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ABSTRACT 

Geothermal resources are important among groundwater resources in fractured aquifers 

because they are potential renewable energy sources. Their development and hydrothermal 

characteristics mostly depend on the regional and local geological and hydrogeological 

settings. Reconstructing the geometrical characteristics of the regional and local fracture 

network systems and the stress field deforming the rock mass can be useful in determining the 

preferential flow paths of the thermal waters fostering the conceptual model of the system. The 

integration with the hydrogeological parametrization of the reservoir is crucial for the 

quantification of the renewable component of the system and the development of site-specific 

management plans for the sustainable utilization of the resource. Highly fractured Mesozoic 

carbonate rocks form the main reservoir for many geothermal resources in central and northern 

Croatia. One of the most significant thermal manifestations in this region is the thermal springs 

area in Daruvar with water temperatures ranging from 38 to 50°C. These springs are part of the 

Daruvar hydrothermal system (DHS), an intermediate scale, tectonically controlled, system 

hosted within a Mesozoic carbonate rock complex. In this research, a multidisciplinary and 

multiscale methodological approach was used for the geological reconstruction of the study 

area, the proposal of a new hydrogeological conceptual model of the DHS, and the 

hydrogeological parametrization of the fractured carbonate reservoir. This approach combined 

structural, geophysical, and hydrogeological investigations conducted at regional and local 

scales. Results display a complex polyphase structural pattern with an E-W and N-S striking 

system of fractures cogenetic with regional NNE-SSW striking folds that enhance the fluid 

flow on a regional and local scale. Hydrogeological parameters of the aquifer were calculated 

by analytical and numerical modeling. The obtained results highlighted the high porosity and 

permeability of the thermal aquifer connected to the intense fracturing of the bedrock in the 

Daruvar subsurface. The results of this research improved the conceptual hydrogeological 

model of the DHS emphasizing the impact of regional and local structures on the circulation 

of thermal waters and the development of the Daruvar geothermal resource. The 

multidisciplinary approach used for this research represents a step forward in the investigation 

of hydrothermal systems and their hydrogeological characterization. Furthermore, it can be 

applied in the research of similar fractured carbonate aquifers characterized by a complex 

geological structure. 

 

Keywords: structural reconstruction, 3D geological modeling, DFN modeling, geophysical 
investigations, well testing, thermal water, Pannonian Basin System, northern Croatia 
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PROŠIRENI SAŽETAK 

U području Panonskog bazenskog sustava (PBS) nerijetko na površini izdanjuju stijene 

predneogenske podloge u vidu otočnih gora koje su često građene od mezozojskog 

karbonatnog kompleksa. U većini slučajeva predstavljeni su dolomitima, relativno niske 

primarne, no značajne sekundarne poroznosti. Ovisno o njihovom strukturnom položaju i 

mehaničkim obilježjima, karbonati predstavljaju idealne rezervoarske stijene, odnosno mogu 

biti kolektori ugljikovodika ili vodonosnici geotermalne ili pitke vode. Poznato je da područje 

PBS-a ima povoljne geotermalne karakteristike, a prirodni izvori termalne vode temperatura 

do 65°C pojavljuju se na dvadesetak lokacija diljem panonske Hrvatske. U ovom radu područje 

istraživanja je prirodno izvorište termalne vode u Daruvaru, ali i šira okolica koja obuhvaća JI 

dijelove Lonjsko-ilovske zavale te zapadne obronke Papuka koji su dominantno građeni od 

mezozojskog karbonatnog kompleksa. Daruvarski hidrotermalni sustav (DHS) jedan je od 

najbolje istraženih hidrotermalnih sustava u Hrvatskoj. Sustavna geološka, hidrogeološka i 

geofizička istraživanja na području Daruvara provode se od sedamdesetih godina prošlog 

stoljeća. Daruvarsko izvorište obuhvaća nekoliko termalnih izvora (Ivanovo vrelo, Antunovo 

vrelo i Marijina vrela) s temperaturama od 38 do 50 °C. Unatoč prethodno provedenim 

geološkim i geofizičkim istraživanja na području Daruvara, detaljne geološke i strukturne 

rekonstrukcije DHS-a pokazale su se nepotpunima te nepouzdanima. U okviru doktorske 

disertacije i provedenih istraživanja, primarni je cilj bio primijeniti multidisciplinarni 

metodološki pristup za provedbu detaljne strukturno - hidrogeološke karakterizacije DHS-a. 

Ovaj pristup je objedinio rezultate detaljnih terenskih i kabinetskih strukturnih, geofizičkih i 

hidrogeoloških istraživanja provedenih na regionalnoj i lokalnoj razini s postojećim geološkim, 

geofizičkim, hidrogeološkim i hidrokemijskim podacima. Multidisciplinarni pristup 

primijenjen je sa ciljem detaljne strukturno - geološke i hidrogeološke rekonstrukcije te 

hidrauličke parametrizacije raspucanog karbonatnog vodonosnika DHS-a. 

Sukladno tome, glavni ciljevi provedenog istraživanja bili su: (i) odrediti regionalne i 

lokalne strukturno-geološke značajke koje su omogućile postanak DHS-a; (ii) identificirati 

sustave pukotina koji dominantno sudjeluju u toku fluida u DHS-u; (iii) izraditi 3D model 

DHS-a; (iv) geofizičkim istraživanjima dokazati postojanje i povezanost širokih oštećenih zona 

rasjeda u izvorišnom području DHS-a; (v) usporediti hidrogeološke parametre karbonatnog 

vodonosnika procijenjene na temelju analize pukotinskih sustava te izračunate iz rezultata 

pokusnog crpljenja. 
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Rekonstrukcija geoloških značajki šireg područja omogućila je detaljan opis geometrije 

termalnog vodonosnika i pukotinskih sustava. Uloga rasjednih sustava i bora na regionalnoj i 

lokalnoj razini u razvoju DHS-a detaljno je razrađena na temelju terenskih istraživanja i 

prikupljenih strukturnih podataka. Rezultati su pokazali prisutnost sustava bora s generalnim 

pružanjem osi bora S-J i I-Z te kogenetskih povezanih sustava pukotina s orijentacijama 

paralelnim osima bora koje omogućavaju protok fluida na regionalnoj i lokalnoj razini. 

Također, utvrđena je polifazna tektonska evolucija istraživanog područja koja ukazuje na 

strukturnu reaktivaciju Daruvarske antiklinale kroz razdoblje kenozoika. Strukturni razvoj 

Daruvarske antiklinale započeo je krajem krede, odnosno početkom paleogena, pri čemu je 

prevladavalo kompresijsko polje naprezanja orijentirano I-Z. Rezultat kredno-paleogenske 

kompresije je postanak regionalnih reversnih rasjeda pružanja SZ-JI te formiranja en-échelon 

tipa bora s orijentiranim osima bora SZ-JI. Tektonska evolucija Daruvarskog područja dodatno 

se zakomplicirala tijekom neogena u kojem je na naslijeđene strukture utjecalo neogensko 

ekstenzijsko polje naprezanja orijentirano I-Z. Rezultat neogenske ekstenzije je lokalna 

rotacija, strukturna reaktivacija i tektonska inverzija struktura. U završnoj fazi razvoja DHS-a, 

tijekom pliokvartara, Daruvarsko područje konačno je zahvaćeno tektonskom inverzijom 

postojećih struktura uslijed regionalnih S-J kompresijskih/transpresijskih naprezanja. Nadalje, 

rezultati sugeriraju da se termalne vode izdižu prema površini u rasjednoj zoni Daruvarskog 

rasjeda koji se generalno pruža ISI-ZJZ i kogenetskih sustava pukotina koje nastaju kao 

posljedica krte deformacije Daruvarske antiklinale. Subvertikalni Toplički rasjed, pružanja SI-

JZ, koji je tijekom pliokvartara strukturno reaktiviran i tektonski invertiran, predstavlja 

naslijeđeni sustav tenzijskih pukotina koji danas predstavljaju preferencijalni put za brzi protok 

termalnih voda iz dubljeg dijela vodonosnika prema površini, odnosno termalnom izvorištu u 

Daruvaru. U okviru hidrogeološkog modeliranja DHS-a, hidrogeološki parametri vodonosnika 

su izračunati analitičkim i numeričkim modeliranjem. Uspoređujući podatke terenskih 

mjerenja s kvantitativnom strukturnom analizom napravljenom na temelju digitalnog modela 

kamenoloma, identificirana su dva subvertikalna sustava diskontinuiteta koji imaju smjer 

nagiba prema SZ odnosno ZJZ. U isto vrijeme, procjena hidrogeoloških značajki vodonosnika 

provedena je na temelju numeričkog modeliranja diskretne mreže pukotina (engl. DFN), 

pokusnog crpljenja i bušotinske karotaže. Glavne geometrijske značajke sustava 

diskontinuiteta i njihove statističke raspodijele korištene su za izradu DFN modela u mjerilu 

izdanka (100 x 100 x 30 m) i mjerilu vodonosnika (700 x 700 x 150 m). Na području Daruvara 

provedena su i hidrogeološka istraživanja pokusnim crpljenjem i analizom rezultata bušotinske 

karotaže sa ciljem procjene transmisivnosti (T) vodonosnika. Dobivene vrijednosti T koristile 
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su se za izračun propusnosti (k), čije se vrijednosti kreću u rasponu 7,4 – 122,8 D, uzimajući u 

obzir različite debljine vodonosnika dobivene iz bušotine Dar 1. Izračun poroznosti (Φ) također 

je napravljen iz rezultata karotaže bušotine Dar 1 u kojoj je izdvojen najreprezentativniji dio 

stjenki bušotine (dubina 100-130 m) na temelju kojeg su dobivene realistične vrijednosti 

poroznosti vodonosnika u rasponu 0,03 – 9,1 % (prosječni Φ za ovu dionicu bio je 2,7 %). 

Rezultati DFN modela u mjerilu vodonosnika, koji je reprezentativniji u odnosu na model 

izdanka za procijenu hidrogeoloških značajki, sugeriraju da vrijednosti Φ (0,2%) i k (60,5 D) 

pokazuju dobru korelaciju s rezultatima dobivenim na temelju terenskih hidrogeoloških 

istraživanja.  

Iz svega navedenog, na temelju provedenih istraživanja, u ovom radu predložen je novi 

strukturno-geološki i hidrogeološki model Daruvarskog hidrotermalnog sustava. Definiran je 

strukturni sklop hidrotemalnog sustava, izdvojeni su glavni smjerovi toka fluida u regionalnom 

i lokalnom mjerilu te su analitičkim i numeričkim modeliranjem proračunati hidrogeloški 

parametri vodonosnika. Dobiveni rezultati predstavljaju značajno poboljšanje postojećeg 

konceptualnog hidrogeološkog modela Daruvarskog hidrotermalnog sustava. Korištena 

metodologija predstavlja iskorak u istraživanjima hidrotermalnih sustava i njihovoj 

hidrogeološkoj parametrizaciji te se korišteni multidisciplinarni pristup može primijeniti u 

istraživanjima sličnih raspucanih karbonatnih vodonosnika koji se odlikuju kompleksnom 

strukturnom građom. 

 

Ključne riječi: strukturna rekonstrukcija, 3D geološko modeliranje, DFN modeliranje, 
geofizička istraživanja, pokusno crpljenje, termalne vode, Panonski bazenski sustav, sjeverna 
Hrvatska  
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1. INTRODUCTION 

Groundwater represents a strategic resource (UNITED NATIONS, 2022) since it provides 

approximately half of the volume of water for domestic use and approximately one-fourth of 

the water for irrigation (MARGAT & DER GUN, 2013).  The global volume of groundwater 

resources in rock aquifers is not well constrained, but hard rocks cover approximately half of 

the Earth’s land surface and they can host valuable local aquifers (OFTERDINGER et al., 2019; 

SINGHAL & GUPTA, 2010). Approximately 15 % of the land surface is characterized by the 

near-surface exposure of carbonate rocks being potential aquifers (GOLDSCHEIDER et al., 

2020), and approximately 10 % of the world population relies on freshwater from carbonate 

aquifers (STEVANOVIĆ, 2019). Karst groundwater-dependent ecosystems are particularly 

important in the Mediterranean region where they are extensively used facing serious 

environmental threats (SIEGEL et al., 2023). Due to this strategic role, the preservation of 

groundwater resources is crucial (GWD2006/118/EC) and site-specific, regional to local, plans 

are required for appropriate management. In order to achieve these goals, it is important to: i) 

assess the principal flow paths avoiding interactions with potential pollution sources, and ii) 

quantify the hydraulic properties of the aquifer (i.e., permeability, porosity, storativity) 

determining the optimal exploitation with an acceptable drawdown. 

Since undeformed rock has low porosity and permeability, the groundwater flow commonly 

occurs in water-bearing discontinuities (i.e., bedding, schistosity, joints, shear fractures, veins, 

stylolites, and other dissolution features, deformation and compaction bands, etc.; hereafter 

generally referred to as fractures) that control the bulk hydraulic properties of the aquifer 

(SINGHAL & GUPTA, 2010). Due to their importance for fluid migration, the structural 

architecture of fault zones and the impact of fracture networks on the permeability field have 

been extensively investigated. BENSE et al., (2013) reviewed these topics with a particular 

focus on the structural and hydrogeological approaches.  

Among groundwater resources in fractured aquifers, geothermal resources are particularly 

important in the current global economy because they are potential renewable sources of energy 

and raw materials (FINSTER et al., 2015; SZANYI et al., 2023). In addition, they are profitably 

used for heating, industrial applications, balneological and recreational purposes (LUND & 

TOTH, 2021). Northern Croatia is rich in thermal springs that are mostly used for recreational 

and health tourism (BOROVIĆ & MARKOVIĆ, 2015). These geothermal resources have great 

potential since they share the favorable thermal features of the Pannonian basin area 

(HORVÁTH et al., 2015). One of the most relevant thermal manifestations in northern Croatia 
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is the thermal spring area in Daruvar city. The occurrence of thermal waters in Daruvar has 

been known since the Roman age, and it has been extensively investigated since the 1970s 

(BABIĆ et al., 1971; MRAZ, 1983; LARVA & MRAZ, 2008; BOROVIĆ, 2015; BOROVIĆ 

et al., 2019; KOSOVIĆ et al., 2023; URUMOVIĆ et al., 2023). The thermal springs with water 

temperatures ranging from 38 to 50 °C are part of an intermediate scale hydrothermal system 

(i.e., Daruvar hydrothermal system; DHS) hosted in a fractured carbonate aquifer (BOROVIĆ 

et al., 2019).  

Geothermal aquifers can be classified based on their geological, hydrogeological, and 

thermal settings (MOECK, 2014). Several investigation approaches at different scales can be 

applied depending on the goal of the research and target depth. Geological and geophysical 

investigations can be used to reconstruct the surficial and deep geological settings detailing the 

architecture of the aquifer and the systems of faults. Hydrogeological and hydrochemical 

investigations can be used to determine the hydrogeological setting of the thermal aquifer and 

the physico-chemical characteristics of the thermal waters. The integration of these 

investigations allows the construction of the conceptual model of the geothermal system that is 

crucial for assessing the impact of geological processes on hydraulic characteristics of the 

geothermal system, and on the quantitative and qualitative status of the resource. These data 

allow quantifying the renewable component of the geothermal system and developing 

management plans for the long-term sustainable exploitation of the associated resource 

(RYBACH & MONGILLO, 2006; AXELSSON, 2010; TORRESAN et al., 2020).  

In this research, a multidisciplinary and multiscale methodological approach was used for 

the hydrogeological characterization of the DHS. This approach combined structural, 

geophysical, and hydrogeological investigations conducted at regional and local scales with 

available geological, geophysical, hydrogeological, and hydrochemical data. The 

multidisciplinary dataset allowed assessing the impact of regional and local geological 

structures and fracture networks on the thermal water flow and the hydrogeological properties 

of the thermal aquifer.  
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2. GEOLOGICAL AND HYDROGEOLOGICAL SETTINGS OF 

THE STUDY AREA 

The study area is presented in Figure 1 and includes both the thermal spring area of DHS 

(Daruvar), the western slopes of Mount Papuk (Petrov vrh), and the SE part of the Lonja-Ilova 

subdepression. Papuk is a mountain located in the eastern part of Croatia and belongs to the 

Slavonian Mountains. It is bounded by the Bilogora and Drava River valleys in the north, the 

Požega basin in the south, the Lonja-Ilova valley in the west, and Krndija Mountain in the east.  

 

Figure 1. Geographical overview of the study area (https://dgu.gov.hr/sluzbene-drzavne-karte-i-ostale-
karte/167).  

 

2.1. Tectonostratigraphic settings 

The study area is located in the western part of the Slavonian mountains and SW margin of 

the Pannonian Basin System (PBS; Figure 2). Slavonian mountains are the best exposures of 

the Tisza continental Mega-Unit, i.e., a lithospheric fragment of the European foreland that 

formed beside the Adria microplate during the Middle Jurassic (SCHMID et al., 2008). This 

area experienced a complex tectono-metamorphic evolution that started with the Variscan and 

continued through the Alpine-Dinarides-Carpathian orogeny. As a part of the Alpine-Dinarides-
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Carpathian orogenic system, the study area is positioned in the vicinity of the Sava Zone, i.e., 

the Cretaceous-Paleogene suture zone between the Tisza Mega-Unit in the NE and the Adria 

plate in the SW. The Sava Zone is composed of a complex assemblage of ophiolitic, magmatic-

metamorphic, and deep-water sedimentary rocks formed in the Neotethys and the Sava Ocean 

(SCHMID et al., 2008). These rock complexes are often displaced by regional fault zones (i.e., 

Mid-Hungarian fault line, Periadriatic lineament), which are characterized by a polyphase 

tectonic evolution (SCHMID et al., 2008). Regional faults played important roles as tectonic 

boundaries accommodating the clockwise rotation of the Tisza Mega-Unit, the 

counterclockwise rotation of the Adria plate, and the eastward lateral extrusion, at a scale of 

several hundreds of km (SCHMID et al., 2020). 

 

Figure 2. Regional map (from KOSOVIĆ et al., 2024a; modified after SCHMID et al., 2008, 2020) 
showing: i) the main tectonic units, ii) the regional fault structures, and iii) the borderline of the 
Pannonian basin (white line). The study area is located in the Tisza Mega Unit at the contact with the 
Sava Suture Zone and is a part of the Pannonian basin. A schematic geographic map is reported in the 
upper left corner showing Daruvar, Zagreb, Croatia, and the neighboring states (acronyms: AT – Austria, 
BA – Bosnia and Herzegovina, HR – Croatia, HU – Hungary, IT – Italy, Sl – Slovenia, RS – Serbia). 

 

After the Cretaceous-Palaeogene tectonism, the area between the Carpathians and the 

Dinarides was affected by polyphase opening of the Pannonian Basin System (PBS) and its 

secondary local tectonic deformations. The Croatian part of the PBS (PRELOGOVIĆ et al., 

1998; LUČIĆ et al., 2001; TOMLJENOVIĆ & CONTOS, 2001; SAFTIĆ et al., 2003) was 

affected by an Early–Middle Miocene E-W extensional tectonic phase that formed systems of 
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grabens and half-grabens, i.e., regional depressions (e.g., Drava and Sava depressions; see 

PRELOGOVIĆ et al., 1998). The initial extension was followed by a Middle Miocene local 

scale compression and a Middle-Late Miocene deepening of the basin system due to crustal 

thermal subsidence. Tectonic inversion and structural reactivation commenced during the 

Pliocene–Quaternary, which enabled the regional compression/transpression of existing 

structures as a result of the continuous Adria–Europe plates collision and the general N-S 

compression (HANDY et al., 2015). The present-day structural setting of the Papuk area is 

mostly affected by the last Pliocene–Quaternary deformational phase characterized by 

compression/transpression (JAMIČIĆ, 1995). The N-S compression caused the reactivation of 

two regional dextral faults, producing a conjugated fault set composed of NW-SE dextral and 

NE-SW sinistral faults in their interaction zone. Progressive regional transpression was 

accommodated by folding and uplifting of the structures along the sinistral strike-slip faults 

(JAMIČIĆ, 1995). 

The geological setting of the Daruvar area was described in the Basic Geological Map of 

SFRY 1:100,000 and Explanatory Notes for Sheet Daruvar (Figure 3; JAMIČIĆ et al., 1989). 

The complex lithostratigraphic sequence of the study area from the structural bottom to the top 

can be simplied as follows (KOSOVIĆ et al., 2024a): 

• pre-Permian crystalline rocks representing the oldest rocks in the study area. They cover 

the largest area in western Papuk and are composed of migmatites, granitoids, 

pegmatites, gneisses, and chlorite schists;  

• Permian sedimentary units transgressively cover the crystalline basement. They are 

composed of well-layered conglomerates and quartz sandstones. The conglomerates 

contain clasts with a variable lithological composition depending on the underlying 

basement. The thickness of the Permian unit is approximately 400 m;  

• Triassic carbonate rock complex was continuously sedimented over the Permian 

deposits. The formation of clastic deposits prevailed during the Lower Triassic, while 

shallow-water carbonate sedimentation with occasional clastic sediment deposition 

occurred in the Middle and Upper Triassic (ŠIKIĆ, 1981; JAMIČIĆ et al., 1989). The 

result is a Triassic sedimentary complex composed of: i) Lower Triassic sandstones, 

siltstones, and laminated shales, ii) Middle Triassic dolomites, limestones, and crinoid 

limestones with chert, and c) Upper Triassic dolomites and limestones. The total 

thickness of the Triassic unit is approximately 500 m; 
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•  Jurassic deposits are represented by platy limestones with cherts with a thickness of 

approximately 100 m. Within the Slavonian Mountains, these deposits are only found 

in the area of western Papuk (JAMIČIĆ et al., 1989);  

• Miocene sedimentary and magmatic rocks are found transgressively over the Mesozoic 

carbonates or the crystalline basement. Sedimentary units are mostly composed of 

conglomerates, sandstones, marls, marly and bioclastic limestones, and loose clayey-

sandy sediments. Furthermore, pyroclastic and effusive rocks can be found, with 

andesites occurring in the western part of the study area. The thickness of the Miocene 

succession is in the range of 600-650 m;  

• Pliocene clastic sediments follow the Miocene deposits and are composed of sandstones 

and marls in different proportions, as well as sands and gravels. The total thickness is 

between 700 and 900 m;  

• Pleistocene sediments are the youngest unconsolidated Quaternary sediments. They can 

often be found as a “transgressive” cover of the older units and consist of sandy gravels, 

quartz sands, silty sands, and sandy clays;  

• Holocene is represented mostly by alluvial and colluvial unconsolidated sediments.  

