figure 5). The upper
layer (1) has a variable thickness of 5-10 m and is characterised by resistivity values
ranging from 35 to 100 OOm. This zone contains local anomalies with both low (5-30 (2m)
and high (generally 100-150 (m, and up to 650 (m at 250 m distance) resistivity values.
Considering the stratigraphic log of the TEB-2 well, this layer can be interpreted as Plio—
Quaternary alluvial and proluvial deposits comprising unconsolidated sediments with
variable grain sizes. The observed resistivity variations are consistent with the typical
lateral heterogeneity of such deposits, with clays characterised by low and sands by high
resistivities. The second layer (2) has a relatively constant thickness of approximately 20 m
and shows lower resistivity values ranging from 5 to 25 Om. According to the stratigraphic
log of TEB-2, this layer can be interpreted as Miocene marls, which is consistent with
the observed resistivity range. The third layer (3) has a constant thickness of 35 m and
resistivities ranging from 80 to 140 (dm, which are consistent with the values expected for
Miocene sandstones saturated with thermal water as detected in the TEB-2. Below layer 3
follows a layer characterised by resistivity values of 150 to 300 (Om (4). According to the
stratigraphic log of the TEB-2, this layer corresponds to Miocene interbedded sandstones
and marls.

The profiles TOP-2 and TOP-3 reached an investigation depth of approximately 60
and 80 m, respectively, and the data inversion resulted in an RMS error of 6.2% and 7.6%,
respectively. Their interpretations are comparable because they show similar resistivity
distributions (Figure 5). Resistivity inversion values range from 5 to 110 OOm, and two
layers could be distinguished. The upper layer (1) shows a variable thickness from 10 to
25 m and is characterised by resistivity values generally from 5 to 45 (Om. This layer was
interpreted as Plio-Quaternary deposits based on the stratigraphic log of the TEB-4 well.
The resistivities of these deposits generally correspond to the values observed in the TOP-1
profile. The lower layer (3) shows higher resistivities ranging from 60 to 110 (dm. Based
on the stratigraphic log of TEB-4, the resistivities of this layer can be linked to Miocene
sandstone deposits. Similarly, the values of this layer can be correlated with the resistivity
values of layer 3 in the TOP-1 profile. Furthermore, the TOP-2 and TOP-3 profiles show a
sudden decrease in the resistivity within layer 3. The low resistivity anomaly is located
at approximately 140 m in TOP-2 with values from 30 to 50 (Om and at approximately
240 m in TOP-3 with values from 5 to 30 (dm. These anomalies can be interpreted as highly
permeable fault damage zones, which enable the upwelling of thermal waters. Due to
its high secondary porosity, the fault zone could store a higher volume of thermal water,
resulting in lower resistivity values than in the unfractured surrounding sandstones.

4. Discussion and Conclusions

In Topusko town, thermal waters have been used for heating, medicinal, and recre-
ational purposes since the 1980s. However, detailed research on the processes driving this
hydrothermal system has never been conducted. Multidisciplinary research (i.e., hydro-
geochemistry, hydrogeology, and geophysics) was conducted in Topusko to improve the
existing local conceptual model.

According to [18], the first step in geothermal exploration is a geochemical charac-
terisation of thermal water. Thermal springs in Topusko show a discharge temperature
of 50 °C (Livadski izvor), while nearby exploitation wells produce water of an average
temperature of 65 °C and a near-neutral pH. Thermal water major ions content shows
Ca-HCOj3 hydrochemical facies and indicates the origin of all samples from the same
aquifer. According to [90], thermal waters have medium to low mineralisation [52,91],
corroborating the precipitation recharge-dominated groundwater system. The major anion
and cation composition does not show significant changes over time, which suggests a large
and stable hydrothermal system. Carbonate dissolution is the primary process driving
the solute content in the thermal water, which suggests the interaction of the water with
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Mesozoic carbonates and supports the assumption that they represent the main geothermal
aquifer of THS. The Ca?*/Mg?* ratio shows the dominance of Ca?* in all samples, which
would be 1 in a system with a predominance of dolomite formations, as proposed by [34].
The results of this research (Figure 4) indicate a water-rock interaction with both limestones
and dolomites, suggesting that both lithologies are present in the system. The premise
by [34] was probably based on the observed dolomite outcrops W of Petrova gora nappe.