 

Figure 3. Geological map of the study area and detailed lithological column (JAMIČIĆ et al., 1989). 
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2.2. Hydrogeological setting 

The Daruvar spring area consists of a few thermal springs (Antunovo vrelo, Blatna kupelj, 

Ivanovo vrelo, and Marijina vrela springs; Figures 4A and 4C) with temperatures ranging from 

38 to 50 °C located in the left bank of the Toplica river (BOROVIĆ et al., 2019). In the wider 

spring area, 109 boreholes had been drilled from 1971 to 2009. The most important wells are 

D 1, Dar 1, DS 1, and HZ 1 (8.5, 190, 119, and 2.5 m deep, respectively; Figure 4A) with 

temperatures from 22.7 to 43.5 °C. Furthermore, the PD 2 exploration well (60 m deep; Figure 

4A) was drilled to the west of the spring area on the right bank of the Toplica river. Among 

these objects, the D 1 well and the Antunovo vrelo and Ivanovo vrelo springs are exploited for 

supplying the Daruvar spa and pool complexes providing approximately 10 l/s of thermal 

waters. The Dar 1 well (Figure 4B) shows the most comprehensive stratigraphic sequence in 

the spring area. It is composed of: i) Quaternary unconsolidated sediments mostly made of 

clays, sands, and gravels, ii) a Miocene sedimentary complex, which is constituted by marls, 

Lithotamnium limestones, and compact breccias locally marking the unconformity at the base 

of Badenian, and iii) a Triassic carbonate complex with dolomites, limestones, and dolomitic 

breccias. The Neogene–Quaternary tectonic activity in the Daruvar area was proven by the 

occurrence of highly fractured intervals at depths of approximately 90, 135, 180, and 190 m. In 

the spring area (i.e., D 1 and DS 1 wells), the Triassic carbonate complex is in direct contact 

with the alluvial deposits. The thermal waters are hosted in the fractured horizons of the Triassic 

carbonates. Secondary, cooler thermal aquifers are located within the shallower sandy layers of 

the alluvial cover and the Miocene biocalcarenite (BOROVIĆ et al., 2019). The transmissivity 

of the Triassic carbonate aquifer, determined through pumping and well tests, ranges from 0.015 

to 0.03 m²/s (BOROVIĆ et al., 2019; URUMOVIĆ et al., 2023). Hydrochemical and isotope 

analyses of the thermal waters (BOROVIĆ, 2015) evidenced: i) temperature from 18.2 to 

49.8°C; ii) nearly-neutral pH ranging from 6.7 to 7.5; iii) electrical conductivity of 550 - 700 

μS/cm; iv) a calcium-bicarbonate hydrochemical facies, and v) a reservoir equilibrium 

temperature of 80°C calculated using SiO2 geothermometers. The hydrochemical facies and the 

Mg2+/Ca2+ versus Mg2+ ratio close to 0.5 suggest an interaction of the thermal waters with both 

limestones and dolomites. Furthermore, O and H stable isotope ratios suggest a meteoric origin 

of the Daruvar waters, while 14C activity points to a mean residence time between 11 and 15 

ka. 
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Figure 4. (A) Map of the Daruvar thermal field area showing the thermal springs (blue dots) and the 
main wells and exploration boreholes (red circle). (B) Stratigraphic log of the Dar 1 well showing the 
deepest and most comprehensive stratigraphic sequence in Daruvar. (C) Ivanovo vrelo spring in 
Daruvar. 

 

BOROVIĆ et al. (2019) proposed a conceptual model of the DHS (Figure 5). The recharge 

area of the system is located in the highest part of the western slopes of Mount Papuk (Figure 

5). Same authors suggested that e thermal aquifer's high permeability Triassic carbonate 

formations extensively crop out due to a regional overturned syncline. The dip of the layers, the 

karstification, and the fracturing enable deep infiltration of the meteoric water. Low permeable 

Permian sedimentary units and pre-Permian crystalline rocks at the base of the carbonates 

prevent further downward circulation of waters. A part of the infiltrated water forms local 

systems where shallow cold waters and deep warm waters mix, developing hypothermal and 

subthermal springs. The remaining portion continues its flow in the deep carbonate reservoir 
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reaching a maximum depth of approximately 1 km below the ground surface. The regional 

Daruvar fault and the multiphase regional tectonic evolution intensively deformed the bedrock 

in Daruvar, locally increasing its permeability. In addition, the fault juxtaposes the aquifer with 

middle to low permeable Neogene deposits, forming a barrier for the regional fluid flow toward 

W. The resulting permeability contrast favors the upwelling of the thermal waters outflowing 

in natural thermal springs with temperatures from 38 to 50 °C within the city of Daruvar. 

 

Figure 5. Schematic geological profile and simplified conceptual model of the Daruvar hydrothermal 
system (BOROVIĆ et al., 2019).  
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3. MULTIDISCIPLINARY APPROACH 

The multidisciplinary methodology used in this research for the multiscale geological and 

hydrogeological reconstruction of the DHS consisted of: i) structural investigations, which were 

used to reconstruct the regional geological settings, the surficial distribution of the 

lithostratigraphic units, and the geometry of regional and local scale faults, folds, and fracture 

systems, ii) geophysical investigations, where different geophysical approaches were combined 

to assess the distribution of the lithostratigraphic units in the subsurface and to reconstruct the 

geometry of faults and their damage zones at both local and regional scale, and iii) 

hydrogeological investigations, which integrated well testing and logging and discrete fracture 

network (DFN) numerical modeling to detail the hydraulic properties of the thermal aquifer 

(Figure 6). 

 

Figure 6. Schematic flow chart used in the multiscale geological and hydrogeological reconstruction of 
the DHS.   

Multiscale geological and hydrogeological 

reconstruction of the DHS
- 2D geological profiles

- 3D structural model of DHS
- 3D structural model of the Daruvar thermal spring area 

- conceptual hydrogeological model of DHS

1. Structural investigations
Regional scale 

- geometrical properties (dip direction and dip angle) of bedding and fractures 
- geometrical and kinematic properties of faults (slip and kinematics)

- fold properties
Local scale

- photogrammetry
- digital quantitative structural analysis 

3. Hydrogeological investigations
- pumping and well tests

- DFN reconstruction

2. Geophysical investigations

Shallow geophysics

- electrical resistivity tomography (ERT)  
- active seismic (MASW)
- passive seismic (HVSR)

Deep geophysics

- seismic reflection data/well data
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i. Structural investigations 

Structural investigations were focused on the implementation of field structural-geological 

research and measurements both at regional and local scales. The results were integrated with 

geological and geophysical data to develop 2D composite geological profiles and a 3D 

geological model of the wider DHS area. Structural investigations included: 

• Regional scale investigations that were used to determine the geometrical properties of 

strata bedding and fractures/joints (i.e., dip direction and dip angle) and the fault 

kinematics. For the reconstruction of fault kinematics, data of dip direction and dip 

angle of fault planes and kinematic indicators, i.e., the orientation of slickensides 

defined by azimuth and plunge and their sense of movement (DOBLAS, 1998) were 

used. Based on kinematic criteria, the shear fracture data were analyzed and separated 

into compatible fault groups where synthetic focal mechanisms were calculated for each 

group using the Right Dihedra Method (ANGELIER & MECHLER, 1977). Where local 

scale folds were visible, the fold axes were determined. Field investigations were carried 

out from 2021 to 2024 by collecting structural data at the 305 field points. The resulting 

dataset comprised 134, 659, and 91 measurements of bedding, fractures, and faults, 

respectively. The regional scale investigations enabled the reconstruction of the 

geological assemblage that influences the regional DHS fluid flow and water-rock 

interaction. 

• Local scale investigation that included structural measurement and the photogrammetric 

imagining in the area of the Batinjska Rijeka quarry (BRQ), east of Daruvar, where the 

Mesozoic carbonate rock complex is exposed. This approach was used for the 

development of a digital outcrop model (DOM), which permits to collect large datasets 

of discontinuities for a solid statistical analysis of their geometrical properties (HYMAN 

et al., 2015; THIELE et al., 2017; BENEDETTI et al., 2024). The imaging of BRQ was 

performed in April 2023 using DJI Matrice 300 RTK unmanned aerial vehicle. 702 

images were acquired with an image overlap up to of 90% resulting in a DOM (surface 

of 222,135 m2) with sub-centimeter resolution (0.29-0.56 px/cm). Results of the virtual 

structural analysis in the BRQ were constrained by field measurement and were used to 

stochastically reconstruct the fracture network using the DFN approach. Local scale 

investigations were employed to detail the architecture of the fracture networks in the 

BRQ outcrop analog of the thermal aquifer. 
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ii. Geophysical investigations 

Geophysical investigations were used to measure the spatial variations of the physical 

properties of the subsurface obtaining a quantitative model that completes the geological 

reconstruction. They included: 

• Deep measurements: reflection seismic profiles and well data were employed to 

reconstruct the geological features of the Lonja-Ilova depression on a regional scale. 

These seismic profiles and well data were collected as part of investigation projects 

conducted by INA - Industrija nafte d.d. in the Lonja-Ilova depression between Daruvar 

and Kutina in the timeframe from 1980s to 1990s.  

•  Shallow measurements: an integrated geophysical approach based on electrical 

resistivity tomography (ERT) and both active and passive seismic (MASW and HVSR) 

methods was used for the 3D reconstruction of the geological setting of the subsurface 

in the Daruvar city thermal spring area. ERT is a widely used geophysical method for 

reconstructing the geometry of lithologies and subsurface structures (LOKE et al., 

2013). This technique has proven highly effective in hydrogeological and structural 

investigations, particularly in geothermal systems (i.e., LÉVY et al., 2019; PAVIĆ et 

al., 2023). Eight profiles with a maximum investigating depth of approximately 115 m 

were acquired in 2021 and 2022. Furthermore, a combined approach using the passive 

horizontal-to-vertical spectral ratio (HVSR) and active multichannel analysis of surface 

waves (MASW) methods was applied to map the thickness of the Quaternary cover. 

Similar methods have been employed in thermal areas where recent sediments conceal 

bedrock geometry (CHENG et al., 2021). In this study, MASW investigations were 

conducted using six seismic profiles composed of 24 geophones, with HVSR 

measurement conducted in the center of each seismic profile.    

 

iii. Hydrogeological investigations 

In this study, both classical hydrogeological investigations and DFN modeling were conducted 

for the hydraulic parametrization of the Daruvar carbonate thermal aquifer. 

• Pumping test of the thermal aquifer was performed on February 27th, 2022. The water 

was pumped from well Dar 1 at different flow rates and the variations of the water level 

were measured in many observation points in the spring area. The results were 

interpreted using the Theis-Hantush analytical solution (THEIS, 1935; HANTUSH, 

1961a) for pumping tests since the thermal aquifer is highly fractured and it can be 

considered as a quasi-homogenous porous medium at the investigated scale. This 
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approach allowed to estimate the hydrogeological parameters of the aquifer (i.e., 

transmissivity, storativity, hydraulic conductivity anisotropy ratio, and saturated 

thickness). Besides the pumping test analysis, the data collected in Dar 1 were further 

investigated as a step-drawdown well test (KRUSEMAN et al., 2000). The collected 

data were used to determine the theoretical drawdown vs. flow rate curve of the well, 

the well efficiency, and its specific capacity and to assess the transmissivity of the 

aquifer through empirical relations. 

• DFN modeling was used to reconstruct the network system of discontinuities for 

quantifying the hydraulic parameters (i.e., porosity and permeability) of the aquifer 

(FAYBISHENKO et al., 2000; BUNDSCHUH & SUÁREZ, 2010; MEDICI et al., 

2023). The results obtained from the virtual structural analysis of BRQ’s DOM were 

used to build DFN models at the scales of the outcrop (100×100×30 m) and the aquifer 

volume investigated by the pumping test (700×700×150 m). The results of DFN models 

were calibrated and tested using data collected from several well tests and logs 

conducted in the Daruvar thermal field. 
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4. OBJECTIVES AND HYPOTHESES OF RESEARCH 

The presented multidisciplinary approach was applied for the geological and 

hydrogeological reconstruction and the hydraulic parameterization of the Daruvar hydrothermal 

system fractured carbonate aquifer. Accordingly, the main objectives of this research were:  

i. definition of the regional and local structural-geological features that enable the 

development of the DHS; 

ii. identification of the fracture systems that represent preferential flow paths in the DHS; 

iii. construction of a 3D model of DHS; 

iv. reconstruction of fault damage zones in the spring area of the DHS using geophysical 

investigations; 

v. comparison of the hydrogeological parameters of the dolomite aquifer estimated based 

on the fracture system analysis and results of pumping tests. 

 

These objectives are based on the following hypotheses: 

1. Regional and local geological and structural-geological influence on the development 

of DHS. 

2. Fracture networks are preferential flow paths in the DHS. 

3. Extensive tectonized fault zones in the Daruvar area allow the rising of thermal waters. 

4. Hydrogeological parameters in dolomite aquifers can be determined through numerical 

modeling of fracture systems.  
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Geological modeling of a
tectonically controlled
hydrothermal system in the
southwestern part of the
Pannonian basin (Croatia)
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Morena Mileusnić3, Mirja Pavić1 and Staša Borović1

1Croatian Geological Survey, Zagreb, Croatia, 2Faculty of Mining, Geology and Petroleum Engineering,
Department of Geology and Geological Engineering, University of Zagreb, Zagreb, Croatia, 3State
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Geothermal energy is an important resource in the green economy transition.
For the preservation of a geothermal resource it is crucial to assess its
renewability and the sustainability of the exploitation. These aspects are
influenced by the interaction among the physical, chemical, geological, and
hydrogeological processes. The reconstruction of the geological assemblage
allows the detailing of the geometries of the reservoir and fracture systems
that influence the fluid flow and the water/rock interaction. The control of
regional/local scale fault and fold systems on the development of the Daruvar
hydrothermal system (DHS), located in Croatian part of the Pannonian basin, is
detailed in this work. Field investigations were conducted to collect structural
data on strata orientation and fault/fracture systems. The dataset was integrated
with geological and geophysical data to develop composite geological profiles
and a 3D geological model. Results display a pattern of generally N-S and E-
W striking folds and cogenetic fracture systems with orientations parallel to
the fold axes. The geological reconstruction was integrated with geophysical,
hydrogeological, and geochemical data to propose a conceptual model of
the DHS. The DHS is a topographically driven system hosted in a Mesozoic
carbonate reservoir where E-W striking fracture systems are regional flow paths
that enable infiltration of meteoric water to 1 km depth and its reheating in its
reservoir area. In Daruvar, an anticline and fault/fracture systems accommodate
the uplift of reservoir to shallow depths, promoting the bedrock fracturing and
increase of the permeability field. These conditions favor the localized upwelling
of thermal water resulting in four thermal springs (38°C and 50°C) in Daruvar
city area. This work highlights the importance of employing a multidisciplinary
approach to detail the complex interaction among the processes driving the
geothermal resource.

KEYWORDS

Daruvar hydrothermal system, 3D structural modeling, polyphase evolution, fault
damage zone, Mesozoic carbonate aquifer, thermal water
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1 Introduction

The sustainable management of natural resources is one of the
most important challenges in the 21st century (ECE, 2021). Natural
resources developed by geological processes are very important
since they support many industrial activities. Geothermal resources
have a pivotal role in the current global economy since they are
potential renewable sources of both raw materials and energy (e.g.,
Finster et al., 2015; Szanyi et al., 2023). The sustainable utilization
of geothermal resources is crucial since their development and
renewability depend on a delicate balance between physical and
chemical processes (e.g., Rybach and Mongillo, 2006; Axelsson,
2010; Rman, 2014; Shortall et al., 2015; Fabbri et al., 2017).

The most relevant processes affecting the characteristics of
a geothermal resource are the conduction of heat and the
convection of fluids (Moeck, 2014). The magnitude of these
processes mostly depends on the geological and hydrogeological
settings of the geothermal system associated with the resource
(Kühn and Gessner, 2009; Bundschuh and César Suárez A., 2010;
Pasquale et al., 2014). The conductive component of the heat
transfer is mostly related to the regional subsurface geological
setting that affects: i) the distribution of lithologies and their
thermal properties, and ii) the occurrence of deep structures
favoring an increased heat flow from the deeper part of the Earth’s
crust. Convection encompasses the transfer of mass and heat
occurring by bulk fluid motion and depends on the subsurface
permeability field (Ataie-Ashtiani et al., 2018). In bedrock aquifers,
the original permeability can be enhanced by the fracturing
with fault damage zones being preferential paths for the fluid
flow (e.g., Faulkner et al., 2010; Bense et al., 2013). In particular,
thermal springs are generally associated with systems of faults
that enable or enhance the outflow of thermal waters (e.g.,
Curewitz and Karson, 1997; Nelson et al., 2009; Pola et al., 2014;
Keegan-Treloar et al., 2022; Pavić et al., 2023). Therefore, a detailed
reconstruction of the geological, tectonic, and hydrogeological
settings is crucial to determine the processes favoring the circulation
of thermal waters and influencing the renewability of the geothermal
resource and its exploitation sustainability (Magri et al., 2010;
Faulds et al., 2013; Scheck-Wenderoth et al., 2014; Brehme et al.,
2016; Pola et al., 2020; Torresan et al., 2021).

The reconstruction of the geo-tectonic settings of a certain
area is generally conducted by integration of field investigations
and geophysical data, at regional and local scales. While field
investigations enable the reconstruction of the surficial geometry
of geological formations and fractures and the assessment of the
kinematics of the principal faults, geophysical data can add crucial
subsurface information to the geological reconstruction. Geological
and geophysical datasets can be integrated to construct a 3D
geological model of the subsurface (Pavičić et al., 2018; Olierook,
2020; Jia et al., 2021; Panzera et al., 2022). 3D modeling, as a
backbone in geological and hydrogeological applications, provides
a useful tool for the interpretation and visualization of geological
structures, especially when their geometrical complexity cannot
be fully represented through 2D sections (Caumon et al., 2009;
Pavičić et al., 2018; Wellmann and Caumon, 2018; Pan et al., 2020;
Lyu et al., 2021). Assessing the tectonic setting and the stress
regimes can improve the geological reconstruction. It permits
understanding the kinematics of the local fracture networks that

influence the permeability field in the reservoir (Wang et al., 2014;
Santilano et al., 2016; Xie et al., 2017; Li Y. et al., 2018; Price et al.,
2018; Pan et al., 2020). Furthermore, it is crucial to quantify the
hydrogeological properties of the thermal aquifer that can be used
to forecast the quantity of exploitable waters. These reconstructions
are fundamental for a detailed hydrogeological modeling, which
explains the processes driving the formation of a thermal resource
(Moeck et al., 2010; Calcagno et al., 2014; Fulignati et al., 2014;
Mroczek et al., 2016; Montanari et al., 2017; Torresan et al., 2020).

According to Borović and Marković (2015), Northern Croatia
is rich in geothermal resources sharing the favorable thermal
properties of the Pannonian basin area (Horváth et al., 2015).
Most of the thermal springs in Croatia are used for balneotherapy
and tourism, however, they also have a great potential for
additional utilization (e.g., district heating, industrial processes).
One of the most investigated thermal regions in Croatia is the
Daruvar city area (Figure 1), with thermal springs documented
since the Roman era. Systematic geological, hydrogeological,
and geophysical investigations in the Daruvar area have been
conducted since the 1970s (e.g., Babić et al., 1971; Mraz, 1983;
Larva and Mraz, 2008; Borović, 2015; Borović et al., 2019;
Kosović et al., 2023; Urumović et al., 2023).The thermal spring area
is the outflow area of an intermediate scale, tectonically-controlled,
topographically driven, geothermal system hosted in a Mesozoic
carbonate rock complex. The thermal waters are exploited from a
thermal well and two springs that provide approximately 10 l/s.

Despite several multidisciplinary investigations in Daruvar,
the detailed quantitative geological and structural reconstructions
of the recharge area and flow-through parts of the Daruvar
hydrothermal system (DHS) are still unreliable and outdated. This
study aims to present results of field investigations conducted in
the hinterland area of Daruvar to detail its geological setting,
structural framework, and tectonic evolution. Geological and
structural data were combined with available seismic reflection data
and stratigraphic logs of deep wells to perform a 3D geological
model. Results were furthermore used to refine the hydrogeological
conceptual model of the DHS focusing on the correlation of the
geological and tectonic models with the preferential flow paths in
the system.

2 Geological and hydrogeological
settings

2.1 Regional tectonics evolution

The DHS area is located in the western part of the Slavonian
mountains (Mount Papuk), which are one of the best exposures
of the Tisza-Dacia Mega-Unit, a lithospheric fragment formed
between the European and Adria plates during the Middle
Jurassic (Figure 1; e.g.; Balen et al., 2006; Schmid et al., 2008 with
references). This area experienced a complex tectono-metamorphic
evolution that started with the Variscan and continued through
the Alpine-Dinarides-Carpathian orogeny. The Variscan events
were characterized by structural stacking of the Mecsek, Bihor,
and Codru nappe systems (Figure 1), with various metamorphic
overprints of the preexisting crystalline basement, intruded by
granitoids and migmatites (Balen et al., 2006 with references).
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FIGURE 1
Regional map (modified after Schmid et al., 2008; 2020) showing: i) the main tectonic units, ii) the regional fault structures, and iii) the border line of
the Pannonian basin (white line). The study area is located in the Tisza-Dacia Mega Unit at the contact with the Sava Suture Zone and is a part of the
Pannonian basin. The red rectangle marks the extent of the structural map in Figure 2. A schematic geographic map is reported in the upper left corner
showing Daruvar, Zagreb (the capital city of Croatia), Croatia, and the neighboring states (acronyms: AT–Austria, BA–Bosnia and Herzegovina,
HR–Croatia, HU–Hungary, IT–Italy, Sl–Slovenia, RS–Serbia).

According to Schmid et al. (2008, 2020), Bihor nappe system
exposures can be found in southern Hungary and the Slavonian
mountains. Balen et al. (2006) suggested that metamorphic and
plutonic basement rocks of the Slavonian mountains were locally
covered by a Paleozoic-Mesozoic carbonate/clastic succession
deposited at the passive margin of the Adria plate. Neogene-
Quaternary deposits further concealed the older rock sequence after
the intensive Cretaceous-Paleogene tectonism (Balen et al., 2006
with references). As a part of the Alpine-Dinarides-Carpathian
orogenic system, the study area is positioned in the vicinity of
the Sava Zone, i.e., the Cretaceous-Paleogene suture zone between
the Tisza-Dacia Mega-Unit in the NE and the Adria plate in
the SW. The Sava Zone is composed of complex assemblage of
ophiolitic, magmatic-metamorphic, and deep-water sedimentary
rocks formed in the Neotethys and the Sava Ocean (Schmid et al.,
2008 with references). These rock complexes are often displaced
by regional fault zones (i.e., Mid-Hungarian fault line), which are
characterized by a polyphase tectonic evolution (Figure 1; Figure 2;
Schmid et al., 2008).

The Neogene-Quaternary tectonic evolution of the Pannonian
Basin System (PBS), which is characterized by repeated extension,
compression, and tectonic inversion, further affected the structural
assemblage of the study area. In particular, it was conditioned by
the Adria-Europe collision, the eastward lateral-extrusion of the
continental blocks between these plates, and the clockwise rotation

of the Tisza-Dacia Mega-Unit (Prelogović et al., 1998; Tari et al.,
1999; Csontos and Vörös, 2004; Schmid et al., 2008).

PBS was formed by Early to Late Miocene (c. 26–11.5 Ma)
NNE-SSW directed “back-arc type” lithospheric extension along
the NNW-striking listric normal faults (Figure 2; Fodor et al., 2005;
Horváth et al., 2006; Schmid et al., 2008; Brückl et al., 2010). Rift
andwrench-related troughswere filledwith large amounts of syn-rift
deposits (Tari and Pamić, 1998; Horváth and Tari, 1999; Steininger
and Wessely, 2000; Ustaszewski et al., 2010). In the Croatian part of
the PBS, deposition commenced along the listric faults forming the
basins and subbasins (Pavelić et al., 2001; Ćorić et al., 2009).Though
local structural tectonic inversion occurred at the end of the Middle
Miocene (c. 13.0–11.6 Ma), Croatian part of PBS was characterized
by continuous deepening and rapid thermal subsidence along
the existing faults until the Late Miocene - Early Pliocene
(c. 11.5–5.3 Ma; Csontos et al., 1992; Horváth and Tari, 1999;
Tomljenović and Csontos, 2001; Fodor et al., 2005;Malvić andVelić,
2011). A significant change in the stress field, with N-S trending
compressional and/or transpressional P-axes, occurred during the
Pliocene. Translation and counterclockwise rotation of the Adria
plate in combination with consumption of the subducted European
plate lithosphere led to regional tectonic inversion (Horváth and
Tari, 1999; Grenerczy et al., 2005; Dolton, 2006; Jarosiński et al.,
2006; Bada et al., 2007; Jarosinski et al., 2011; Ustaszewski et al.,
2014). The Pliocene-Quaternary tectonic inversion accommodated
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FIGURE 2
Simplified structural map of the regional tectonic framework with regional fault systems within northern Croatia. The yellow rectangle corresponds to
the extent of the geological map in Figure 3. Fault systems are compiled after: Jamičić, 1995; Prelogović et al., 1998; Tomljenović and Csontos, 2001;
Schmid et al., 2008; Šolaja, 2010; Matoš et al., 2016; Wacha et al., 2018; Baize et al., 2022; Herak and Herak, 2023.

large-scale lithospheric folding, vertical/horizontal motions along
the existing regional faults, and horizontal/vertical displacement
along the co-genetic reverse and strike-slip faults (e.g., Periadriatic
fault, Mid-Hungarian fault line, Sava and Drava fault zones;
Figure 2; Horváth and Cloetingh, 1996; Prelogović et al., 1998;
Horváth and Tari, 1999; Fodor et al., 2005; Dolton, 2006; Bada et al.,
2007; Jarosinski et al., 2011). In the Croatian part of the PBS,
the tectonic uplift yielded final uplift of pre-Neogene basement
highs (e.g., Slavonian mountains), which caused tectonic overprint
of basement structures, block rotations, and formation of the
positive flower structures with kilometer-scale folds along the
reactivated and newly formed strike-slip faults (Figure 2; Jamičić,
1995; Prelogović et al., 1998; Tomljenović and Csontos, 2001;
Balen et al., 2006).

2.2 Geological setting

The geological setting of the Daruvar area was extensively
investigated by Jamičić et al. (1989). Since the scope of this
work is the geological reconstruction of the DHS for a detailed
hydrogeological conceptual modeling, the original geological
map (Supplementary Figure S1) was simplified considering the
hydrogeological properties of the lithological units together with their
age (Figure 3).The units (Supplementary Figure S2) were reorganized
as follows: i) pre-Permian crystalline rocks, ii) Permian sedimentary
units, iii) Triassic carbonate rock complex, iv) Jurassic limestones,
v) Miocene sedimentary and magmatic rock complex, vi) Pliocene
clastic sediments, vii) Pleistocene unconsolidated sediments, and viii)
Holocene alluvial and colluvial unconsolidated sediments.
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The oldest rocks in the study area are the pre-Permian
crystalline rocks. They cover the largest area in western Papuk
and are composed of migmatites, granitoids, pegmatites, gneisses,
and chlorite schists. Granitoids are the most common lithology
and they are S-type granites concordant with migmatite bodies
(Jamičić et al., 1989; Pamić et al., 2003). The crystalline rocks are
generally in transgressive contact with Permian or Miocene units.
Permian rocks are composed of well-layered conglomerates and
quartz sandstones. The conglomerates contain clasts with a variable
lithological composition depending on the underlying basement.
Locally, these sediments can show a low-grade metamorphism. The
thickness of the Permian unit is approximately 400 m. The Triassic
sedimentary rock complex was continuously sedimented over the
Permian deposits.The formation of clastic deposits prevailed during
the Lower Triassic, while shallow-water carbonate sedimentation
with occasional clastic sediment deposition occurred in the Middle
and Upper Triassic (Šikić, 1981; Jamičić et al., 1989). The result is
a sedimentary complex composed of: i) Lower Triassic sandstones,
siltstones, and laminated shales, ii) Middle Triassic dolomites,
limestones, and crinoid limestones with chert, and iii) Upper
Triassic dolomites and limestones.The total thickness of the Triassic
unit is approximately 500 m. During the Jurassic, western Papuk
as the contact zone of the Adria plate and the Tisza block was
characterized by deep-sea basin sedimentation. Jurassic deposits are
preserved exclusively in western Papuk (Jamičić, 2009). They are
represented by platy limestones with cherts (Jamičić et al., 1989),
with thickness approximately 100 m. From the Lower Cretaceous,
western Papuk experienced tectonic uplift and emersion. It was
characterized by coastal environments with frequent sea-level
oscillations and alternations of marine, brackish, and freshwater
sedimentation. The sedimentation was partly restored in the
Middle Miocene due to the PBS E-W extension and regional
transgression. Sea level oscillations and alternations in the Neogene-
Quaternary deposition environments resulted in marine, brackish,
and freshwater sedimentation in the structural lows of the previously
formed structures. Miocene sediments are mostly composed of
conglomerates, sandstones, marls, marly and bioclastic limestones,
and loose clayey-sandy sediments. Furthermore, pyroclastic and
effusive rocks can be found, with andesites occurring in the western
part of the study area. The thickness of the Miocene succession is
in the range of 600–650 m. The clastic sedimentation continued in
the Pliocene with sandstones and marls in different proportions,
as well as sands and gravels, with a total thickness between 700
and 900 m. The youngest unconsolidated Quaternary sediments
can often be found as a “transgressive” cover of the older units.
Quaternary sediments consist of sandy gravels, quartz sands, silty
sands, and sandy clays (Jamičić et al., 1989). Pleistocene deposits are
characterized by alluvial and loess-like deposits, while alluvial and
slope sediments occur during the Holocene. The Pleistocene and
Holocene units are up to 25 and 5 m thick, respectively.

The youngest Plio-Quaternary tectonic phase significantly
affected the structural assemblage of the study area.
This tectonic activity is associated with the proximal
compressional/transpressional stresses accommodated along the
Drava and Sava fault zones (Figure 2) which led to both the
formation of folds, new faults, and the structural reactivation with
local inversion of inherited structures (Figure 3; Jamičić, 1995). The
principal mapped faults in the study area are mostly E-W, NE-SW,

and NW-SE striking faults with cogenetic N-S, NW-SE, and NE-SW
striking fold axes (Jamičić et al., 1989; Jamičić, 1995; Šolaja, 2010).

2.3 Hydrogeological setting

Four thermal springs with temperatures between 38°C and
50°C occur in Daruvar. Furthermore, approximately 100 shallow
boreholes and a few deep wells have been drilled since the 1970s.
The lithostratigraphic sequence was detailed through two wells
deeper than 100 m (Kosović et al., 2023). It consists of: i) Quaternary
alluvial deposits with a thickness of up to 20 m, ii) Miocene or
Pliocene marls up to 30 m thick, iii) Miocene bioclastic limestone
with a thickness of 10 m, and iv) Triassic dolomites and limestones
with thickness of 130 m. Where the thermal springs occur, the
stratigraphic logs show that the Triassic carbonates are in direct
contact with the Quaternary cover. The Triassic carbonates are
moderately to highly fractured. This formation represents the
primary thermal aquifer, while secondary, colder, thermal aquifers
are found in the sandy layers of the alluvial cover and the
Miocene biocalcarenite (Borović et al., 2019). The transmissivity of
the Triassic carbonate aquifer was assessed through pumping and
well tests ranging from 0.015 to 0.03 m2/s (Borović et al., 2019;
Urumović et al., 2023). The main physico-chemical characteristics
of thermal waters in springs and wells (Borović, 2015) are: i)
temperature from 18.2°C to 49.8°C, ii) nearly neutral pH with
values between 6.7 and 7.8, iii) EC between 550 and 700 μS/cm,
and iv) calcium-bicarbonate hydrochemical facies. O and H stable
isotope ratios suggest a meteoric origin of the Daruvar waters,
while 14C activity points to a mean residence time between
11 and 15 ka (Borović, 2015).

These data were used to propose an initial conceptual model of
the DHS (Borović et al., 2019). The recharge area of the system is
located in the topographically highest part of the eastern hinterland
of Daruvar (i.e., western Papuk and Petrov vrh area) where the
Triassic carbonates are uplifted by a regional fault system (Figure 3).
The deep infiltration of the meteoric waters is favored by the dip of
the layers, the karstification, and the fracturing of the rock mass.
The low permeable Permian and pre-Permian units at the base act
as a barrier for further downward circulation. Locally, shallow cold
and deep warmwatersmix developing hypothermal and subthermal
springs in the Daruvar hinterland. In the Daruvar area, existing
regional thrust and strike-slip faults (Figure 3) and their polyphase
tectonic history enhanced the deformation of the aquifer and its
permeability field. Furthermore, faults juxtapose the aquifer with
low permeable Miocene-Pliocene deposits forming a barrier for the
fluid flow toward W.

3 Materials and methods

3.1 Structural-geological investigation and
analysis

Structural-geological field investigation was carried out from
2021 to 2024. Data were collected at 305 field points, digitized,
and spatially georeferenced using GIS software. The structural
investigation included measurements of the geometrical properties
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FIGURE 3
Simplified geological map of the Daruvar area (modified from Jamičić et al., 1989; Šolaja, 2010). Fault acronyms: DF, Daruvar fault; DeF, Dežanovac
fault; GF, Gradina fault; PF, Pakrac fault; TF, Toplica fault; VF, Voćin fault. Topographic peaks are denoted by white triangles. White polygons indicate
larger settlements and towns.

of strata bedding and fractures/joints (i.e., dip direction and
dip angle). Furthermore, outcrop-scale structural data on fault
geometrical properties, fault slip, and kinematics were also collected.
The resulting dataset comprised 134, 659, and 91 measurements of
bedding, fractures, and faults, respectively. Where local scale folds
were visible, the fold axis was determined. Following the principal
structural units, the Daruvar structural framework (Figure 4) was

divided into three structural domains separated by regional E-
W or NE-SW striking reverse faults: i) Dujanova kosa (DK),
ii) Petrov vrh (PV), and iii) Sirač (SI). Structural observations
in these domains were subdivided into eastern, central, and
western sections obtaining a detailed analysis of the structural style
within each block composing the structural fabric of the Daruvar
hinterland.
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FIGURE 4
Distribution of the field measurement points (white dots)¸ and traces of constructed composite geological profiles (red line) in the Daruvar area.
Measured data, coupled with seismic reflection profiles (light yellow lines) and stratigraphic logs of deep wells, were used to construct the 3D model
(blue rectangle). The structural domains (Dujanova kosa, Petrov vrh, and Sirač; orange polygons), the main geological structures, and towns (light grey
polygons) are also shown. The acronyms of the main faults are reported in Figure 3.

In this study, data were plotted by the Stereonet v.11 software
(Allmendinger et al., 2011; Cardozo and Allmendinger, 2013). A
representative bedding was calculated for every measurement point.
The results were plotted to graphically determine the most common
orientations within each domain. Poles of fracture planes were
used to construct contour plots of the poles distribution using
the 1% area contour method (Allmendinger et al., 2011; Cardozo
and Allmendinger, 2013). The plots were used to determine the
most representative sets of fractures in each domain. For the
determination of fault kinematics, we used data of dip direction
and dip angle of fault planes and kinematic indicators, i.e.,

orientation of slickensides defined by azimuth and plunge, and,
their sense of movement (Doblas, 1998). Based on kinematic
criteria, the shear fracture data were analyzed by Win-Tensor v.
5.9.2 software (Delvaux and Sperner, 2003). The obtained data
was separated into compatible fault groups and processed by
TectonicsFP v. 1.7.9 software (Ortner et al., 2002). Theoretical
maximum (σ1), mean (σ2) and minimum stress axes (σ3) were
calculated using the P–T axis method (Turner, 1953; Marrett and
Allmendinger, 1990). For the analyzed fault groups, synthetic focal
mechanisms were calculated using the Right Dihedra Method
(Angelier and Mechler, 1977).
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3.2 Composite geological profiles and 3D
geological modeling

Composite geological profiles are key components in the
interpretation of the 2D/3D subsurface relations and structures.The
composite geological profiles were constructed using: i) field data
collectedwithin this study, ii) existing geological data (i.e., geological
maps, explanatory notes, published geological data), iii) seismic
reflection profiles collected for hydrocarbon exploration, and iv)
stratigraphic logs of deep wells drilled during the hydrocarbon
exploration campaign and geophysical well-logging data. Here,
five NW-SE composite geological profiles were constructed (DHS-
1 to DHS-5; Figure 4), representing surface/subsurface 2D models
of the Lonjsko-Ilovska depression and the western part of
Mount Papuk.

Constructed composite geological profiles combined with field
dataset were further integrated to develop the 3D geological model
of the DHS area (blue rectangle in Figure 4). Petroleum Experts
Move 2019.1 (https://www.petex.com/products/move-suite/move/)
software package was used to build the subsurface model. The
workflow for the model construction is shown in Figure 5. Since
the geological setting of the study area is very complex (i.e., fault
with variable architecture, regional folds, disconformities, angular
unconformities, nonconformities), 15 additional geological sections
mostly perpendicular and longitudinal to the geological structures
were constructed. Furthermore, 20 smaller auxiliary (temporary)
sections were made to obtain a more detailed reconstruction at
the local scale. Fault surfaces were obtained by extending fault
traces from geological profiles and maps into the subsurface using
detailed measurements from the fieldwork and fitting the geological
sections. Horizon surfaces were constructed by the ordinary kriging
interpolation algorithm with “Use Meshed Alpha Shape as Input
Points” option. This option allows a better interpolation of the
complex surfaces based on sparse and irregular data. A construction
mesh with vertices exactly at the XY location of irregularly spaced
data points was performed (Petroleum Expert, 2019).The algorithm
then used a convex hull to create a surface. Grid geometry provided
an option (i.e., Honour Points) to create an interpolated surface
with Z elevations at the XY locations of existing data points and
is geomathematically predicted at other vertex locations of the
construction mesh (Petroleum Expert, 2019). Surface Sampling
controls the triangle size of the mesh, and it was fitted based on the
density of input data.

4 Results

4.1 Analysis of bedding and fracture system

4.1.1 Dujanova kosa (DK)
The structural domain of Dujanova kosa (DK) encompasses

the northern segment of the study area (Figure 4). It is
positioned between two E-W striking low-angle thrust faults
(Voćin and Gradina faults; VF and GF, respectively, in Figure 3;
Figure 4). Structural measurements were conducted on 68
geological stations (Figure 4) with collected data about 48 strata
orientations and 158 fracture planes.

Field observations of the basement section evidenced that the
granitoids are heavily weathered. They are structurally missing
geometrical properties, i.e., foliations/bedding orientations, but they
are deformed by two systems of fractures (Table 1; Figure 8). The
system Fs1 is characterized by steeply dipping (dip angle 80°) NNW-
SSE striking fractures, whereas Fs2 is composed of discontinuities
that dip towards SSE at a dip angle of 52°.

The eastern section of the DK encompasses the Permian clastic
and the Triassic carbonate succession. It is mostly characterized
by folded structures with fold axes gently dipping towards SW
or NW (dip angle of 12° and 5°, respectively; Figure 6). In the
first fold set beds are gently dipping SE and WNW at average
angles of respectively 48° and 37°, or towards ENE and WSW at
28° and 52° for the second fold set. These observations indicate
a polyphase tectonic evolution of the Permian-Triassic succession
that enabled the formation of at least two generations of folds.
Four fracture systems were further evidenced (Table 1; Figure 8).
The Fs1 fracture system is characterized by discontinuities steeply
dipping towards N with a dip angle of 71°. The system Fs2 includes
predominantlyN-S striking fractures that are gently dipping towards
E at 36°. Fracture system Fs3 shows a strike parallel to Fs2, but these
discontinuities are dipping towards W at the angle of 58°. The Fs4
system is characterized by subvertical NE-SW striking fractures that
are dipping at the angle of 76° towards SE.

The structural measurements in the central section of the DK
were mainly conducted in Upper Triassic and Jurassic carbonates
(Figure 3; Figure 4). Beds are dipping either towards NE or W at
the average angle of 43° and 64°, respectively, resulting in folded
structures with fold axes gently dipping towards NNW at the angle
of 15° (Figure 6). Fracture data suggest the existence of three fracture
systems (Table 1; Figure 8). The system Fs1 is characterized by
fractures steeply dipping towards WSW with an average dip angle
of 63°. The Fs2 set is composed of NE-SW striking discontinuities
that are steeply dipping towards SE at the angle of 73°. Fs3 has a
strike similar to Fs1, but these discontinuities are dipping towards
NE at 61°. All these fracture systems are characterized by subvertical
geometry implying their structural position with respect to the fold
hinge zones.

The western section of the DK includes field investigations that
were conducted in Triassic carbonates and its Neogene sedimentary
cover. Bedding measurements show similar structural pattern to the
central section of the DK. NW-SE striking beds dipping towards NE
and SW (dip angle of 81° and 63°, respectively) compose isoclinal
folded structures with axes gently dipping towards NW, at the angle
of 19° (Figure 6). Measured fracture discontinuities suggest the
presence of two systems (Table 1; Figure 8). The Fs1 fracture system
is characterized by E-W striking discontinuities dipping towards N
with a dip angle of 53°. The Fs2 fracture system includes NNE-SSW
striking discontinuities dipping towards ESE at the angle of 59°.

4.1.2 Petrov vrh (PV)
The PV structural domain includes the central segment of the

study area (Figure 4). It is bounded by the E-W striking Gradina
fault (GF) and the NW-SE striking Pakrac fault (PF). Here, the rock
complex has been intensively folded by a series of kilometer-scale
displaced anticlines and synclines. Structural measurements were
conducted on 184 geological stations (Figure 4) with collected data
about 57 strata orientations and 332 fracture planes.
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FIGURE 5
Schematic flow chart used in the construction of the 3D geological model of the DHS area.

As observed in DK, the pre-Permian granitoids of the basement
are structurallymissing recognizable foliation/bedding orientations.
However, three systems of fractures (Table 1; Figure 8) were
observed. Fracture system Fs1 is characterized by discontinuities
that dip towards NE at an average dip angle of 45°. The system Fs2
is composed of discontinuities that dip towards W at a dip angle of
68°. The group Fs3 is a WNW-ESE striking system of fractures that
are steeply dipping (dip angle 87°) towards SSW.

The eastern section of the PV, which includes the Permian
clastic and Triassic carbonate successions, is mostly characterized
by folded structures with fold axes gently dipping towards S at
an angle of 4° (Figure 6). Field measurements in these folded
clastic and carbonate layers indicate that beds are dipping either
E or W at the average angle of 48° and 31°, respectively. Three
fracture systems were determined (Table 1; Figure 8). The first
fracture system (Fs1) is characterized by discontinuities steeply
dipping towards N (dip angle of 88°). The Fs2 system includes
predominantly NNE-SSW striking discontinuities that are dipping
towards ESE at the angle of 50°. The fracture system Fs3 has a
NNW-SSE strike and these discontinuities are dipping towards
ENE at 61°.

The structural measurements in the central section of the PV,
similarly to the central section of DK, were mainly conducted in
fractured Upper Triassic-Jurassic carbonates (Figure 7A). Folded
structures are characterized by fold axes gently dipping either
towards SSE or SW (dip angle of 21° and 25°, respectively; Figure 6).
Beds of the first group of folds are steeply dipping towards E and

WSW at the average angle of 66° and 80°. For the second fold
series, beds are gently dipping towards W and S at the angle of
33° and 32°, respectively. These observations indicate a polyphase
tectonic evolution in the domain that enabled the formation of at
least two generations of folds. At the same time, two main fracture
systems can be delineated (Table 1; Figure 8). The system Fs1 is
characterized with fractures steeply dipping towards ESE at a dip
angle of 82°. The second fracture system Fs2 is characterized by
WNW-ESE striking discontinuities that are steeply dipping towards
SSW at the angle of 87°.

The western section of the PV encompasses the Triassic
carbonates and their transgressive Neogene sedimentary cover
(Figure 3; Figure 4). Similarly, to the central section, bedding
measurements indicate a polyphase tectonics, with at least two
generations of folds. Folded structures are characterized by fold axes
gently dipping towards SSW or ENE (dip angle of 23° and 14°,
respectively; Figure 6). Beds in the first fold group are dipping either
ESE or W at the angle of 60° and 65°, respectively. For the second
generation of folds, they are dipping towards SE and NNW at the
angle of 26° and 53°, respectively. The analyses of the measured
fracture discontinuities (Table 1; Figure 8) suggested the presence of
three fracture systems. The Fs1 fracture system includes NNE-SSW
striking discontinuities that are dipping towards ESEwith a dip angle
of 52°.TheFs2 system is dipping steeply towardsN (average dip angle
of 84°), while fracture system Fs3 has a strike parallel to the strike of
Fs1, but these discontinuities are steeply dipping towards WNW at
the angle of 82°.
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TABLE 1 Average orientations of the main fracture systems in the structural domains of the study area and number of data constituting the sets.

Section
Fracture
system

Dujanova kosa Petrov vrh Sirač

Data Dip
direction

(°)

Dip
angle
(°)

Strike Data Dip
direction

(°)

Dip
angle
(°)

Strike Data Dip
direction

(°)

Dip
angle
(°)

Strike

Basement

Fs1 6 252 80 162–342 16 34 45 124–304 8 239 44 149–329

Fs2 4 168 52 78–258 4 263 68 173–353 3 20 13 110–290

Fs3 – – – – 4 199 87 109–289 – – – –

East

Fs1 25 357 71 87–267 29 11 88 101–281 18 180 72 90–270

Fs2 15 99 36 9–189 27 119 50 29–209 16 251 49 161–341

Fs3 8 257 58 167–347 26 57 61 147–327 10 149 30 59–239

Fs4 6 130 76 40–220 – – – – – – – –

Central

Fs1 18 251 63 161–341 55 117 82 27–207 59 76 84 166–346

Fs2 15 138 73 48–228 42 208 87 118–298 41 129 61 39–219

Fs3 10 35 61 125–305 – – – – 35 205 60 115–295

West

Fs1 19 354 53 84–264 28 118 52 28–208 20 205 68 115–295

Fs2 10 109 59 19–199 25 8 84 98–278 19 127 65 37–217

Fs3 – – – – 24 299 82 29–209 14 95 77 5–185

4.1.3 Sirač (SI)
The SI structural domain encompasses the southern part of the

study area and ismostly composed ofMesozoic carbonate succession
(Figure 3). Its northern boundary follows the NW-SE striking
low-angle Pakrac thrust (PF; Figure 3). Field investigations at
the 58 geological stations resulted in measurements of 29 strata
orientations and 243 fracture planes.