Hydrochemical data were used to assess the aquifer equilibrium temperature. A mini-
mum groundwater circulation depth [17] can be calculated using the surface temperature
of the water as the ratio between (i) the temperature difference of measured spring or
well temperature and the local average annual surface temperature (°C) and (ii) the lo-
cal geothermal heat gradient (°C/km). This calculation is based on the assumption that
cooling is negligible, as occurring in artesian aquifers or springs/wells with high flow
rates. The minimum groundwater circulation depth for Topusko water was calculated as
approximately 1.1 km. Furthermore, the aquifer temperature was estimated using a classi-
cal chemical SiO,-quartz geothermometer. The results pointed to an aquifer equilibrium
temperature of 78 °C, suggesting a circulation depth of 2 km and considering a geothermal
gradient of 35-40 °C/km [92]. The main limitation of hydrochemical investigations was
that recent data are lacking and it was necessary to rely on older existing data. Since the
1980s, analytical techniques have been improved in general, and many other parameters
are now routinely measured, which was not the case in those times.

Electrical resistivity tomography (ERT) survey was conducted, identifying fault dam-
age zones in the spring area, which provide a preferential pathway for groundwater
upwelling to the surface from a confined geothermal aquifer [12] since no significant flow
is expected through confining units. In addition, the geographical location of the springs
themselves may indicate the fault occurrence below the surface. The correlation between
the observed resistivity and lithology, together with nearby stratigraphic well logs, helped
to refine the conceptual model of the local geological setting.

Step-drawdown tests on wells TEB-1 and 3 were performed in order to estimate a substan-
tial hydrogeological parameter—transmissivity (T). It is approximately 2 x 1072 m? /s, which
corresponds to a hydraulic conductivity (K) of approximately 2 x 10~* m/s, considering
that the thickness of the carbonate aquifer in TEB-1 is 106 m. The calculated hydraulic
conductivity value is within the range of hydraulic conductivities for fractured carbonates
commonly found in the literature [81,93].

The presented research improved the local conceptual model of THS. The main find-
ings point to (i) faults-driven thermal springs, (ii) the geothermal aquifer hosted in Mesozoic
carbonates, comprising limestones and dolomites, (iii) the equilibrium aquifer temperature
estimated at 78 °C, and (iv) the hydraulic conductivity of the geothermal aquifer in the
spring area up to 2 x 107 m/s.

A further step would include detailing the regional conceptual model since the exis-
tence of a hydrothermal system is generally the result of a delicate balance between the
flow rate, dissolution/precipitation processes, and local/regional scale structural setting.
In order to use the existing thermal water resource sustainably, the functioning of the whole
system, from recharge to discharge area, needs to be subjected to multidisciplinary study.
Hydrothermal systems can change due to local or distant events (i.e., climate changes,
earthquakes, and thermal water abstraction) that could alter the water source, the prefer-
ential flow paths, the subsurface thermal characteristics, or the permeability field in the
fractured geothermal aquifer [94]. Hydrogeochemical monitoring helps to detect such
changes, and it is considered one of the most effective tools to assess the response of the
aquifer to production stress, including recharge and pressure drop [18]. The choice of
method suitable for the disposal of utilised thermal water also depends on the quality
of the thermal fluids and local hydrogeological and environmental conditions. Future
research should involve monitoring the thermal waters in Topusko and the application of
both chemical and isotopic analyses [11,18,89].
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In addition to hydrochemical surveys, in the search and determination of the recharge
area, the second step would be scanning for carbonates on the surface and conducting
structural-geological research to understand the regional geological setting and possible
flow directions. This will provide more evidence for the hypotheses on the recharge area of
the Topusko geothermal aquifer.

Multidisciplinary research is an indispensable tool for the development and improve-
ment of the existing conceptual model of THS. The integration of local and regional models
will serve as a base for the sustainable utilisation of THS, as increasing interest in this
resource is expected in the near future.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/sul5065498 /s1, Figure S1: Interpretation of the step-drawdown
test results conducted in the TEB-1 well; Figure S2: Interpretation of the step-drawdown test results
conducted in the TEB-3 well.
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