The basement section of the SI refers to a small area located in the
farthest NE part.The structural fabric of the pre-Permian granitoids
is similar to theDK and PVdomains being deformed by two fracture
systems (Table 1; Figure 8). Fs1 is an NNW-SSE striking fracture
system dipping towardsWSW (dip angle of 44°), whereas the second
fracture system, Fs2, includes discontinuities that gently dip towards
NNE at a dip angle of 13°.

The eastern section of the SI encompasses the Permian
sedimentary units (Figure 7B) and the Triassic carbonate succession
that are intensively fractured and folded. Folded structures are
characterized by fold axes gently dipping towards S or W (dip angle
of 10° and 4°, respectively; Figure 6). Beds of the first fold generation
are dipping either E or W at the angle of 69° and 32°, or towards
N or S (dip angle of 62°and 53°, respectively) for the second group
of folds. As observed in other domains, it suggests a polyphase
tectonic evolution that enabled at least two deformation events,
i.e., fold generations. Measured fracture discontinuities pinpoint the
existence of at least three fracture systems (Table 1; Figure 8). The
first fracture system Fs1 is characterized by discontinuities steeply
dipping towards Swith a dip angle of 72°.The second set Fs2 includes

predominantly NNW-SSE striking discontinuities that are dipping
towardsWSW(dip angle of 49°). Fs3 fracture system is characterized
by ENE-WSW striking discontinuities that are dipping at the angle
of 30° towards SSE.

The structuralmeasurements in the central section of the SI were
mainly conducted in Upper Triassic dolomites (Figure 3). NNW-
SSE striking beds (Figure 6) point to folded structures with fold
axes gently dipping towards SSE at the angle of 2°. Beds in this
structures are dipping towards either NE or SW at the angle of
40°, and 60°, respectively. Another set of measurements indicates a
homocline where beds are gently dipping towards NNWat the angle
of 33°. Three fracture systems were delineated (Table 1; Figure 8).
The first fracture system Fs1 is characterized by fractures steeply
dipping towards ENE with a dip angle of 84°. The second set
Fs2 encompasses NE-SW striking discontinuities that are steeply
dipping towards SE at the angle of 61°. Fs3 group has a WNW-
ESE strike and dips towards SSW at the angle of 60°. These fracture
systems are characterized by subvertical geometry that implies their
structural position with respect to the fold hinge zones.

The western section of the SI included field investigations that
were mainly conducted in Triassic carbonates (Figure 3). NE-
SW striking beds compose folded structures with axes gently
dipping towards SW at the angle of 2° (Figure 6). Measured
fracture discontinuities (Table 1; Figure 8) suggested the presence
of three fracture systems. The system Fs1 is characterized by
ESE-WNW striking discontinuities that are dipping towards
SSW with a dip angle of 68°. The Fs2 fracture system includes
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FIGURE 6
Stereonets of the bedding orientations (thin black circles) in the different domains of the study area. Their interpretation highlights the polyphase
tectonic evolution of the study area with processes of refolding and occurrence of two generations of folds (thick blue and red circles) characterized
by different fold axes (blue and red points). N indicates the number of measurements available in each structural domain.

NE-SW striking discontinuities dipping towards SE at the
angle of 65°. Fs3 is characterized by subvertical N-S striking
discontinuities that are steeply dipping at the angle of 77°
towards E.

4.2 Fault system and shear fracture analysis

Structural investigations focused also on the identification of the
principal faults/fault zones that built the structural assemblage of the
study area. Approximately 90 shear fractures/fault plane data at 47
geological stations were collected. Considering the stress field and
kinematic criteria, three principal fault categories were delineated
and further subdivided into compatible fault groups and subsets
(Table 2; Figure 9).

4.2.1 Reverse faults
Reverse fault planes (17 measurements) were separated

into RF/1 and RF/2 fault groups (Table 2; Figure 9). Measured
dominantly in the Mesozoic carbonate succession, the RF/1 group
is characterized by two fault subsets: RF1/a shows an average ENE
dip direction (dip angle of 35°, Figure 9), whereas RF1/b steeply
dips towards NW at a dip angle of 74°. The RF/2 reverse fault
group is composed of two subsets striking both N-S and WNW-
ESE. The RF2/a subset is characterized by an average E dipping
direction (dip angle of 67°), whereas the RF2/b subset includes
planes dipping towards SW (dip angle of 44°). Structural analysis
of the representative paleostress field mechanisms indicate that the
paleostress compressional field for the RF1 fault group is associated
with a P-axis generally trending NW‒SE (Table 2; Figure 9). The
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FIGURE 7
(A) Heavily fractured Triassic dolomites intercalated with dolomitized limestones and shales at the quarry of Batinjska rijeka steeply dipping toward
WNW (central part of PV structural domain, NE of Daruvar; 45°36′20.76″N, 17°16′19.77″E). (B) Permian layered sandstones (eastern section of the SI
domain; 45°33′14.52″N, 17°21′38.74″E) with bedding orientation of 237/32 (dip direction/dip angle) deformed by two sets of N-S and E-W striking
subvertical fractures system (average dip direction/dip angle of 123/64 and 354/70, respectively).

computations for the RF2 fault group show a compressional
paleostress field that is associated with a P-axis trending NE‒SW
(Table 2; Figure 9).These compressional paleostress fields resulted in
the formation of the cogenetic fault-related structures (Figure 10A)
that exhibit tectonic transport dominantly to NW/SE or NE/SW
respectively.

4.2.2 Normal faults
Besides reverse fault planes, 31 normal fault planes were

measured (Figure 10B,C). Normal faults were separated into
NF1, NF2, and NF3 groups (Table 2; Figure 9). Group NF1 is
characterized by NE‒SW striking fault planes with fault subsets
that are dipping towards either NNW or SE (dip angle of 46°
and 43°, respectively). Kinematic analysis shows that these normal
fault planes were formed within a paleostress field characterized
by a subvertical P-axis steeply dipping towards the SSW (P-axis
orientation is 206/86; Table 2) and subhorizontal T-axis trending
NW‒SE resulting NW–SE extension. The group NF2 encompasses
ESE‒WNW striking fault planes with fault subsets that are dipping
towards N and S (dip angle of 64° and 28°, respectively). Kinematic
and paleostress field analyses show that measured normal fault
planes were formed within the paleostress field characterized
by a subvertical P-axis steeply dipping towards the SSW and
subhorizontal T-axis trending N‒S (Table 2) that resulted in
NNE–SSW directed extension. The third normal fault group NF3
encompasses N‒S striking fault planes with fault subsets that
were dipping towards ESE and WNW (dip angle of 44° and 47°,
respectively; Table 2; Figure 9). Paleostress field analyses for this
group show that fault planes were formed within the ESE–WNW
directed extension that was influenced by the subvertical P-axis
steeply dipping towards N (P-axis orientation is 11/86; Table 2),
whereas the subhorizontal T-axis is generally trending E‒W.

4.2.3 Strike-slip faults
Strike-slip fault planes (43 measurements) were separated

according to their geometric properties and kinematic compatibility
into two principal fault groups (SSF1 and SSF2; Table 2; Figure 9).
The SSF1 group includes dextral/sinistral faults (dip angle between
79° and 89°) that are dominantly striking either NE–SW or NW–SE,
while the SSF2 group resembles steeply dipping conjugate fault
pairs with ESE–WNW and NNE–SSW strike (dip angle between
61° and 89°). Mapped strike-slip fault planes were often observed
with structural reactivation features that encompassed slickenside
overgrowths. Both dextral and sinistral movement indicators were
visible (Figure 10D).This reactivation indicates the interchange and
re-orientation of the principal stress axes σ1 and σ3 within the
same stress field. Kinematic analysis also points to faults’ structural
reactivation indicating that the mapped fault planes were formed
within two slightly different paleostress fields (Table 2): i) paleostress
field associated with the NE–SW trending P-axis (T-axis trending
NW–SE), and ii) paleostress field associated with general N-S
trending P-axis that bends towards NNW or NNE (T-axis trending
NE-SW or NW-SE; Figure 9). In addition, field observations of
cross-cutting relationships between the mapped reverse/normal
faults and strike-slip faults indicate that the strike-slip fault planes
usually cut across and offset the reverse/normal faults. Structural
reactivation indicators further evidence that some reverse/normal
fault planes were also reactivated as dextral/sinistral faults.

4.3 Composite geological profiles and
subsurface geological model of DHS

Composite geological profiles DHS-1 to DHS-5 (Figure 4;
Figure 11; Supplementary Figure S3) represent the proposed
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FIGURE 8
Structural diagrams of the main fracture systems (black circles) in the structural domains of the study area. The orientations of the representative
fractures (FS) in the systems are reported in Table 1. They are obtained from the distribution of the measured discontinuities represented here as poles
(black points). The distribution is shown as a contour plot using a rainbow color ramp with values depending on the number of available data (N).

geological relationships in the surface and subsurface of the study
area reaching approximately an investigation depth of 2.5 km.
The model (Figure 12) extends on an area of approximately

1,000 km2 (36 and 28 km in E-W and N-S directions, respectively)
including the Lonja-Ilova subdepression and the western margin of
Mount Papuk. It consists of eight fault plane surfaces representing
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TABLE 2 Mean geometrical properties of the observed fault planes with calculated kinematic indicators and parameters. Fault planes were grouped
following their geometrical and kinematic properties (Figure 9). Fault types: RF–reverse faults; NF–normal faults; SSF–strike-slip faults. Orientations of
the P- and T-axes are based on constructed synthetic structural beach-ball diagrams.

Group Subset Data
Dip

direction
(°)

Dip
angle
(°)

Pitch
(°)

Strike
(°)

Fault
type

Striation P-axis T-axis

Trend
(°)

Plunge
(°)

Trend
(°)

Plunge
(°)

Trend
(°)

Plunge
(°)

RF1
RF1/a 4 69 35 61 – R 142 54

318 11 153 7
RF1/b 5 321 74 72 – R 302 64

RF2
RF2/a 6 87 67 64 – R 63 52

65 17 317 63
RF2/b 2 206 44 62 – R 205 48

NF1
NF1/a 9 337 46 71 – N 250 55

206 86 328 1
NF1/b 6 146 43 77 – N 159 61

NF2
NF2/a 6 17 64 69 – N 229 62

204 64 11 15
NF2/b 2 179 28 50 – N 208 32

NF3
NF3/a 5 281 47 66 – N 338 61

11 86 280 1
NF3/b 3 121 44 72 – N 108 61

SSF 1

SSF 1/a1 7 – – 15 34–214 S-S 217 22
248 2 352 1

SSF 1/a2 4 – – 6 124–304 S-S 160 5

SSF 1/b1 2 – – 13 67–246 S-S 65 11
209 5 287 5

SSF 1/b2 4 – – 34 157–337 S-S 156 33

SSF 1/c1 3 – – 17 11–291 S-S 80 17
69 21 334 13

SSF 1/c2 4 – – 18 21–201 S-S 200 15

SSF 2

SSF 2/a1 4 – – 12 19–199 S-S 174 10
325 3 238 14

SSF 2/a2 3 – – 35 101–281 S-S 273 34

SSF 2/b1 3 – – 31 24–204 S-S 242 30
345 22 81 6

SSF 2/b2 3 – – 42 124–304 S-S 37 45

SSF 2/c1 4 – – 41 20–200 S-S 285 41
19 35 264 18

SSF 2/c2 2 – – 3 116–296 S-S 104 3

the principal regional faults and 42 horizon surface segments
representing the base of the six main mapped units. In particular,
the Quaternary deposits were modeled together with the Pliocene
unit due to their limited thickness, while theMiocene andesites were
merged with the coeval sedimentary unit.

Structurally, the constructed profiles could be subdivided into
two domains. Here, the DHS-3 geological profile is used as an
example (see Supplementary Figure S3 for other profiles) to describe
the tectonic styles, geological units, and structures since it is located
in the central part of the study area (Figure 11).

The NW domain of the geological profile covers the area of
the Lonja-Ilova subdepression. This subdepression, a part of the

Bjelovar depression, is filled with Neogene-Quaternary sediments
that are up to 1.5 km thick, while the pre-Neogene basement
is composed of Permian-Triassic sedimentary units and pre-
Permian crystalline rocks (Malvić and Velić, 2011). The Permian-
Triassic sedimentary complex is generally following the pre-Permian
basement paleorelief. Going from NW towards SE, the Permian-
Triassic complex is shallowing reaching the surface in the vicinity
of Daruvar (Figure 3). Several NE-striking normal faults (e.g.,
Munija one and Munija 2; DHS-5 in Supplementary Figure S3)
pinpoint the Neogene extension in the PBS and the opening
of accommodation space. Furthermore, differential thicknesses
of the Neogene deposits in the fault’s hangingwall/footwall are

Frontiers in Earth Science 14 frontiersin.org



Kosović et al. 10.3389/feart.2024.1401935

FIGURE 9
Structural diagrams for the interpreted fault systems in DHS area. RF1 and RF2 represent reverse fault groups. NF1, NF2, and NF3 represent normal fault
groups, whereas SSF1(a,b,c) and SSF2 (a,b,c) represent strike-slip fault groups. The red points, white rectangles, and blue triangles indicate σ1, σ2, and
σ3 stress axes, respectively.

observed in a few locations (e.g., Dežanovac fault in DHS-4;
Supplementary Figure S3) suggesting structural reactivation and
tectonic inversion. This implies that some of the interpreted faults
are polyphase structures, accommodating extension through the
Neogene, and tectonic inversion during the Pliocene-Quaternary.
In the central part of the study area, the pre-Neogene complex

of the Lonja-Ilova subdepression crops out forming the western
slopes of Mount Papuk (Figure 3; Figure 11; Figure 12). Here,
the contact between the Neogene-Quaternary sediments and the
pre-Neogene rock complex is mainly transgressive, but dozens
of mapped tectonic contacts indicate NW-SE contraction with
cogenetic reverse faults. Low angle reverse faults are usually
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FIGURE 10
(A) Conjugate reverse and normal fault pairs with cogenetic fold axes.
Reverse faults and asymmetric folds indicate tectonic transport top to
the NW, whereas normal faults show post-folding extensional
relaxation. Structures are observed within Permian sandstone (E of
Daruvar in the PV structural domain; 45°35′17.24″N, 17°20′17.25″E).
(B) Normal fault (F-2/37) measured within Triassic dolomites. Besides
striations and slickensides fault kinematics are characterized by
systematic tensional fractures filled with syntaxial minerals (E from
Daruvar, in the PV structural domain; 45°35′31.55″N, 17°17′37.28″E).
(C) Normal fault (F-293/88) measured within Jurassic limestone.
Striations and slickensides indicate normal displacement with sinistral
oblique movement (E of Daruvar in the PV structural domain;
45°35′34.87″N, 17°17′57.78″E). (D) Subvertical fault plane (F-340/88)
measured within Permian sandstone. Striations and slickensides
indicate sinistral/dextral movements (E of Daruvar in the PV structural
domain; 45°35′16.61″N, 17°20′20.96″E).

either: i) blind faults forming cogenetic asymmetric anticlines
(e.g., Dežanovac and Daruvar faults; DeF and DF, respectively, in
Figure 11; Figure 12), or ii) thrust faults with ramps and flats (e.g.,
Pakrac fault; PF in Figure 11) forming fault-bend fold systems in the

immediate hanging wall (Fossen, 2016; Nabavi and Fossen, 2021).
The cogenetic asymmetric folds generally show gently inclined
NW limbs, while SE limbs are steeper and shorter. This peculiar
geometry suggests structure tectonic transport towards N-NW.
Daruvar anticline is an example of a gentle asymmetric anticline
(Figure 11 and DHS-2 and DHS-4 in Supplementary Figure S3)
associated with the Daruvar fault (DF). It generally resembles a
remobilized pre-Permian structural high that was transgressively
covered by Permian-Triassic sediments and faulted afterward.
In this context, the subvertical Toplica fault (TF in Figure 11)
could be interpreted as a tensional fracture system developed in
the hinge zone of the Daruvar anticline that was probably later
reactivated as a dextral strike-slip fault zone (Kosović et al., 2023).
Furthermore, NE-striking subvertical backthrust faults associated
to the regional reverse faults were observed (e.g., Barica and Borki
faults; Supplementary Figure S3).Mapped regional reverse faults are
characterized by average dip angles of 45° and 55° in their steepest
segments, while flat fault segments are characterized by dip angles
≤20°.Their maximum relative displacements are in a range between
0.5–1 km (Supplementary Figure S3). The Daruvar fault shows a
maximum displacement of approximately 0.3 km (profile DHS-
1 in Supplementary Figure S3).

The SE parts of the constructed profiles reflect the structural
architecture of the western margin of the Slavonian mountains.
Here, the tectonic uplift of the crystalline basement resulted
in overall exposure of pre-Permian basement due to the
erosion of the Permian-Mesozoic cover, while at the local
scale, we could find patches of transgressively deposited
Neogene sediments (Figure 11). Structural architecture of
this area is cogenetic with two principal reverse low-
angle faults, i.e., NNE-striking Voćin and Gradina faults
(Figure 12; Supplementary Figure S3) which accommodated
regional N-S compression. Relative displacements along the
Voćin and Gradina reverse faults are in a range of a few
hundred meters (Supplementary Figure S3).

5 Discussion

5.1 Tectonic emplacement and structural
evolution of the study area

The Daruvar area, located in the immediate vicinity of the
collision zone (i.e., Sava Suture Zone) between the Internal
Dinarides and the Slavonian mountains resembles a complex
litho-tectonic terrain that experienced a polyphase tectonic
evolution (e.g., Jamičić, 1995; Balen et al., 2006). The different
tectonic phases affected the structural relations in the subsurface,
often showing tectonic overprints, without straightforward
indication of distinctive deformation phases and associated
geological features. Tectonic embayment of the study area
started with the Variscan and afterward the Alpine-Dinarides-
Carpathian orogeny which due to Cretaceous-Paleogene collision
conveyed formation of the Slavonian mountains, a integral
part of the regional nappe system (Schmid et al., 2008). The
Cretaceous-Paleogene regional E-W (or NE-SW) compression
promoted the formation of regional NW-SE striking reverse
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FIGURE 11
Composite NW-SE striking geological profile DHS-3 (trace in Figure 4) investigating the central part of the study area. It shows the Daruvar anticline
deforming the subsurface in the vicinity of Daruvar. The main regional faults in the profile are: Dežanovac fault (DeF), Končanica fault (KF), Daruvar fault
(DF), Toplica fault (TF), Pakrac fault (PF), Velika fault (VeF), Glavica fault (GF). A detailed lithological description of the units is in
Figure 3 and Supplementary Figure S2. Horizontal and vertical scale is 1:1.

fault systems, and en-échelon folds characterized by NW-
SE oriented fold axes. These structures were afterwards rotated
counterclockwise of approximately 40° towards NE during the
Paleogene (Tomljenović and Csontos, 2001; Ustaszewski et al.,
2008). The post Cretaceous-Paleogene tectonic evolution of
Daruvar area was further complicated by the Neogene-Quaternary
evolution of the Pannonian Basin System (PBS). Inherited
structures were affected by the Neogene E-W extension in
the PBS, which locally caused additional rotation, structural
reactivation, and tectonic inversion (Prelogović et al., 1998;
Tari et al., 1999; Tomljenović and Csontos, 2001; Csontos and
Vörös, 2004; Schmid et al., 2008; Ustaszewski et al., 2008). As a part
of PBS, the Daruvar area during Pliocene-Quaternary was finally
affected by the tectonic inversion of the existing structures due to
regional N-S compression/transpression stresses (Ustaszewski et al.,
2008; Schmid et al., 2020). Rejuvenated regional contraction
enhanced the N-S shortening and continuous folding/re-folding
processes of the existing structures synchronously with the lateral
displacement processes along the strike-slip faults (Jamičić, 1995;
Ustaszewski et al., 2008).

Structural data analysis of strata orientation, fracture systems,
and fault systems presented in this study undoubtedly supports
and confirms the complexity of the tectonic evolution in the
Daruvar area. Analyses of strata orientations evidenced a
polyphase folding in the area. Observed folds with fold axes
that are gently dipping towards N or NW and S or SE (red
folds in Figure 6) correspond to the Cretaceous-Paleogene
E-W (NE-SW) contraction phase that culminated with the
counterclockwise rotation of structures during the Paleogene
(e.g., Tomljenović and Csontos, 2001; Ustaszewski et al., 2008).
At the same time, E-W (or NE-SW) striking folded structures
(blue folds in Figure 6) developed by the Pliocene-Quaternary
N-S contraction were also observed in this study (Jamičić, 1995;
Tomljenović and Csontos, 2001).

Cogenetically with the formation of these folded and refolded
systems, the Paleozoic-Mesozoic sedimentary complex experienced
extensive brittle deformation and the formation of fracture
systems with preferred orientations (Figure 8). Measured fractures
resembled N-S (locally NNE-SW, NNW-SSE) and subordinately
E-W striking subvertical tensional fractures that were subparallel
with the observed fold hinge zones (Figure 8). Locally, especially in
the Mesozoic carbonate complex, N-S striking fracture systems
show shear reactivation features (e.g., slickenside overgrowths)
characterized by dextral/sinistral motions. This reactivation
is connected to the Pliocene-Quaternary N-S oriented P-axis
(Herak et al., 2009), and in general widens the damage zone of
the N-S striking folded structures increasing the fracturing of the
bedrock. On the other hand, E-W striking discontinuities are less
frequent and generally without indications of structural reactivation
suggesting that E-W striking folded structures are less affected by
ongoing tectonic deformation due to their structural position in
respect to the low strain rates (<1–2 mm/y; Grenerczy et al., 2005)
of the N-S oriented P-axis (Herak et al., 2009).

Field observations of shear fractures/fault planes with associated
kinematics and cross-cutting relationships support the results of
bedding and fracture system analyses. Correlative to theCretaceous-
Paleogene (E-W contraction and counterclockwise structural
rotation) and the Pliocene-Quaternary (N-S contraction) tectonics,
formed fold systems and analyzed reverse fault group subsets
suggested paleostress field with P-axes generally trending either
NW‒SE (RF1) or NE‒SW (RF2) (Table 2; Figure 9). Synthetic
structural focal mechanisms and field data suggested that
orientations of average fault subsets are in correspondence with
fault systems that accommodated the Cretaceous-Paleogene E-
W contraction in the study area (today NW-SE orientated P-axis
that rotated 40° counterclockwise) as well as Pliocene-Quaternary
N-S contraction (i.e., Voćin fault, Gradina fault, Dežanovac fault
and Daruvar fault; see Figure 3). At the same time, the RF2
reverse fault planes and the computed structural focal mechanisms
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FIGURE 12
(A) Set of composite geological profiles and geological data used to construct the 3D geological model. (B) Finalized 3D model. It conveyed the
stratigraphic surfaces and the regional faults that delineate the structural framework of the wider DHS area.

suggested also a NE‒SW oriented contraction. Our structural
results for this fault subset are slightly different in relation to
the regional N-S contraction suggesting that local structural
differences and inherited structures may contribute to a local
reorientation of the P-axis. Focal mechanisms of normal faults

generally suggest NW–SE, NNE–SSW, and ESE–WNW extension
with subvertical P-axes (Table 2; Figure 9). This extension may
be related to the final stages of the thrusting and folding in
the area during the Late Cretaceous-Paleogene as a result of
gravitational sliding of existing structures (e.g., Tavani et al., 2012)
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FIGURE 13
(A) Schematic conceptual model of the structural assemblage in the subsurface of the Daruvar area (modified from Frehner, 2011; Li Y. et al., 2018)
affecting the upwelling of theDaruvar thermal waters. The NNE-SSW striking Daruvar anticline structurally forms in the hangingwall of the Daruvar
reverse fault (see Figure 3 for location). In the hinge zone, cogenetic tensional fractures were structurally reactivated during the Pliocene-Quaternary
and tectonically inverted as strike-slip fault zone (i.e., Toplica fault). The localized extensional regime in the topmost part of the hinge zone and its
polyphase deformation increase the fracturing of the bedrock and the permeability field favouring the outflow of the thermal waters in the Daruvar
spring area. (B) Heavily tectonized Triassic dolomites in the Daruvar thermal spring area (45°35′41.74″N, 17°13′38.43″E).

or by structural hanging wall collapse due to Late Oligocene-
Miocene extension of the PBS. The most preserved slickensides,
striations, and other kinematic indicators were observed along
the strike-slip fault planes (SSF1 and SSF2; Table 2; Figure 9).
Paleostress analysis and structural focal mechanisms indicate
generally N-S oriented transpression which locally deflects to NW-
SE and NE-SW (Figure 9). With their subvertical geometry mapped
strike-slip faults may be associated with the Pliocene-Quaternary
structural reactivation of faults originated during the Neogene
extension of the PBS (Jamičić, 1995) or with the partly-tectonic
reactivation of inherited fracture systems deforming the fold system
hinge zones.

5.2 Hydrogeological conceptual model of
the Daruvar hydrothermal system

The structural setting of the Daruvar hinterland and its
tectonic evolution are integrated with available geochemical,
hydrogeological, and geophysical data (Borović, 2015; Borović et al.,
2019; Kosović et al., 2023; Urumović et al., 2023) on the Daruvar
thermal field and the thermal waters accounting for: i) the
correlation between fault and thermal systems (e.g., Curewitz and
Karson, 1997; Faulds et al., 2013; Moeck, 2014), and ii) the increase
of the permeability field due to fracture zones acting as preferential
flow paths (e.g., Faulkner et al., 2010; Bense et al., 2013).

Geochemical and isotope data of the Daruvar thermal
waters (Borović, 2015) show that: i) the waters are relatively
young (10–15 ka) and originate from the precipitation in the
nearby mountainous hinterland, which provides the hydraulic
potential for the fluid flow, and ii) they circulate and most
likely infiltrate into the Mesozoic carbonate complex constituting

the geological assemblage of the western Papuk due to their
calcium-bicarbonate hydrochemical facies. As a matter of fact,
Mesozoic carbonates are an important reservoir for thermal
waters in the PBS (Horváth et al., 2015; Rman et al., 2020) hosting
approximately 20 geothermal installations just in its Croatian
part (mostly thermal spas and balneological therapy centers;
Borović and Marković, 2015).

The potential DHS recharge area could span over the outcrops
of Mesozoic carbonates in the structural domains of Dujanova
kosa, Petrov vrh, and Sirač (Figure 3). Since these areas are
comprised in different tectonic blocks separated by reverse faults,
they can be considered separate hydrogeological compartments.
The Sirač structural domain is in the hanging wall of the Pakrac
reverse fault (Figure 11). The Mesozoic units are here mostly in
contact with Miocene formations in the footwall reducing the
northward continuity of the Mesozoic carbonate aquifer (Figure 3).
Furthermore, subthermal springs occur in the vicinity of Sirač
and an artesian aquifer in a quarry nearby is reported (personal
communication). Due to their geographical positions, they likely
drain the recharge in the Sirač domain diminishing the potential
recharge to the Daruvar thermal area.The Dujanova kosa structural
domain has two outcrops of Mesozoic carbonates that could act
as recharge areas of the DHS. The carbonates in the southeastern
part of the domain (i.e., south of the Dujanova kosa and Crni vrh
peaks; Figure 3) are included in a syncline structure bounded by
the low permeable pre-Permian basement both to the N and the S
(section DHS-5 in Supplementary Figure S3). Therefore, they can
be considered hydrogeologically isolated. The carbonates in the
western part of the block are at the footwall of the Daruvar/Gradina
reverse fault being deeper than the same formations in
both the Petrov vrh domain and the Daruvar area (sections
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DHS-5 and DHS-3, respectively, in Supplementary Figure S3).
Therefore, they could eventually drain the nearby blocks
and it is unlikely that they could host waters with pressure
high enough to flow into shallower aquifers. This fact is
enforced by the low elevations of the Mesozoic outcrops in
the study area, thus providing a similar hydraulic potential in
all blocks.

The Mesozoic carbonate complex in the Petrov vrh structural
domain is the most probable recharge area for the DHS due to its
geographical and geological settings.TheMesozoic complex extends
for approximately 15 km2 eastward of Daruvar being approximately
4–8 km from the spring area. The elevation of the recharge area in
Petrov vrh is generally the highest with an average elevation of 400 m
a.s.l. And up to 613 m a.s.l. (average elevation of 397 and 349 m
a.s.l. In Dujanova kosa and Sirač, respectively; maximum elevation
of 570 and 552 m a.s.l. In Dujanova kosa and Sirač, respectively).
The geological framework of Petrov vrh is characterized by a
regional N-S striking overturned syncline (Figure 3) formed in
the hanging wall of the Daruvar/Gradina fault (sections DHS-5
and DHS-3 in Supplementary Figure S3). The structural analysis
conducted in the PV domain (Figure 8) revealed two sets of steeply
dipping fractures that generally strike E-W (NE-SW) andN-S (NW-
SE). Both sets are deformed by the last Pliocene-Quaternary N-
S compression (Herak et al., 2009) and they can be considered
tectonically active. The constant deformation of fractures is crucial
since they maintains their aperture preventing the sealing by
precipitation ofminerals and preserving the permeability field of the
bedrock. Due to its favorable structural position in respect to recent
N-S oriented stress field, the N-S discontinuities could have a wider
and highly deformed damage zone connected to their reactivation.
The E-W discontinuities are less frequent, but they may result from
a local transtensional regime in the hinge zone of the currently
deformed E-W oriented folds. These conditions are favorable for
the high permeability of the bedrock resulting in a high effective
infiltration in the recharge zone.

The meteoric waters infiltrate due to the intense fracturing of
the bedrock and flow westward favored by: i) the general westward
dipping of the strata, ii) the pre-Permian and Permian units acting as
the aquitard below theMesozoic reservoir, and iii) the E-W tensional
open fractures. The set of beds dipping W is the most frequent in
both the eastern and central sectors of the PVdomain (Figure 6).The
pre-Permian crystalline rocks and the Permian sedimentary units
have moderate to low permeability due to their lithologies (e.g.,
Domenico and Schwartz, 1998). Conversely, dissolution processes
in the Mesozoic carbonates could add to the fracturing enhancing
their permeability field (e.g., Goldscheider et al., 2010).This contrast
prevents a deep infiltration of the meteoric waters that are more
prone to flow in the carbonate reservoir. In addition, the dipping
of the aquitard units toward W channels the fluid flow favoring
the westward circulation of the infiltrated waters. Finally, the E-
W fractures could act as preferential flow paths. The transtensional
regime favors the opening of the fractures and increases the
permeability that depends on the square of the fracture hydraulic
aperture (e.g., Domenico and Schwartz, 1998).

The infiltrated waters are warmed by the heat flow of
80–100 mW/m2 in this part of the PBS resulting in a local

geothermal gradient of 35°C–40°C/km (Horváth et al., 2015;
Borović et al., 2019). The reservoir equilibrium temperature of
the thermal waters calculated using SiO2 geothermometers is
approximately 80°C (Borović, 2015). Considering an infiltration
temperature of approximately 10°C and a purely conductive heat
flow, the waters should reach a depth of approximately 2 km to
approach the reservoir equilibrium temperature. However, the
fracturing of the bedrock favors the occurrence of convective
processes that increase the circulation and the temperature in the
aquifer. As a matter of fact, a gradient of approximately 70°C/km
is measured in the thermal wells of Daruvar (Borović et al., 2019)
corroborating the impact of local convection on the temperature
distribution. At the scale of the recharge and flow-through area
of the DHS, it is reasonable to expect a gradient slightly higher
than the regional value, which could permit to approach the
reservoir equilibrium temperature at the maximum aquifer depth
of the aquifer being 800–900 m below the ground level in the
central part of Petrov vrh. The high geothermal gradient in the
Daruvar area could add to the water temperature in the flow-
through part of the system reaching the reservoir equilibrium
temperature.

The thermal waters flow in the Mesozoic reservoir and reach
the Daruvar city area located in the immediate vicinity of the
Daruvar anticline (Figure 11; Figure 13). This NNE-SSW striking
structure is an asymmetric fold (tectonic transport top to the W)
cogenetic to the SE dipping Daruvar reverse fault. The polyphase
tectonic evolution affecting the study area suggests structural
reactivation of the Daruvar anticline favoring the continuous
fracturing of the bedrock. A localized extensional regime is expected
in the topmost section of the fold hinge zone increasing the
fracture aperture and the permeability field (e.g., Frehner, 2011;
Li N. et al., 2018). Field observations (Figure 13B) and core samples
from the thermal wells showed that the Mesozoic reservoir is
moderately fractured with localized zones of intense fracturing.
The thermal waters rise to shallow depths in the damage zone of
the Daruvar fault and cogenetic fractures that are deforming the
hinge of the Daruvar anticline. In this context, the subvertical NE-
striking dextral Toplica fault, which is a structurally reactivated
and tectonically inverted tensional fracture system, could act
as a preferential flow path for the quick rise of the thermal
waters with a minor loss of temperature from the deeper part
of the reservoir. The Toplica fault could be the fault F5 in the
local scale model of the Daruvar spring area obtained through
shallow geophysical investigations (Kosović et al., 2023). This fault
borders Daruvar thermal field westwardly, and together with
an E-W striking fault to the S (F1 in Kosović et al., 2023)
accommodates the uplift of the Mesozoic thermal reservoir to
shallower depths. The geophysical investigations highlighted that
the thermal springs occur within the interaction zone of local
scale faults/fractures. Interaction zones are preferential locations
for thermal springs because they favor the kinematic transfer
between faults increasing the rock fracturing and the permeability
field (e.g., Curewitz and Karson, 1997; Faulds et al., 2013). This
structure further localizes the flow of the Daruvar thermal
waters resulting in four thermal springs with temperature between
38°C and 50°C.
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6 Conclusion

This research focused on the reconstruction of the geological
framework and the tectonic evolution of western Papuk to detail the
impact of regional and local scale fold and fault/fracture systems
on the development of the Daruvar hydrothermal system (DHS)
and its geothermal resource. The reconstruction was conducted
by integrating surficial field investigations and available surface
and subsurface geological and geophysical data, both at regional
and local scales. The structural data analysis evidences a complex
pattern of folds deformed by faults and fracture systems in a
manner compatible with the polyphase tectonic evolution of the
Slavonian mountains and the SW part of the Pannonian Basin
System. The construction of 2D composite geological profiles that
were integrated into a 3D geological model favored the visualization
of the geological assemblage detailing the structural relations among
the different blocks in the study area. The geological and tectonic
reconstructions were integrated with geochemical data on the
Daruvar waters and local scale geological and geophysical data
on the thermal field to propose a conceptual model of the DHS.
The conceptual model highlighted the importance of regional and
local structures (i.e., folds, faults, networks of fractures) that are
causative factor for the regional to local flow of the Daruvar
thermal waters.

The geological structure of the thermal system is characterized
by a regional NNE-SSW striking asymmetric fold (tectonic
transport top to the W) formed in the hangingwall of SE dipping
Daruvar reverse fault, a western prolongation of the E-W striking
Gradina thrust fault. This structure favors both the extensive
outcropping of the Mesozoic carbonate rock complex (i.e., the
reservoir of the system) in the recharge area and the fracturing
of the bedrock. Deformed by the current Pliocene-Quaternary N-
S compressional regime, cogenetic steeply dipping E-W and N-
S striking fracture systems are potential paths for the infiltration,
flow, and rise of the thermal waters. The E-W discontinuities could
represent the principal regional flow paths, while N-S fractures (as
the Toplica fault imaged in Daruvar through local scale geophysical
investigations) could enable the local quick rise of the thermal
water from the deeper part of the reservoir due to their structural
position in the anticline hinge zone and the local extensional
regime increasing the fractures aperture and the permeability field
of the bedrock.

Insights gained through the application of these research
methodologies can be utilized as an example for the 3D subsurface
reconstruction of areas affected by the deep circulation of
waters resulting in the development of a geothermal resource.
Such kind of multidisciplinary reconstruction could foster the
estimation of the potential of a geothermal resource aiding
the assessment of the reservoir volumes and the development
of hydrogeological numerical modeling of fluid flow and
heat transport.
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Supplementary Figure 1. Geological map of the study area (Jamičić et al., 1989). The 
lithological units are reported in Supplementary Figure 2. The extent corresponds to the extent of 
Figure 3 of the manuscript.  
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Supplementary Figure 2. Stratigraphic sequence from the geological map of the study area 
(Jamičić et al., 1989) and simplified stratigraphic sequence used in this work. 
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1 Croatian Geological Survey, Ulica Milana Sachsa 2, 10000 Zagreb, Croatia; ikosovic@hgi-cgs.hr (I.K.);
mbriski@hgi-cgs.hr (M.B.); mpola@hgi-cgs.hr (M.P.); sborovic@hgi-cgs.hr (S.B.)

2 Terra Compacta Ltd., Ulica Psunjska 3, 10000 Zagreb, Croatia; tc@terra-compacta.hr
3 Faculty of Mining, Geology and Petroleum Engineering, University of Zagreb, Ulica Pierottijeva 6,

10000 Zagreb, Croatia; ivica.pavicic@rgn.unizg.hr (I.P.); bojan.matos@rgn.unizg.hr (B.M.)
* Correspondence: mpavic@hgi-cgs.hr

Abstract: The sustainable utilization of geothermal energy mostly depends on the characteristics of
the geothermal resource from which it is extracted. Among others, detailed geological modeling is a
key factor for estimating the potential of a geothermal resource. This research focuses on the modeling
and reconstruction of the geological setting of the Daruvar thermal spring area using geophysical
techniques. An integrated geophysical approach based on electrical resistivity tomography (ERT)
and both active and passive seismic (MASW and HVSR) methods was used. Based on ERT results
and the stratigraphic logs of the wells in Daruvar, three resistivity layers/geological units were
identified. The deepest layer with resistivity < 150 Ωm is the Triassic carbonate that constitutes the
thermal aquifer. Sharp lateral variations in the resistivity distributions within the bedrock were
interpreted as fault damage zones saturated with thermal waters. Integrating the results of the
seismic methods, the thickness of the first seismic layer that corresponds to the Quaternary cover
was estimated from 5 to 20 m. Here, results of the geophysical investigations were combined into a
3D geological model highlighting the occurrence of subvertical N-S and E-W trending faults in the
Daruvar spring area. The N-S-trending fault was interpreted as a fault plane parallel to the regionally
mapped Daruvar fault. This fault juxtaposes the Triassic carbonate complex of the thermal aquifer
with a Neogene sedimentary sequence of significantly lower permeability. Neogene–Quaternary
tectonic activity further increased the fracturing and the permeability field in the Daruvar spring
area, as proven by the smaller scale E-W faults and the well logs. This fracture network permits a
quick upwelling of thermal fluids resulting in thermal springs with temperatures up to 50 ◦C. This
work proves that the construction of a detailed geological model is crucial for assessing the reservoir
and fault geometries in thermal systems hosted in fractured carbonate rocks.

Keywords: ERT; active and passive seismic; fault architecture; Triassic carbonate complex; 3D
geological model; Croatia

1. Introduction

The European Union (EU) is promoting a clean energy transition through the increas-
ing and sustainable utilization of renewable energy sources [1,2]. Geothermal energy is one
of the renewable energy sources foreseen in the EU plans. Its sustainable utilization mostly
depends on the characteristics of the geothermal resource from which it is extracted. The
development of a profitable geothermal resource and its long-term sustainable exploitation
are mainly controlled by the geological properties (e.g., lithologies, regional and local faults
systems, water/rock interaction) of the connected geothermal system [3]. The geological
setting controls the conduction and convection processes in the system driving the fluid
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flow and heat transfer. Therefore, a detailed reconstruction of the subsurface is a key factor
for estimating the potential of a geothermal resource.

Geological investigations in geothermal systems have been conducted at both regional
and local scales, detailing the impact of the geological, structural, and hydrogeological
settings on the fluid flow and temperature distribution [4–10]. Geothermal systems are
dominantly controlled by systems of fault and fractures [11–14], since faults and their
highly permeable damage zone are preferential pathways for the circulation of thermal
fluids and their uprising [15–17]. Among the methods for geological reconstruction and
subsurface modeling, geophysical methods can be used to measure the spatial and/or
temporal variations in the physical properties of the subsurface, obtaining a quantitative
model that completes the geological interpretation [18–20]. In particular, they represent the
best approach for geological reconstruction where thick unconsolidated sediments cover
the bedrock, limiting the possibility of direct measurements to a few stratigraphic logs.

Based on the research objectives and the geological and hydrogeological settings of
the study area, different geophysical approaches can be applied. For the exploration of
geothermal resources [21–26], they can be used to: (i) assess the distribution of lithologies,
(ii) reconstruct the geometry of the aquifer, and (iii) reconstruct the geometry of faults and
their damage zones. Among them, electrical resistivity tomography (ERT) and seismic
methods can provide a detailed 3D local scale reconstruction of the subsurface. ERT is often
used in groundwater investigations, revealing the aquifer geometry and the groundwater
pathways [27–33]. Seismic methods can be used to map the morphology of the bedrock and
to reconstruct the lithological sequence [34]. Active seismic techniques, such as refraction
and reflection methods, can provide the best resolution, but they are expensive and time-
consuming methods with several logistic limitations. Conversely, passive seismic methods
are relatively fast and cheap, although they provide limited data. Among passive seismic
approaches, the horizontal to vertical spectral ratio (HVSR) method is the most used to
reconstruct the bedrock surface [35–39].

Croatia is particularly rich in geothermal resources due to favorable geological, hy-
drogeological, and thermal conditions resulting in numerous thermal and subthermal
springs [40,41]. Most of these springs are situated in northern and eastern parts of the
country, which are a part of the Pannonian Basin System (PBS). The PBS is characterized
by polyphase tectonic evolution and the prevalence of a high geothermal gradient [42].
Tectonic activity resulted in a complex structural setting with the widespread occurrence
of outcrops of highly fractured and permeable carbonate complexes that represent the
recharge areas of local- to regional-scale geothermal systems.

The Daruvar hydrothermal system (DHS) is positioned in the NE part of the Republic
of Croatia (Figure 1a). It is an intermediate scale hydrothermal system hosted in a carbonate
complex manifesting in thermal springs with temperatures ranging from 38 to 50 ◦C. The
occurrence of thermal waters in Daruvar has been known since the Roman age. The
utilization of thermal resources increased in the 20th century. Exploration and exploitation
wells had been drilled from the 1970s to the 2000s, allowing a preliminary geological
reconstruction of the subsurface in the spring area [43]. Currently, the thermal waters are
exploited from two springs and a thermal well providing a total yield of approximately
10 l/s. The exploited waters are used for therapeutic and balneological purposes in the
nearby spa and pool complexes. Previous studies suggested that the occurrence of the
Daruvar springs is affected by the local structural setting [44,45], but the architecture of
these structures has never been detailed.

Here, geophysical investigations will be applied for the modeling and reconstruction of
the geological and structural settings of the subsurface in the Daruvar thermal spring area.
The research objective is to identify the impact of local faults system on the thermal water
outflow. Results of ERT and HVSR investigations will be combined with the stratigraphic
logs of thermal wells, obtaining a 3D geological reconstruction of the spring area.
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Figure 1. (a) Location of the study area in northeastern Croatia. Zagreb capital city and neighboring
countries are shown (acronyms: BA: Bosnia-Herzegovina; HR: Croatia; HU: Hungary: RS: Serbia;
SI: Slovenia). (b) Daruvar spring area and its surroundings on the western foothill of Papuk. The
coordinates of the map are in GCS WGS 84 coordinate system using the WGS 84 datum. (c) Schematic
geological map of the western Papuk Mt. (modified from [46]).
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2. Materials and Methods
2.1. Geological and Hydrogeological Settings

The study area (western Papuk Mt.; Figure 1b) is located at the SW margin of the PBS.
The PBS is a system of basins characterized by a complex polyphase deformation history
that developed parallel with the Alpine–Dinarides–Carpathian orogen. The Croatian part
of the PBS [47–50] was affected by an initial E-W extensional tectonic phase during the
Early to Middle Miocene that formed systems of grabens and half-grabens, i.e., regional
depressions (e.g., Drava and Sava depressions; [47]). The initial extension was followed
by a Middle Miocene local scale compression and a Middle to Late Miocene deepening
of the basin system due to crustal thermal subsidence. Tectonic inversion and structural
reactivation commenced during the Pliocene–Quaternary, which enabled the regional
compression/transpression of existing structures as a result of the continuous Adria–
Europe plates collision and the general N-S compression [51]. The present-day structural
setting of the Papuk area is mostly affected by the last Pliocene–Quaternary deformational
phase characterized by compression/transpression [52]. The N-S compression caused the
reactivation of two regional dextral faults, producing a conjugated fault set composed
of NW-SE dextral and NE-SW sinistral faults in their interaction zone [52]. Progressive
regional transpression was accommodated by folding and uplifting of the structures along
the sinistral strike-slip faults. One of those sinistral faults is the Daruvar fault (Figure 1c),
which affected the local geological and structural settings of the Daruvar spring area.

Lithostratigraphic units of western Papuk Mt. (Figure 1c) can be grouped into [46]:
(i) pre-Permian granitoids, (ii) Permian units consisting of well-layered conglomerates and
quartz sandstones, (iii) Triassic sedimentary rock complex composed of Lower Triassic
quartz sandstones and laminated shales and Middle and Upper Triassic dolomites and
limestones, (iv) Jurassic laminated limestones, (v) Neogene sedimentary complex con-
sisting of marls, limestones, and sandstones, and (vi) Quaternary alluvial and colluvial
unconsolidated sediments made of an alternation of clays, sands, and gravels.

The Daruvar spring area is located on the left bank of the Toplica river in the center
of Daruvar town (Figure 1c). It consists of a few thermal springs (Antunovo vrelo, Blatna
kupelj, Ivanovo vrelo, and Marijina vrela springs; Figure 2) with temperatures ranging
from 38 to 50 ◦C [44]. In addition, 109 boreholes had been drilled from 1971 to 2009 [43,53].
The most important wells are D 1, Dar 1, DS 1, and HZ 1 (8.5, 190, 119, and 2.5 m deep,
respectively; Figures 2 and 3) with temperatures from 22.7 to 43.5 ◦C [54]. Furthermore, the
PD 2 exploration well (60 m deep; Figures 2 and 3) was drilled to the west of the spring
area on the right bank of the Toplica river [55]. Among these objects, the D 1 well and the
Antunovo vrelo and Ivanovo vrelo springs are exploited for supplying the Daruvar spa
and pool complexes.

The Dar 1 well (Figure 3) shows the most comprehensive stratigraphic sequence in the
spring area [56]. It is composed of: (i) Quaternary unconsolidated sediments mostly made
of clays, sands, and gravels, (ii) a Miocene sedimentary complex, which is constituted by
marls, lithotamnian limestones, and compact breccias locally marking the unconformity at
the base of Badenian [57], and (iii) a Triassic carbonate complex with dolomites, limestones,
and dolomitic breccias. The Neogene–Quaternary tectonic activity in the Daruvar area was
proven by the occurrence of highly fractured intervals at depths of approximately 90, 135,
180, and 190 m. In the spring area (i.e., D 1 and DS 1 wells; Figure 3), the Triassic carbonate
complex is in direct contact with the alluvial deposits.

The Triassic carbonate complex represents the main thermal aquifer, with high per-
meability (transmissivity of 1361 m2/day; [58]) and secondary porosity resulting from
the intense fracturing of the bedrock. Furthermore, thermal waters can be found in the
gravel and sandy layers of the alluvial cover. The thermal water shows a predominant
CaMg-HCO3 hydrochemical facies, neutral pH ranging from 6.7 to 7.5, and an electrical con-
ductivity of approximately 600 µS/cm [54]. The hydrochemical facies and the Mg2+/Ca2+

versus Mg2+ ratio close to 0.5 [54] corroborate an interaction of the thermal waters with both
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limestones and dolomites. Furthermore, stable isotope composition suggests a meteoric
origin of the waters.
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Figure 2. Topographic map showing: (i) the position of thermal wells and springs (Antunovo vrelo—A;
Blatna kupelj—B; Ivanovo vrelo—I; Marijina vrela—M) in Daruvar, (ii) the traces of the electrical
resistivity tomography sections (ERT), and (iii) the location of seismic investigations (HVSR, MASW).
The coordinates of the map are in GCS WGS 84 coordinate system using the WGS 84 datum.
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Ref. [44] proposed a conceptual model of the DHS. The recharge area is situated in
the eastern hinterland of Daruvar (i.e., western slopes of Papuk Mt.), encompassing the
Mesozoic carbonate complex (Figure 1c). Mesozoic carbonates are highly permeable, en-
abling the deep infiltration of meteoric water. The infiltrated water reaches a depth of
approximately 1 km and warms due to the increased heat flow in this part of the PBS
(i.e., 80 mW/m2; [42]), resulting in a slightly high geothermal gradient. Permian clastic
sedimentary units and pre-Permian crystalline rocks represent a barrier to deeper infil-
tration. In the area of Daruvar, the Mesozoic reservoir is tectonically brought in contact
with younger Neogene rocks by the Daruvar fault. Due to the generally low permeability
of the Neogene units, this contact is a lateral barrier for fluid circulation. The damage
zone of the Daruvar fault increases the permeability field in the Daruvar spring area, being
the main path for the rising and outflow of thermal waters. Despite its importance in
the thermal water outflow, the architecture of the damage zone of the Daruvar fault is in
general unknown.

2.2. Methods
2.2.1. Electrical Resistivity Tomography

Electrical resistivity tomography (ERT) is a geophysical method that is extensively
applied to reconstruct the geometry of lithologies and structures in the subsurface [20,33,59].
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ERT can be used to image the electrical resistivity distribution of the subsurface by injecting
electrical currents and measuring electrical potentials along a profile. The resistivity
generally depends on the mineralogical composition of the subsurface, its porosity, the
water content, and the physical and chemical properties of the water [60]. ERT has been
profitably applied in hydrogeological and structural investigations in many geothermal
systems [22–24,61–63].

In this work, ERT was employed to delineate the structural and lithological properties
of the Daruvar spring area. Eight profiles were acquired in 2021 and 2022 (Figure 2 and
Table 1). Field measurements were conducted using the POLARES 2.0 electrical imaging
system (PASI srl). This system was connected to stainless steel electrodes, which were laid
out in a straight line with a constant spacing via a multi-core cable. Due to the complexity
of the geological structures in the subsurface of the spring area, a Wenner–Schlumberger
configuration was used since it resolves horizontal and vertical structures and has a greater
depth of investigation [64]. Initially, profiles were measured at a frequency of 7.15 Hz
and a maximum phase of 20◦ between the voltage signal and the current signal. Contact
impedance value of the electrodes was checked since it can cause potential errors in the
dataset [65]. The frequency was progressively lowered until the number of incorrect
measurements was below 10% of the total.

Table 1. Geographic coordinates of the ERT profiles and their geometric features.

Profile Coordinates Azimuth Number of
Electrodes

Electrode
Distance

Length of
Profile

Beginning End (◦N) (m) (m)

ERT 1 17◦13′33.7′′ E;
45◦35′32.86′′ N

17◦13′35.4′′ E;
45◦35′53.2′′ N 3 64 10 630

ERT 2 17◦13′46.78′′ E;
45◦36′5.14′′ N

17◦13′25.6′′ E;
45◦36′6.53′′ N 275 48 10 470

ERT 3 17◦13′33.14′′ E;
45◦35′35.14′′ N

17◦13′36.78′′ E;
45◦35′44.96′′ N 14 48 5 235

ERT 4 17◦13′33.3′′ E;
45◦35′33.14′′ N

17◦13′35.01′′ E;
45◦35′40.67′′ N 9 48 5 235

ERT 5 17◦13′29.74′′ E;
45◦35′34.98′′ N

17◦13′34.67′′ E;
45◦35′41.89′′ N 26 64 5 315

ERT 6 17◦13′37.05′′ E;
45◦35′31.77′′ N

17◦13′36.61′′ E;
45◦35′39.02′′ N 357 48 5 235

ERT 7 17◦13′27.18′′ E;
45◦35′44.67′′ N

17◦13′38′′ E;
45◦35′44.16′′ N 93 48 5 235

ERT 8 17◦13′26.23′′ E;
45◦35′37.99′′ N

17◦13′35.96′′ E;
45◦35′41.36′′ N 63 48 5 235

The Res2DInv 4.9.3 software (https://www.aarhusgeosoftware.dk/res2dinv, accessed
on 3 August 2023) was used to invert the field apparent resistivity data into 2D resistivity
subsurface models using a Gauss–Newton method and a finite element solver [66,67]. The
software has two different routines for creating 2D resistivity models based on the L1-norm
(or blocky, robust) and the L2-norm (or smoothness-constrained least-squares) inversion
methods [68]. For the collected dataset, the method based on L2 norm was used because
it gives optimal results where the subsurface resistivity changes in a gradual manner.
This method minimizes the sum of squares of the spatial changes in the model resistivity
and the data misfit [69]. In the Daruvar spring area, materials with both relatively high
and low resistivity are expected. However, the occurrence of thermal water with high
electrical conductivity and the high porosity of the sediments/rocks should decrease the
bulk resistivities, resulting in smooth resistivity transitions between the different formations.



Sustainability 2023, 15, 12134 8 of 22

The inversion was terminated when the RMS was below 10%, except for profile ERT 4 for
which it reached 12.4%.

2.2.2. Seismic Investigations

An integrated approach based on the passive horizontal to vertical spectral ratio
(HVSR) and the active multichannel analysis of surface waves (MASW) methods was
applied to map the thickness of the Quaternary cover in the Daruvar spring area. Similar
methodological approaches have been used in thermal areas where recent sediments
conceal the geometry of the bedrock [39,70–72].

The HVSR method is based on recording the vertical and horizontal components of
the ambient seismic noise wavefield [73]. The seismic impedance contrast between the
bedrock and the unconsolidated Quaternary sediments generates a peak in the H/V curve
(i.e., ratio between the horizontal and vertical seismic ambient noise spectra) that can be
used to assess the thickness of the alluvial cover. The thickness of the covering layer (h) can
be calculated [73] as:

h =
Vs

4 f0
(1)

with Vs being the shear-wave velocity of the sediments and f 0 the peak frequency of the
H/V noise spectra.

The estimation of h depends on the subsurface Vs. This parameter can be assessed
using the MASW approach in order to have a site-specific distribution of Vs. The Vs
profile is reconstructed by measuring the propagation velocities of surface waves in the
ground [74,75]. The dispersion curve of the surface waves is calculated resulting in the 1D
model of Vs variation with depth.

In this study, ambient seismic noise was recorded at 6 stations (Figure 2 and Ta-
ble 2). Stations H1 to H5 were selected to perform a N-S cross section parallel to the
ERT 1 profile, while H3 and H6 were located in correspondence with the DS 1 and Dar 1
wells, respectively. The three orthogonal components (one vertical and two horizontals,
i.e., N-S and E-W) of the signal were recorded using a 3D land geophone with an eigen-
frequency of 2 Hz and 24-bit data acquisition board. The recording time for each station
was 15 min with a sampling rate of 5 ms (sampling frequency of 200 Hz). At the same site,
MASW investigations were conducted through seismic profiles composed of 24 geophones
(4.5 Hz) at a distance of 2 m connected to a GEA-24 seismograph (PASI srl). As the source
of the seismic wave, a hammer weighing 8 kg and a steel plate were used. The center of the
seismic profile was located where the HVSR measurement was conducted.

Table 2. Coordinates of the HVSR and MASW investigations. The center of the MASW array
corresponds to the location of the HVSR measurement.

HVSR/MASW Coordinates
E N

H1 17◦13′31.40′′ 45◦35′35.06′′

H2 17◦13′33.06′′ 45◦35′37.42′′

H3 17◦13′35.37′′ 45◦35′40.33′′

H4 17◦13′37.46′′ 45◦35′44.42′′

H5 17◦13′41.38′′ 45◦35′53.77′′

H6 17◦13′44.83′′ 45◦35′48.19′′

The data analysis consisted of (i) the computation of the H/V curve, (ii) the recon-
struction of the Vs profile from MASW measurement, and (iii) the calculation of h at every
site using Equation (1). Data processing of HVSR measurements was performed in the
Geopsy 3.3.3 software (https://www.geopsy.org, accessed on 15 February 2023). For each
measurement point, the Fourier amplitude spectrum of horizontal and vertical components
of the ambient seismic noise was conducted. For calculating the Fourier spectrum, the
Konno and Ohmachi smoothing method was used [76], then the frequency range within
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which the spectra are calculated was defined. Finally, the H/V ratio was calculated. When
calculating and displaying the H/V spectrum, the frequency range from 0.2 to 10 Hz
was used.

Processing of the MASW measurement data was conducted in the ParkSEIS 3.0 pro-
gram (https://www.parkseismic.com/parkseis/, accessed on 3 August 2023). The Fourier
spectral analysis was performed for each individual recording in the time domain, obtain-
ing the dispersion curve of the S-waves. By inversion of the dispersion curve, a 1D model
of the change in S-wave velocity (Vs) was calculated [75]. In the performed inversions,
an input model composed of 10 layers with a thickness of 2 m was used. The iteration
was stopped when the error was lower than 5%. The input model was chosen after a
preliminary analysis obtaining a good vertical resolution and reaching an observation
depth that would be comparable with the presumed depth of the Quaternary cover in the
Daruvar spring area.

3. Results
3.1. Electrical Resistivity Tomography (ERT)

The distribution of resistivity in the subsurface of the Daruvar area shows relatively
low values, generally from 10 to 150 Ωm (Figures 4–6).
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Figure 5. Inverse resistivity models of ERT profiles with 5 m spacing between electrodes within the
Daruvar spring area. For acronyms of wells and springs and the location of profiles, see Figure 2.

Figure 4 shows the profiles with spacing between electrodes of 10 m providing a
general overview of the spring area (i.e., ERT 1) and its surroundings (i.e., ERT 2). Data
inversion resulted in an RMS error of 7% and 2.5% for ERT 1 and ERT 2, respectively.

The following layers were interpreted in ERT 1: (i) an upper domain (layer 1) with
variable thickness of 5–10 m and resistivity of 30–50 Ωm, with localized anomalies of both
low (<20 Ωm) and high (70–100 Ωm) resistivity, (ii) a second layer (2) with low resistivity
(5–15 Ωm) showing a discontinuous geometry with a variable thickness of at least 20 m in
the southern part, 5 m in the central part, and increasing up to 40 m in the northern part
of the profile, (iii) a third layer (3a) with a thickness of approximately 50 m and resistivity
generally ranging from 70 to 150 Ωm (and locally up to 224 Ωm) in the middle part of the
profile and with a resistivity of 50–60 Ωm in the northern part, and (iv) a bottom layer (3b)
characterized by resistivity values of 20–30 Ωm detected only in the central part of the
profile. Additionally, several vertical low resistivity zones (10–30 Ωm) dividing the high
resistivity bodies were observed (i.e., F1 to F5; Figure 4).
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The layers interpreted in ERT 2 were: (i) an upper domain (layer 1) with a thickness of
5–10 m and resistivity value decreasing from W to E (40 to 20 Ωm), and (ii) a second layer
(2) showing resistivity of 20–30 Ωm and reaching a thickness of approximately 80 m in the
middle part of the profile.

Figure 5 shows the profiles investigating the spring area conducted using a spacing
between electrodes of 5 m. Data inversion resulted in an RMS error of 4.1%, 12.4%, and
5.6% for ERT 3, ERT 4, and ERT 5, respectively.

Three domains can be distinguished in the profile ERT 3: (i) an upper domain (layer 1)
which has a variable thickness of 5–10 m and is characterized by resistivity values of
30–50 Ωm with small scale resistivity anomalies, (ii) a second domain (layer 2), visible only
in the southern part of profile, with low resistivity of 10–30 Ωm, and (iii) a third domain
(layer 3a) located at a depth higher than 20 m in the southern part of the profile and with
resistivity values of 40–70 Ωm, and located at a depth higher than 5 m in the central and
northern part of the profile having resistivity generally between 50 and 100 Ωm (locally
up to 160 Ωm). Within layer 3a, a lateral decrease of resistivity is observed at the distance
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between 125–135 m showing a prominent sub-vertical geometry and resistivity values of
30–40 Ωm (F3). Furthermore, a low resistivity area (10–20 Ωm) is depicted in the southern
part of the profile in correspondence with the Ivanovo vrelo and Blatna kupelj springs.

In the profile ERT 4, the interpreted layers are: (i) an upper domain (layer 1) with a
maximum thickness of 5 m and a variable resistivity of 20–40 Ωm, (ii) a second layer (2)
with a resistivity of 10–20 Ωm and a thickness higher than 15 m in the southern part and
from 5 to 15 m in the central and northern part of the profile, and (iii) a bottom domain
(layer 3a) divided into two zones at 60 to 100 m and 125 to 175 m with resistivity values of
40–50 Ωm and >100 Ωm (maximum resistivity of 345 Ωm), respectively. These two zones
are divided by a sharp lateral decrease of resistivity with values 10–20 Ωm (F2).

Three domains can be distinguished in the profile ERT 5: (i) an upper domain (layer 1)
which has a thickness of approximately 5 m and resistivity values of 40–60 Ωm and small
scale resistivity anomalies, (ii) a second domain (layer 2) showing good lateral continuity,
a thickness of approximately 15 m, and resistivity of 10–20 Ωm, and (iii) a third domain
(layer 3a) divided into two zones at 80 to 110 m and 130 to 180 m with resistivity values
of approximately 70 and >90 Ωm (maximum resistivity of 150 Ωm), respectively. The two
zones are divided by a vertical body with lower resistivity values of 50–60 Ωm (F3).

Figure 6 shows the profiles with spacing between electrodes of 5 m providing an
overview of the north-western (i.e., ERT 7 and ERT 8) and south-eastern parts (i.e., ERT 6)
of the spring area. Data inversion resulted in an RMS error of 3.5%, 6.5%, and 2.9% for ERT
6, ERT 7, and ERT 8, respectively.

The following layers are interpreted in ERT 6: (i) an upper domain (layer 1) with a
thickness of 5 m and a resistivity of 30–40 Ωm, (ii) a second layer (2) with low resistivity
(<20 Ωm) and a decreasing thickness from at least 30 m in the southern part to 5 m in the
northern part of the profile, and (iii) a third layer (3a) with a thickness of at least 25 m in
the middle part of the profile and resistivity generally ranging from 40 to 60 Ωm (locally
up to 200 Ωm). A sharp lateral transition between layers 2 and 3a is observed (F1).

Three domains can be distinguished in the profile ERT 7: (i) an upper domain (layer 1),
which has a thickness of 5 m and is characterized by resistivity of 20–40 Ωm, except for a
high resistivity anomaly (90–110 Ωm) at 145–175 m, (ii) a second domain (layer 2) observed
in the western and central part of the section with resistivity <10 Ωm and a thickness of at
least 45 m, and (iii) a third domain (layer 3a) in the eastern part of the profile characterized
by resistivity from 50 to 100 Ωm in the upper part and from 200 to 300 Ωm in the deeper
part. The layer 3a shows a sharp transition to a very low resistivity body (<10 Ωm) towards
the W (F6). Moving westward, the resistivity slightly increases (30–40 Ωm), followed by a
sharp resistivity drop and the transition to layer 2 (F5).

Three layers based on the resistivity distribution are observed in ERT 8: (i) an upper
domain (layer 1), which has a thickness of approximately 5 m and is characterized by low re-
sistivity of 20–30 Ωm until 115 m, followed by slightly higher resistivity values (40–60 Ωm),
(ii) a second domain (layer 2), which has a resistivity of 10–30 Ωm and a variable thickness
of at least 45 m in the western part, approximately 25 m from 110 m to 170 m, and 10 m in
the eastern part of the profile, and (iii) a third layer (3a) at a depth of 30 m in the central
part of the profile with resistivity values of generally 40–70 Ωm and reaching values of
approximately 100 Ωm in the deeper part of the layer. A sharp lateral transition between
layers 2 and 3a is observed (F5).

3.2. Seismic Investigations

H/V spectral ratio method was applied to the six microtremor measurements (Figure 2
and Table 2) conducted in the Daruvar spring area. The results are shown in Figure 7.
The interpreted H/V curves present f0 peaks with variable shapes, from sharp to smooth,
indicating a heterogenous seismic response in the subsurface. Generally, the measurements
show sharp peaks in the H/V curve, except for H6 towards the east. The f0 and amplitude
of the peaks are reported in Table 3.
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Table 3. Calculation of the Quaternary cover thickness using the Nakamura method [73].

f0 Vs h

(Hz) (m/s) (m)

H1 4.90 229.5 11.71
H2 3.00 190.14 15.85
H3 4.00 232.06 14.5
H4 6.85 260.52 9.51
H5 5.95 356.49 14.98
H6 4.00 330.3 20.64

Furthermore, a reconstruction of the vertical variation in S-wave velocity (Vs) was
conducted through the measurement of the ambient seismic noise using the MASW ap-
proach. The reached investigation depth was 20 m, and the Vs distributions at the different
locations are shown in Figure 8. Vs values generally range from approximately 125 m/s to
690 m/s (black dots in Figure 8).



Sustainability 2023, 15, 12134 14 of 22Sustainability 2023, 15, x FOR PEER REVIEW 15 of 24 
 

 

 
Figure 8. Vs-versus-depth profiles at H1 to H6 stations. Points represent the Vs values, while the 
solid line represents 1D profile obtained after the interpretation of the results. 

Table 3. Calculation of the Quaternary cover thickness using the Nakamura method [73]. 

 f0 Vs h 
 (H�) (m/s) (m) 

H1 4.90 229.5 11.71 
H2 3.00 190.14 15.85 
H3 4.00 232.06 14.5 
H4 6.85 260.52 9.51 
H5 5.95 356.49 14.98 
H6 4.00 330.3 20.64 

4. Discussion 
Reconstruction of the geological setting of a thermal system is one of the steps neces-

sary for assessing the potential of a geothermal resource. Geophysical investigations have 
been profitably used to address this topic since their results can be used to indirectly re-
construct the geometry of the reservoir and of the fault systems driving the fluid circula-
tion [19,22–24,39,61–63,71,72]. These methods are particularly applicable in areas where 
the geological data are limited to a few stratigraphic logs or where the alluvial cover con-
ceals the subsurface structure. 

In this work, an integrated geophysical approach based on electrical resistivity to-
mography (ERT) and both active and passive seismic (i.e., MASW and HVSR) methods 
was applied to construct a 3D model of the subsurface in the Daruvar spring area (Figure 
2). The outflow of thermal waters in the study area is enhanced by the high permeability 
of the carbonate reservoir, resulting in thermal springs with water temperatures of 38–50 
°C [44]. Although it was argued that the increased permeability field is connected with 
faults and their damage zones, their occurrence has never been proven. 

The ERT profiles in the Daruvar area (Figure 2) showed heterogenous vertical and 
horizontal resistivity distributions (Figures 4–6). Four layers were recognized. A first, 

Figure 8. Vs-versus-depth profiles at H1 to H6 stations. Points represent the Vs values, while the
solid line represents 1D profile obtained after the interpretation of the results.

The observed Vs were grouped based on the Vs values (black lines in Figure 8). Two
seismic units can be distinguished. The thickness of the first seismic unit varies from 6 to
14 m, showing Vs from 190 to 356 m/s. Vs values in the second seismic unit range from
253 m/s to 654 m/s. It should be noted that H2 shows the lowest Vs values for both the
first and the second seismic units.

The H/V frequency and the Vs of the first layer were used to estimate the thickness of
the sedimentary cover, corresponding to the Quaternary alluvial cover, using Equation (1).
The results are shown in Table 3.

4. Discussion

Reconstruction of the geological setting of a thermal system is one of the steps nec-
essary for assessing the potential of a geothermal resource. Geophysical investigations
have been profitably used to address this topic since their results can be used to indirectly
reconstruct the geometry of the reservoir and of the fault systems driving the fluid circula-
tion [19,22–24,39,61–63,71,72]. These methods are particularly applicable in areas where the
geological data are limited to a few stratigraphic logs or where the alluvial cover conceals
the subsurface structure.

In this work, an integrated geophysical approach based on electrical resistivity tomog-
raphy (ERT) and both active and passive seismic (i.e., MASW and HVSR) methods was
applied to construct a 3D model of the subsurface in the Daruvar spring area (Figure 2).
The outflow of thermal waters in the study area is enhanced by the high permeability of the
carbonate reservoir, resulting in thermal springs with water temperatures of 38–50 ◦C [44].
Although it was argued that the increased permeability field is connected with faults and
their damage zones, their occurrence has never been proven.

The ERT profiles in the Daruvar area (Figure 2) showed heterogenous vertical and
horizontal resistivity distributions (Figures 4–6). Four layers were recognized. A first,
near-surface layer (layer 1) with resistivity values ranging from 30 to 50 Ωm was observed
in all profiles (Figures 4–6). This domain contains zones with low (<20 Ωm) and high
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(generally 70–100 Ωm) resistivity values, and its thickness varies from 5 to 10 m. The
second layer (layer 2) showed discontinuous geometry with thickness variations from 20 to
40 m and a uniform resistivity ranging from 5 to 25 Ωm (Figures 4–6). The third layer (3a)
had a maximum thickness of 50 m and resistivities ranging from 70 to 150 Ωm. A bottom
layer (3b) was detected only in the central part of the longest profile (ERT 1; Figure 4) and
it was characterized by resistivity values of 20–30 Ωm.

The lithologies of the observed layers were assessed considering the stratigraphic logs
of the wells in the Daruvar thermal spring area (Figures 2 and 3).

Layer (1) was interpreted as the Quaternary alluvial cover composed of interchanging
clays, sands, and gravels. Clay sediments generally show low resistivities (10–100 Ωm; [18]),
while sands and gravels have higher resistivity (>200 Ωm; [60]). Considering the wide
range of resistivity in granular materials, relatively low resistivity values were observed in
layer 1. However, the occurrence of water in the pore spaces and its chemical composition
and temperature could diminish the bulk electrical resistivity of the material. Reports of
boreholes highlighted that the sandy layers of the alluvial cover host both fresh waters
infiltrating from the Toplica river and thermal waters with moderate mineralization. Locally,
the water content in the pore spaces could be lower, causing a local increase in the resistivity
as shown by the ERT profiles.

Layer (2) was interpreted as the Neogene sedimentary complex of western Papuk
mostly consisting of marls and locally bioclastic limestones in the lower part. Marls
generally show resistivities in the range of 50–100 Ωm [34]. Similar to the Quaternary
deposits, Neogene marls in the Daruvar area could be saturated with thermal or cold
waters, causing the observed low resistivity values (5–25 Ωm).

Layer (3) was interpreted as the Triassic sedimentary rocks complex composed of
dolomites and limestones. Based on the difference in the resistivity distribution, this
layer was divided into a “more compact” and a “more fractured” part (i.e., layer 3a and 3b,
respectively) with higher (70–150 Ωm) and lower (20–30 Ωm) resistivity values, respectively.
The resistivity of carbonate rocks is generally higher than 800 Ωm [18]. On the other hand,
the resistivities measured in layer 3 are much lower for both the compact and fractured
parts. In order to estimate their bulk resistivity, the generalized version of the Archie’s
law [77–79] was used:

ρ =
a

φmSn ρw (2)

with ρ and ρw being the bulk and water resistivity, respectively, φ the porosity of the mate-
rial, S the water saturation, and a, m, and n empirical parameters. Layer 3 was considered
fully saturated (i.e., S = 1) by the Daruvar thermal waters. The ρw was calculated from
the average electrical conductivity of the thermal water measured in the Antunovo vrelo
spring (i.e., 578 µS/cm; [54]). The porosity was obtained from the well logging conducted
in the Dar 1 well [56]. The average porosity value (7%) was considered representative of
the compact carbonates since it permits the inclusion of small scale fractures that could
not be highlighted during the well drilling but could contain thermal waters. The value
at the 90th percentile of the porosity distribution (17%) was considered representative of
the fractured portion since it permits the inclusion of both small- and large-scale fractures.
The empirical parameters a and m were both set as equal to 1. These values are generally
considered appropriate for a preliminary assessment of the resistivity in fractured carbon-
ates [78–81]. The resulting ρ for the compact and the fractured parts of layer 3 (i.e., 3a and
3b, respectively) were 220 and 100 Ωm, respectively. These values are in the upper range of
the observed values. However, it could be argued that the porosities measured through the
well logging are representative of a rock volume smaller than the volume investigated with
ERT. Increasing the representative elementary volume would increase the porosity [82],
resulting in a decrease of the bulk resistivity.

Besides vertical variations in the resistivity distribution, lateral variations were ob-
served (F1 to F5 in Figures 4–6). They were generally marked by low resistivity anomalies
(up to 20 Ωm) within higher resistivity bodies (i.e., F4 in ERT 1; Figure 4) or by a sharp
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transition in the resistivity distribution (i.e., F5 in ERT 6 and ERT 7; Figure 6). These lateral
variations were interpreted as caused by the occurrence of faults/fractures and associated
damage zones. The high secondary porosity of the fault damage zone and the occurrence
of thermal waters decrease the bulk resistivity of the rock mass, resulting in the observed
anomalies. Archie’s law (Equation (2)) was used to assess the bulk resistivity of the fault
damage zone. The highest porosity value measured during the Dar 1 well logging (41%)
was considered representative since it could reflect a highly fractured rock mass with open
fractures that is typical of a fault damage zone. Other parameters were kept constant. The
resulting ρ was 40 Ωm, very similar to the observed values.

The results of ERT profiles were complemented by the results obtained from active
and passive seismic methods. These methods were used to define the thickness of the
Quaternary cover through the Nakamura approach [73] (Equation (1)). The reliability
of the method was verified by comparing the results with the stratigraphic logs at the
same locations. A thickness of 14.5 and 20.6 m was calculated at H3 and H6 (Table 3),
respectively, roughly corresponding to the alluvial cover thickness in DS 1 and Dar 1
(Figure 3), respectively. In general, the estimated sedimentary thickness increased from a
minimum value of 9.5 m in the central part of the study area (H4; Table 3 and Figure 2)
to 11.7 m and 15 m towards south and north (i.e., H1 and H5, respectively; Table 3 and
Figure 2). The results obtained by seismic investigations are comparable with the thickness
of layer 1 in ERT 1 profile corroborating the results of the electrical resistivity tomography
investigations.

Results of the integrated geophysical approach (i.e., ERT, MASW, and HVSR) and
data from the stratigraphic logs of the wells were used to construct the 3D geologi-
cal model of the thermal spring area in Daruvar. The Petroleum Experts Move 2019.1
(https://www.petex.com/products/move-suite/move/, accessed on 13 May 2023) soft-
ware package was used since it allows integrating 1D and 2D data for a 3D visualization
and analysis. Stratigraphic horizons, corresponding to the base of principal lithostrati-
graphic units/formations, were reconstructed as planes using the inverse distance weight
algorithm based on the stratigraphic limits in the ERT profiles and the stratigraphic logs.
Fault surfaces were constructed as planes with the spline curves algorithm based on the
fault lines interpreted on the ERT sections.

The constructed 3D geological model (Figure 9) is oriented S-N, covering an area
of approximately 400 × 600 m and reaching a depth of approximately 120 m, which
corresponds to the maximum investigation depth of the ERT profiles. The ERT 2 profile
was not used during the construction of the 3D model, since it is located far from other
sections and it would result in significant uncertainty in the model.

Three stratigraphic units and four faults were modeled (Figure 9).
The first unit corresponds to the Quaternary alluvial cover with a variable thickness

between 10 and 15 m. The second unit corresponds to the Neogene sedimentary complex.
Its thickness is a few meters in the central part of the Daruvar spring area and increases
toward the S and the N. It reaches a maximum of 40 and 30 m in the SW and SE corners,
respectively, while it is up to 100 and 50 m in the NW and NE corners, respectively. It
should be noted that the highest modeled thickness has a high uncertainty since data are
not available in this part of the model. The third unit is composed of the Triassic carbonate
complex that constitutes the main thermal reservoir. Its geometry has been partially
reproduced since its bottom was arbitrarily placed at a depth of 120 m, corresponding to
the maximum depth investigated with the ERT profiles. However, neither the profiles nor
the wells reached the bottom of the reservoir unit, and its real thickness in the spring area is
still debatable. In the central part of the study area, the Triassic complex is in direct contact
with the Quaternary unit (i.e., ERT 1 and 3; Figures 4 and 5).
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The modeled faults were F1, F2, F3, and F5 (Figure 9). The fault traces F4 (ERT 1;
Figure 4) and F6 (ERT 7; Figure 6) were not modeled since they were depicted only in one
profile. The fault F1 dips at a high angle toward NNE showing a length of 300 m in plain
view. The dip direction varies from approximately 10◦N in the eastern part to 40◦N in
the western part toward the contact with F5. Similarly, the dip decreases westward from
subvertical to approximately 70◦ at the contact with F5. The fault F2 dips at high angle
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(>80◦) toward ENE (dip direction = 60–70◦N) with a length of 130 m in plain view. The
fault F3 dips at a high angle (80◦) toward the S (dip direction = 180◦N) with a length of
250 m in plain view. Fault F5 is the longest in the modeled area, extending within the
whole modeling domain. The fault generally dips toward the W (dip direction = 280◦N) at
different angles. The dip varies from 85◦ in the southern part of the modeling domain to
65◦ toward the N.

The faults show a minor vertical throw, and only F5 shows a throw up to 15 m (ERT 8;
Figure 6). Since shallow geophysical methods were employed in this work, the data on the
vertical extent of the faults are limited and deeper data should be acquired in the future
for a detailed kinematic analysis. Similarly, it is not possible to determine the horizontal
movement.

F1 and F3 can be interpreted as E-W trending, high angle, antithetic faults, while
F2 could represent a splay fault within their interaction zone. F5 borders westward the
interaction zone and could be interpreted as a fault parallel to the regional, NE-SW trending,
Daruvar fault, or it could correspond to its shallower part. Here, for a detailed interpretation
addressing the relation between F5 and the Daruvar fault, a regional reconstruction should
be performed.

The main outflow of the Daruvar thermal waters, represented by the Antunovo vrelo,
Blatna kupelj, and Ivanovo vrelo springs (Figures 2 and 9), occurs within this interaction
zone of the observed/mapped faults. The faults F1 and F5 border the interaction zone
toward the S and the W, and accommodated the uplifting of the main thermal reservoir
(i.e., Triassic carbonates) to shallow depths. Interaction zones between faults are preferential
locations for the occurrence of thermal springs, and in general geothermal resources, since
the kinematic transfer between the faults increases the rock fracturing and the permeability
field [11,12]. This result improves the available conceptual model of the DHS, proving that
the occurrence of an interaction zone between faults locally increases the permeability field
of the aquifer, favoring the upwelling of the Daruvar thermal waters, and resulting in the
observed thermal springs. A similar structure could occur at a larger scale, justifying the
high transmissivity of the thermal aquifer calculated through the pumping test conducted
in the Dar 1 well [56,58]. Furthermore, the faults F1 and F5 border westward and southward
the Daruvar spring area, laterally juxtaposing the high permeable thermal aquifer with low
permeable units (i.e., Neogene marls). The lateral contrast in the permeability could foster
and localize the upwelling of the thermal waters.

5. Conclusions

The sustainable exploitation of a geothermal resource for its long-term utilization is
related to both the water demand and the geological and hydrogeological characteristics
of the geothermal field. Detailed geological modeling is a key factor for estimating the
potential of a geothermal resource.

This research focused on the reconstruction of the geological and structural settings
of the Daruvar thermal spring area using different geophysical methods. Their joint
interpretation completed with the stratigraphic logs of exploitation wells and boreholes
allowed the determination of the vertical and horizontal distributions of lithological units
and proved the occurrence of faults deforming the bedrock in the Daruvar area. The data
were used as the input for a 3D model that favored a better visualization and analysis of the
results, improving the conceptual model of the Daruvar hydrothermal system. In particular,
it was proved that an interaction zone between faults deforms the bedrock, increasing the
fracturing and the permeability field. These conditions are favorable for the upwelling of
thermal waters and for the formation of thermal springs as depicted in several geothermal
fields worldwide.

This paper fosters the knowledge about thermal systems hosted in carbonate com-
plexes that are typical of northern Croatia and the Pannonian basin in general. It proves
that a cost-effective geophysical approach could be used to investigate shallow geothermal
systems. Furthermore, 3D geological modeling could be profitably used to improve the
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conceptual model of the system, providing insights on the connected geothermal resource
and its sustainable utilization. In particular, the constructed 3D local model of the Daruvar
spring area could be used in a regional- to local-scale reconstruction of the Daruvar hy-
drothermal system. Such multi-scale models are crucial for assessing the hydrogeological
and thermal processes driving the development of a thermal system and can provide
useful insights on the renewability of the geothermal resource and the sustainability of
its utilization.
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43. Mraz, V. Izvještaj o Hidrogeološkim Istražnim Radovima Na Području Daruvarskih Toplica II. Faza (Report on Conducted Hydrogeological
Research in Daruvar Spa—Phase II); Geološki zavod Zagreb: Zagreb, Croatia, 1983.
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49. Tomljenović, B.; Csontos, L. Neogene-Quaternary Structures in the Border Zone between Alps, Dinarides and Pannonian Basin

(Hrvatsko Zgorje and Karlovac Basins, Croatia). Int. J. Earth Sci. 2001, 90, 560–578. [CrossRef]
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54. Borović, S. Integrirani Hidrogeološko—Hidrogeokemijski Model Daruvarskog Geotermalnog Vodonosnika. Integrated Hydrogeological-

Hydrogeochemical Model of Daruvar Geothermal Aquifer. Ph.D. Thesis, University of Zagreb, Zagreb, Croatia, 2015.
55. KARST, d.o.o. Pivovara Daruvar—Izrada Istražne Bušotine Uz Spremnik Za Mazut (Pivovara Daruvar—Construction of an Exploratory

Well next to a Tank); KARST d.o.o.: Zagreb, Croatia, 2021.
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1. INTRODUCTION
Groundwater represents a strategic resource since it provides 
approximately half of the global volume of water withdrawn 
for domestic use and approximately one-fourth of the water 
for irrigation (UNITED NATIONS, 2022). Valuable ground-
water resources are hosted in fractured bedrock aquifers (e.g., 
SINGHAL & GUPTA, 2010). It has been estimated that 10% 
of the world population relies on freshwater from carbonate 
aquifers (STEVANOVIĆ, 2019). This importance increases in 
the Mediterranean region where the karst groundwater-
dependent ecosystems are extensively used, facing environ-
men tal threats (SIEGEL et al., 2023). Site-specific management 
plans considering both the principal flow paths and the hydra-
ulic properties of the aquifer are crucial for a more efficient 
conservation of groundwater resources. 

In rocks having low primary porosity and permeability, 
the bulk hydraulic properties are controlled by the network of 
fractures crosscutting the rock mass (SINGHAL & GUPTA, 

 
Hydrogeological parameterisation of the Daruvar thermal aquifer: 
integration of fracture network analysis and well testing
Ivan Kosović1, Bojan Matoš2,*, Stefano Casiraghi3, Gabriele Benedetti3, Tihomir Frangen1,  
Kosta Urumović1, Ivica Pavičić2, Andrea Bistacchi3, Silvia Mittempergher3, Marco Pola1 and  
Staša Borović1 
1  Croatian Geological Survey, Department of Hydrogeology and Engineering Geology, Sachsova 2, 10000 Zagreb, Croatia
2  University of Zagreb, Faculty of Mining, Geology and Petroleum Engineering, Department of Geology and Geological Engineering, Pierottijeva 6,  

10000 Zagreb, Croatia; (*corresponding author: bojan.matos@rgn.unizg.hr)
3  Università degli Studi di Milano Bicocca, Dipartimento di Scienze dell'Ambiente e della Terra, Piazza della Scienza, 4, 20126 Milan, Italy

doi: 10.4154/gc.2024.11 

Abstract
Highly fractured Mesozoic carbonate rocks are the main reservoir of many geothermal re-
sources in northern Croatia, being of environmental, cultural, and economic value for the 
local and regional communities. The Daruvar thermal springs (temperatures < 50°C) rep-
resent the outflow area of an intermediate scale, tectonically controlled, hydrothermal sys-
tem hosted in Triassic carbonate rocks. Several investigations have been conducted in the 
Daruvar area detailing the architecture of regional and local fracture networks and quanti-
fying the hydrogeological parameters of the thermal aquifer. In this work, an integrated 
 approach based on structural and hydrogeological investigations was employed to model 
the network of fractures in the reservoir and quantify its impact on the hydraulic properties. 
Structural investigations were conducted in the Batinjska Rijeka quarry, considered as an 
outcrop analogue of the thermal aquifer, employing both a classical field approach and the 
virtual quantitative analysis of a 3D digital outcrop model. Structural analysis of the digital 
outcrop model allowed identification of two sub-vertical systems of discontinuities, dipping 
to the NW and the WSW respectively, in accordance with the data collected through direct 
field measurements. The main geometric features of the discontinuity network and their 
statistical distributions were employed to construct discrete fracture network models at both 
the outcrop scale (approximately 100 m) and the aquifer scale in Daruvar (approximately 
700 m). Calibration of the input parameters allowed modelling of porosity and permeability 
values that reproduce the field values assessed through pumping tests, well tests, and well 
logging. This work highlights the importance of integrating geological and hydrogeological 
investigations to obtain a more reliable reconstruction and quantification of the processes 
driving the fluid flow in fractured aquifers and affecting the spatial distribution of their 
 hydraulic properties. 

2010). For fractures here we consider every kind of dis con ti-
nuity including bedding discontinuities, schistosity, joints, 
shear fractures, veins, stylolites and other dissolution features, 
deformation and compaction bands, etc. (e.g., BISTACCHI et 
al., 2020; STORTI et al., 2022). The permeability field in the 
rock mass depends on the geometric features of the fractures 
(i.e., orientation, intensity, aperture, length, etc.) and the 
connectivity of the fracture network (e.g., FAYBISHENKO et 
al., 2000; DE DREUZY et al., 2001, 2002). Fault zones affect 
the groundwater circulation at both regional and local scales, 
primarily influencing the development of springs in hard rock 
terrains (e.g., KEEGAN-TRELOAR et al., 2022). The well-
established conceptual model of fault zones generally includes 
a low permeable fault core surrounded by a highly fractured 
and permeable damage zone (e.g., CAINE et al., 1996; 
FAULKNER et al., 2010), although different hydraulic 
behaviours are documented (i.e., high permeability fault core; 
SMITH et al., 2013). The structural architecture of fault zones 
and the impact of fracture networks on the permeability field 
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have been extensively investigated using both structural and 
hydrogeological approaches. Still, the integration between 
these two disciplines is limited due to different methods and 
scales of investigation (e.g., BENSE et al., 2013). Outcrop 
geological and structural mapping supported by numerical 
modelling and pumping tests are the most common approaches 
to quantify the permeability of fractured aquifers in the field 
(SINGHAL & GUPTA, 2010; BENSE et al., 2013). Outcrop 
characterisation determines the main kinematic, chronological, 
and geometric features of the fracture network and the 
statistical distribution of fracture parameters. The classical 
field investigations can be supported by photogrammetric 
reconstruction of the outcrop. This technique can be used to 
investigate extensive outcrops, which may not even be 
accessible in field investigations, obtaining large datasets for 
a solid statistical analysis of the main discontinuity sets 
through the virtual structural analysis of the digital outcrop 
model (e.g., HODGETTS, 2013; BISTACCHI et al., 2015; 
MARTINELLI et al., 2020). These statistical distributions can 
be used to stochastically reconstruct the fracture network, 
employing the discrete fracture network (DFN) approach. 
Considering each fracture as a discrete object with peculiar 
hydraulic properties surrounded by an impermeable matrix, 
DFN models are profitably used to determine the permeability 
of fractured aquifers and rock masses (e.g., VOECKLER & 
ALLEN, 2012; LEI et al., 2017; MEDICI et al., 2020; 
CECCATO et al., 2021; SMERAGLIA et al., 2021; 
MAMMOLITI et al., 2023; MEDICI et al., 2023). However, 
calibrations and uncertainty analysis of parameters 
(particularly aperture) with permeability values from field 
investigations are generally lacking. Pumping tests consist of 
pumping groundwater from a well at different flow rates and 
measuring the drawdown in observation wells. The hydraulic 
properties (mostly transmissivity and hydraulic conductivity) 
of the aquifer are assessed by modelling the variations of the 
drawdown using analytical solutions (e.g., KRUSEMAN et al., 
2000). Due to the heterogeneous structure of fractured 
aquifers, the identification of flow-bearing paths is crucial for 
assessing the most suitable modelling approach (e.g., 
CARRERA & MARTINEZ-LANDA, 2000; GUIHÉNEUF 
et al., 2021), as well as for understanding and managing the 
site. In contrast, hydrogeological investigations through 
pumping and well tests generally focus on assessing the 
hydrogeological properties of the aquifer and the efficiency of 
the tested well, but they generally lack insights into the fracture 
network architecture.

Among groundwater resources in fractured aquifers, 
geothermal resources are particularly important since they are 
potential renewable sources of raw materials and energy (e.g., 
FINSTER et al., 2015; SZANYI et al., 2023). Geothermal 
resources generally have a lower yield and higher management 
costs than groundwater resources. Therefore, assessing the 
hydraulic characteristics of the reservoir and the impact of 
regional and local fracture systems is crucial for the 
quantification of the renewable component of the system and 
the proposal of management plans for long-term sustainable 
exploitation (e.g., RYBACH & MONGILLO, 2006). Northern 
Croatia is rich in thermal springs that are mostly used for 
balneotherapy and tourism (BOROVIĆ & MARKOVIĆ, 

2015). Here, connected geothermal resources have great 
potential since they share the favourable thermal features of 
the Pannonian area (HORVÁTH et al., 2015). The thermal 
spring area in Daruvar city (Figs. 1 and 2) is one of the most 
investigated thermal regions in Croatia (e.g., BOROVIĆ, 2015; 
BOROVIĆ et al., 2019; KOSOVIĆ et al., 2023; URUMOVIĆ 
et al., 2023; KOSOVIĆ et al., 2024). 

Thermal springs in Daruvar (temperature up to 50°C; 
Fig. 3) have been documented since the Roman era, 
representing an economic and cultural value for the area. The 
Daruvar thermal field is the outflow area of an intermediate 
scale geothermal system hosted in a Mesozoic fractured 
carbonate reservoir. Previous studies investigated the hydraulic 
properties of the reservoir and the architecture of regional and 
local fracture systems (e.g., BOROVIĆ et al., 2019; KOSOVIĆ 
et al., 2024). In this work, an integrated approach combining 
structural data analysis and well testing is applied to detail the 
hydraulic properties of the Daruvar thermal aquifer. Structural 
investigations were conducted in the Batinjska Rijeka quarry 
(BRQ; Fig. 2) located 4 km NE of Daruvar. There, the Mesozoic 
carbonate rock complex is highly fractured representing an 
outcrop analogue of the aquifer. The discontinuities deforming 
the rock mass were investigated through both classical field 
investigations and the analysis of the digital outcrop model 
(DOM) of the quarry. A DFN model reproducing the observed 
network of discontinuities was constructed, and its capability 
of assessing the hydraulic properties of the aquifer was tested 
using data collected from several well tests and logs conducted 
in the Daruvar thermal field. 

2. GEOLOGICAL AND HYDROGEOLOGICAL 
SETTINGS
2.1. Regional tectono-structural evolution
The study area is located along the western margin of Mount 
Papuk, which is part of the Slavonian Mts. (Fig. 1). The 
Slavonian Mts. are the best exposures of the Tisza continental 
block, i.e., a lithospheric fragment of the European foreland that 
formed beside the Adria microplate during the Middle Jurassic 
(Fig. 1; SCHMID et al., 2008). The polyphasic tectono-
metamorphic evolution of the study area started with the 
Variscan and continued with the Alpine-Dinarides-Carpathian 
orogeny. The continuous convergence between the Tisza-Dacia 
mega block, the Adria microplate, and the European plate 
through the late Mesozoic-Cenozoic caused the stacking of the 
Mecsek, Bihor, and Codru nappe systems (BALEN et al., 2006; 
SCHMID et al., 2008). The Slavonian Mts. are part of the Bihor 
nappe system that also crops out in southern Hungary. Their 
structural architecture was significantly influenced by the 
proximity of the Sava suture zone (Fig. 1), which resembled the 
Cretaceous-Palaeogene regional suture zone between the Tisza 
block toward the NE and the Adria microplate block toward the 
SW (SCHMID et al., 2020). Furthermore, regional fault zones 
such as the Periadriatic lineament and the Mid-Hungarian fault 
line (Fig. 1) played important roles as tectonic boundaries 
between the main regional blocks accommodating the clockwise 
rotation of the Tisza-Dacia mega block, the counterclockwise 
rotation of the Adria plate, and the eastward lateral extrusion, 
at a scale of several hundreds of km (Fig. 1; PRELOGOVIĆ et 
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al., 1998; TARI et al., 1999; CSONTOS & VÖRÖS, 2004; 
USTASZEWSKI et al., 2010) 

After the climax of Cretaceous-Palaeogene tectonism, the 
opening of the Pannonian Basin System (PBS) between the 
Carpathians and the Dinarides occurred (BALEN et al., 2006). 
The tectonic evolution of the PBS was characterised by 
polyphase extension, compression, and tectonic inversion. 
Formed by Early-Middle Miocene NE-SW oriented back-arc 
type lithospheric extension, the PBS was characterised by 
systems of NW-SE striking normal faults that formed rift and 
wrench-type troughs filled with large amounts of syn-rift 
deposits (HORVÁTH et al., 2006; USTASZEWSKI et al., 
2010). These basins and correlative structural highs were 
subjected to localised tectonic inversion during the Middle 
Miocene, but deepening and rapid thermal subsidence along 
existing NE-SW and NW-SE striking faults prevailed until the 
Early Pliocene (TOMLJENOVIĆ & CSONTOS, 2001; 
MALVIĆ & CVETKOVIĆ, 2013). Changes in the stress field 

due to the counterclockwise rotation of the Adria microplate 
and the consumption of the subducted European plate yielded 
a transition from extension to N-S compression/transpression, 
which resulted in regional tectonic inversion and fault 
reactivation (BADA et al., 2007; USTASZEWSKI et al., 2014). 
The Pliocene-Quaternary tectonic inversion accommodated 
regional folding and prevalent reverse and strike-slip faulting 
(JAROSINSKI et al., 2011). It yielded the uplift of the basement 
structural highs (e.g., Slavonian Mts.), the tectonic inversion 
of pre-existing basement structures and the formation of 
strike-slip fault-related positive f lower structures 
(PRELOGOVIĆ et al., 1998; TOMLJENOVIĆ & CSONTOS, 
2001).

2.2. Geological and structural setting of the study 
area
The geological setting of the NW part of the Slavonian Mts. 
was investigated by JAMIČIĆ et al. (1989). Due to its 
complexity, the lithological units of the study area (Fig. 2) were 

Figure 1. Regional tectonic map of the Alps, Dinarides, Tisza-Dacia mega block, and the European Foreland framework (after SCHMID et al., 2008, 2020). 
The map shows the principal regional faults and the outline of the Neogene basins (black line) including the Pannonian basin. The principal towns and 
the neighbouring states are depicted (acronyms: AUT – Austria, BiH – Bosnia and Herzegovina, HRV – Croatia, HUN – Hungary, ITA – Italy, SLO – Slovenia, 
SRB – Serbia).
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reorganised by KOSOVIĆ et al. (2024) as follows: i) pre-
Permian crystalline rocks, ii) Permian sedimentary units, iii) 
Triassic carbonate complex, iv) Jurassic limestones, v) 
Miocene sedimentary and magmatic rock complex, vi) 
Pliocene clastic sediments, vii) Pleistocene unconsolidated 
sediments, and viii) Holocene alluvial and colluvial 
unconsolidated sediments. The pre-Permian crystalline 
basement extends across a large surface area in western Papuk 
(Fig. 2), encompassing magmatic and metamorphic rock 
complexes that are partly transgressively covered by younger 
units (JAMIČIĆ et al., 1989; PAMIĆ et al., 2003). The onset 
of the Permian succession began with transgressive, well-
layered conglomerates and quartz sandstones. Triassic and 
Jurassic formations constitute the Mesozoic carbonate rock 
complex that represents the main reservoir of the Daruvar 
thermal waters. The Triassic succession is characterised by 
Lower to Middle Triassic clastic deposits (e.g., sandstones, 

siltstones, and laminated shales) sedimented within a shallow-
water environment (JAMIČIĆ et al., 1989; ŠIKIĆ, 1981). A 
gradual transition towards carbonates (e.g., dolomites, 
limestones, and crinoid limestones with chert) is observed in 
the Middle to Late Triassic, while the Late Triassic stratigraphic 
top is characterised by a pure dolomite-limestone succession 
(occasionally incorporating dolomite and limestone breccias 
and marly limestones; Fig. 2). In a sequence, Jurassic deposits 
are observed being represented by grey platy limestones with 
cherts. The Cretaceous collision between the Tisza block and 
the Adria and Europe plates caused emersion in the Slavonian 
Mts. Sedimentation was partly restored during the Middle 
Miocene E-W regional extension of the PBS. It continued 
through the Late Miocene-Pliocene and Quaternary (Fig. 2), 
characterised by a transition from coastal to freshwater 
depositional environments (SAFTIĆ et al., 2003). The youngest 
sediments are Quaternary unconsolidated sediments (from 

Figure 2. Simplified geological map of the Daruvar area and lithostratigraphic succession (modified from KOSOVIĆ et al., 2024). The black polygon rep-
resents the extent of Fig. 4A. Topographic peaks are denoted by white triangles, while the main towns are shown as teal polygons. The NW-SE striking 
geological profile (bottom) depicts the general structural relationships along the western margin of Mount Papuk, in the vicinity of the Batinjska Rijeka 
quarry (BRQ). Fault acronyms: BoF – Borki fault; DF – Daruvar fault; DeF – Dežanovac fault; GF – Gradina fault; PF – Pakrac fault; TF – Toplica fault. 
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sandy gravels to sandy clays), deposited by alluvial and 
gravitational processes (JAMIČIĆ et al., 1989).

The Cretaceous to Quaternary tectonic evolution of the 
study area is affected by the structural architecture of the 
Slavonian Mts. and the surrounding basins (KOSOVIĆ et al., 
2024). The complex structural pattern of generally E-W 
striking thrust faults (i.e., Voćin fault, Gradina fault, Deža-
novac fault, and Daruvar fault; Fig. 2) and multi-folded 
structures gently dipping towards both the NNW and SSE or 
ENE and WSW suggests a polyphase evolution, which began 
with regional Cretaceous-Palaeogene E-W contraction. This 
contraction formed an initial NW-SE striking fault and NNW 
and SSE dipping fold pattern, which rotated counterclockwise 
approximately 40° towards the NE during the Palaeogene 
(TOMLJENOVIĆ & CSONTOS, 2001; USTASZEWSKI et 
al., 2008). Counterclockwise regional rotation resulted in the 
final structural emplacement of the existing faults and folds, 
reoriented as E-W striking thrust faults and an ENE and WSW 
dipping fold system. Though the Neogene was characterized 
by regional E-W extension and the formation of predominantly 
normal faults, inherited faults/fold systems in the study area 
experienced only partial tectonic stretching and gravitational 
sliding. Contemporary, sediment deposition within pre-
existing synclines occurred (Fig. 2; (JAMIČIĆ, 1995; TARI et 
al., 1999; TOMLJENOVIĆ & CSONTOS, 2001). The Pliocene-
Quaternary regional N-S compression/transpression promoted 
continuous shortening and re-folding processes of the pre-
existing structures coeval with the formation of dextral/
sinistral faults (e.g., Toplica fault; TF in Fig. 2), which locally 
displaced existing E-W striking thrust faults.

2.3. Hydrogeological setting of the Daruvar  
thermal system
The lithostratigraphic sequence in the Daruvar thermal area 
(KOSOVIĆ et al., 2023) was assessed through boreholes and 
wells: i) Quaternary alluvial deposits, ii) Miocene or Pliocene 
marls, iii) Miocene bioclastic limestone, and iv) Triassic 
dolomites and limestones with an investigated thickness of 130 
m. Core analyses and well logging evidenced that the Triassic 
carbonates are characterised by a uniform background fracture 
network and by localised corridors (total thickness of 24 m in 
the deepest well), showing a higher frequency of fractures. 
The thermal waters are hosted in fractured Triassic carbonate 
rocks, and subthermal waters can be found in the sandy layers 
of the alluvial cover and the Miocene biocalcarenites 
(BOROVIĆ et al., 2019). The aquifer transmissivity assessed 
through pumping and well tests ranges from 0.015 to 0.03 m2/s 
(BOROVIĆ et al., 2019; URUMOVIĆ et al., 2023), while the 
average porosity measured through neutron borehole logging 
is 7.9%. Hydrochemical and isotope analyses of the thermal 
waters (BOROVIĆ, 2015) evidenced: i) a temperature from 
18.2 to 49.8°C, nearly-neutral pH, and electrical conductivity 
of 550–700 μS/cm, ii) a calcium-bicarbonate hydrochemical 
facies indicating flow through a carbonate aquifer, iii) the 
meteoric origin of the water as depicted by O and H stable 
isotope ratios, iv) a reservoir equilibrium temperature of 80°C 
calculated using SiO2 geothermometers, and v) a mean 
residence time between 11 and 15 ka assessed through 14C 
activity.

These data, combined with the results of regional and 
local scale structural and geophysical investigations, were 
used to propose a conceptual model of the Daruvar 
hydrothermal system (BOROVIĆ et al., 2019; KOSOVIĆ et 
al., 2024). The recharge area of the system is located in the 
topographically higher Petrov vrh, approximately 8 km E of 
Daruvar (Fig. 2). Here, Mesozoic carbonate rocks extensively 
crop out and are deformed by N-S and E-W striking fractures 
that are potential paths for the infiltration of the meteoric 
waters (KOSOVIĆ et al., 2024). The general westward dip of 
the strata and E-W tensional open fractures favour the 
westward flow of the infiltrated waters in the Mesozoic 
reservoir. The waters are warmed to 80°C by the regional heat 
flow and convection processes in the aquifer. In the Daruvar 
area, they intercept an asymmetric anticline cogenetic to the 
Daruvar reverse fault (DF in Fig. 2). The fold is structurally 
reactivated by the regional polyphase tectonic evolution, 
increasing the fracturing of the bedrock. The thermal waters 
rise to shallow depths in the damage zone of the Daruvar fault 
and the fracture network in the hinge of the Daruvar anticline. 
The fold hinge could be affected by a local extensional regime 
increasing both the aperture of the fractures and the 
permeability field of the aquifer. The main outflow occurs 
within the interaction zone of local scale faults/fractures 
mapped through geophysical investigations (KOSOVIĆ et al., 
2023). This structure further localises the flow of the thermal 
waters resulting in four thermal springs (Fig. 3) with 
temperatures between 38 and 50°C. Currently, the thermal 
waters are exploited from a well and two springs providing 
approximately 10 L/s.

3. METHODS
3.1. Structural-geological investigations and 
analysis 
Geological field investigations were carried out from 2021 to 
2023. Structural and geological data were collected NE of 
Daruvar in the Batinjska Rijeka quarry (BRQ) and the 
surrounding area (Fig. 2). This area was selected as it provides 
an extensive outcrop of the Mesozoic carbonate rock complex 
and it can be considered as an outcrop analogue of the Daruvar 
thermal aquifer. Data were collected at 59 locations and were 
spatially georeferenced using GIS software (Fig. 4A). 
Structural measurements included dip direction and dip angle 
of bedding, fractures, and faults. For faults, lineation and sense 
of slip, i.e. striations and slickenside orientations with their 
sense of movement, were also recorded. The resulting 
cumulative dataset incorporated 109, 284, and 50 measurements 
of bedding, fractures, and faults, respectively.

For the structural data analysis, the software Stereonet 
v.11 was used to plot bedding and fracture/joint data (ALL-
MEN DINGER et al., 2011; CARDOZO & ALLMENDINGER, 
2013). Determination of the most representative fracture sets 
was conducted by plotting the poles of fracture planes and 
constructing the contour plots of the poles’ distribution using 
the 1% area contour method (ALLMENDINGER et al., 2011; 
CARDOZO & ALLMENDINGER, 2013). Fault planes and 
shear planes were used to determine the palaeostress field 
based on the geometric properties of the fault and its kinematics 
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(DOBLAS, 1998). Based on kinematic criteria, the fault data 
were analysed by the software Win-Tensor v. 5.9.2 and 
TectonicsFP v. 1.7.9 (ORTNER et al., 2002; DELVAUX & 
SPERNER, 2003). Fault data were separated into compatible 
fault groups, and theoretical maximum (σ1), mean (σ2), and 
minimum stress axes (σ3) were calculated using the P–T axis 
method (TURNER, 1953; MARRETT & ALLMENDINGER, 
1990). The palaeostress field was analysed by constructing the 
synthetic focal mechanisms for each fault group using the 
Right Dihedra Method (ANGELIER & MECHLER, 1977).

3.2. Digital structural analysis and DFN modelling
The reconstruction of the network of discontinuities for 
quantifying the hydraulic parameters of the aquifer analogue 
was conducted through: i) imaging of the BRQ obtaining a 3D 
digital outcrop model (DOM) of the quarry, ii) digital 
structural analysis of the DOM reconstructing the main 
systems of discontinuities (i.e., both bedding and fractures), 
iii)  statistical analysis of the main geometrical parameters of 
the systems, and iv) discrete fracture network (DFN) modelling 
of the discontinuity network for the hydraulic parameterisation.

The imaging of BRQ was performed in April 2023 using 
DJI Matrice 300 RTK unmanned aerial vehicle (UAV). The 
UAV was equipped with a Zenmuse P1 camera featuring a 

resolution of 45 megapixels, a full-frame size sensor, and a 35 
mm focal length lens. The location of the UAV was determined 
with centimetre accuracy during the whole flight using the 
RTK (real-time kinematics) method and employing a 
supplementary GNSS device on a fixed position. Due to the 
complex quarry geometry, manual flying was used to control 
the UAV while capturing images resulting in a camera-wall 
distance of 15 to 65 m. 702 images were acquired with an 
image overlap up to of 90%. They were processed into a 3D 
DOM of the quarry (Fig. 4B) by means of “Structure from 
motion” algorithms using the photogrammetry software 
Pix4Dmapper v. 4.7.5 (URL 2). The resulting DOM was in 
sub-centimetre resolution (0.29-0.56 px/cm) covering a surface 
of 222,135 m2.

The software CloudCompare v. 2.13.0 (URL 3) was 
employed for the digital structural analysis of the DOM. 
Sections of the walls (QS2-QS6; Fig. 4B), where discontinuity 
sets were more visible, were selected for analysis. Discontinuity 

Figure 3. Map of the Daruvar thermal field area showing the thermal 
springs (blue dots) and the main wells and exploration boreholes (red 
 circle).

Figure 4. (A) Investigated area of the Batinjska Rijeka quarry (BRQ; image 
source: URL 1) with main faults (acronyms in Fig. 2). Observations (purple 
points) were conducted within the quarry area and its surroundings. (B) 
Digital outcrop model of the BRQ showing the sections (polygons) used 
for the digital structural analysis of the discontinuity systems. The section 
QS3A (red polygon) was chosen to detail the length of the main sets of 
discontinuities being the base for the DFN modelling.
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mapping was done employing the manual sampling technique 
“Trace tool” of the plugin Compass in the CloudCompare 
software (THIELE et al., 2017). This tool was used for the 
manual selection of the DOM’s points that belong to a 
discontinuity surface and for the calculation of the 3D plane 
that best fits the points’ selection. The dip direction and dip of 
the discontinuity were calculated from the fitted plane. The 
software Stereonet v.11 (ALLMENDINGER et al., 2011; 
CARDOZO & ALLMENDINGER, 2013) was used to 
determine the most representative sets of discontinuities in 
each section of the quarry following the methodology 
described in the field structural investigations. The analysis of 
the DOM showed that the rock mass in level 3 of the quarry 
was highly fractured. Therefore, the QS3A (Fig. 4B) was 
selected to detail the geometric analysis of the discontinuity 
sets, since it is the longest section in level 3 and has the greatest 
amount of data. The DomStudioOrientation script (URL 4) for 
clustering analysis and Fisher concentration parameter 
calculations were used to separate and assess the statistics of 
the main sets of discontinuities. The code was run using the 
software Matlab v. 9.11.0 (URL 5). A 2D front-view 
orthophotograph of the QS3A outcrop was performed and 
imported into the software QGIS v. 3.34.5 (URL 6) to manually 
vectorise the 2D traces of the discontinuities. The traces were 
used to: i) calculate the areal fracture intensity P21 (length of 
fractures over area) for each discontinuity set, and ii) assess 
the statistical distribution of the heights of the sets in the 
outcrop using the FracAbility package (URL 7), which allows 
fitting a statistical distribution to length data affected by 
censoring bias due to the finite size of the outcrops by applying 
survival analysis (BENEDETTI et al., 2024).

The data obtained from the structural analyses of the 
DOM and the QS3A section were used to build the DFN model 
of the investigated outcrop. The input parameters for each set 
of discontinuities were: mean dip, mean dip direction, Fisher 
K, mean length, standard deviation of length, length/height 
ratio, volumetric fracture density P32 (area of fractures over 
volume), and aperture. All parameters were determined from 
the previous analyses except for P32 and aperture, which were 
calibrated through the DFN modelling. P32 cannot be directly 
measured and needs to be estimated from P21. A linear 
relationship is expected between P21 and P32 for domains with 
similar properties (DERSHOWITZ & HERDA, 1992; 
MAULDON, 1994; WANG, 2005):

 P32  C21*P21=  (1)

Here, P32 was calibrated using the DFNworks Python 
package (HYMAN et al., 2015) with a procedure similar to 
that described in ANTONELLINI et al. (2014), KORNEVA et 
al. (2015) and ZAMBRANO et al. (2016). For each discontinuity 
set, it is necessary to target at least 3 different increasing P32 
and run simulations for each target. The resulting DFN is 
sliced along the reference outcrop’s mean plane to calculate 
the corresponding P21 value. The overall mean of the P21 
values is the simulated value for the chosen target P32. At the 
end of each calibration procedure, it is possible to calculate the 
theoretical linear relationship of the P32/P21 ratio for each 
fracture set in a given homogeneous volume. This calibrated 

linear coefficient C21 can be then used to obtain the P32 value 
corresponding to the P21 measured on the DOM. 

The calibration of the aperture and the calculation of the 
distributions of porosity (Φ) and permeability (k) were con-
ducted employing the software Petroleum Experts Move v. 
2019.1 (URL 8). This software has been profitably used to cal-
culate the k field of fault zones in fractured carbonates (ANTO-
NELLINI et al., 2014; KORNEVA et al., 2015; ZAMBRANO 
et al., 2016; GIUFFRIDA et al., 2019; ROMANO et al., 2020; 
SMERAGLIA et al., 2021; MAMMOLITI et al., 2023). 
Different approaches used by the software to assign the 
aperture to the discontinuity were tested. They consist of: i) a 
constant aperture, ii) an aperture proportional to the root 
length of the fracture, and iii) an aperture proportional to the 
length of the fracture. The proportionality constant in the 
second and third approaches is calculated by the software 
inputting the average aperture of the fracture set. The software 
discretises the modelling domain using a grid (i.e., geocellular 
volume), and then the Φ and the k tensor of the cell are 
computed. The Φ is obtained as the ratio between the total 
fracture volume in the cell and the cell volume, while the k 
tensor calculation is based on the geometric methodology 
described by ODA (1985). 

3.3. Hydrogeological parameterisation
The hydrogeological parameterisation of the thermal aquifer 
was performed by analysing the results of a pumping test 
conducted on 27 February 2022 in Daruvar. The water was 
pumped from the well Dar 1 at different flow rates (Q). The 
water level variation was measured in the wells Dar 1, D 1, and 
DS 1 and in the spring Antunovo vrelo (Fig. 3) using a HOBO 
Water level data logger with a range of 9 m. The resolution of 
the water level measurement was 1 cm, while the temporal 
interval between the measurements was 60 s in Dar 1 and 10 
s in the other objects. Manual measurements of the water level 
were conducted to constrain the measured data. The flow rate 
was measured at least three times during every single step. 
The results of this test are partially reported in URUMOVIĆ 
et al. (2023) where part of the dataset measured in Dar 1 was 
used to develop a new methodology for interpreting step-
drawdown well tests. In this study, a double approach was 
used: i) the dataset was interpreted as a pumping test (i.e., 
exploitation and observation well), and ii) the data collected in 
Dar 1 were reinterpreted using the classical approach for 
interpreting step-drawdown well tests.

Since the Daruvar thermal aquifer is highly fractured, it 
can be considered as a quasi-homogenous porous medium at 
the investigated scale. The aquifer is confined because the 
water level is generally a few metres below the ground while 
the top of the aquifer is at least 5 m below the ground level. 
Therefore, the Theis-Hantush analytical solution (THEIS, 
1935; HANTUSH, 1961a, b) for pumping tests in nonleaky 
confined aquifers was applied. The analysis of the collected 
data was performed using the software AQTESOLV v. 4.5 
(DUFFIELD, 2007). It consisted of manually matching the 
Theis-type curve to the drawdown (Δ) plotted as a function of 
time on double logarithmic axes. Afterward, the software 
optimised the curve through a nonlinear weighted least-
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squares parameter estimation, employing the Gauss-Newton 
linearisation method procedure. The estimated parameters 
were the transmissivity (T), the storativity (S), the hydraulic 
conductivity anisotropy ratio (Kz/Kr), and the saturated 
thickness (b). 

Besides the pumping test analysis, the data collected in 
Dar 1 were further investigated as a step-drawdown well test. 
Details on the interpretations of well tests can be found in 
(KRUSEMAN et al., 2000). The collected data were used to 
determine the theoretical drawdown vs. flow rate curve of the 
well, the well efficiency (W), and its specific capacity (SC = 
Q/Δ). The specific capacity can be in turn used to determine 
the T of the aquifer using experimental relationships: 

 
2 1.07T (m /day) = 0.85*SC  (2)

 2 1.07T (m /s) = 2.39*SC  (3)

These equations were considered since they were 
developed, respectively, for a carbonate thermal aquifer in 
Italy (FABBRI, 1997) and dolomite aquifers in Slovenia 
(VERBOVŠEK, 2008). A similar methodological approach 
was profitably used to assess the transmissivity of a thermal 
aquifer in central Croatia (PAVIĆ et al., 2023).

4. RESULTS
4.1. Structural analysis of field data
The Batinjska Rijeka quarry (BRQ) is part of the Petrov vrh 
structural domain (KOSOVIĆ et al., 2024). Structurally, it is 
located at the intersection of the E-W striking Gradina fault to 
the NE and Daruvar fault to the SW (Fig. 4A). These two 
reverse faults are laterally displaced by a NE-SW striking fault 
(Fig. 4A) by approximately 570 m. Lithologically, the quarry 
is predominantly composed of a Middle Triassic dolomite and 
limestone succession (Fig. 2). At the southern face, interlayers 
of thin layered shale and siltstone/sandstone occur.

Strata orientation and fracture system
Measured bedding orientations indicate subvertical bedding 
within the dolomites and limestone strata (Fig. 5A) that are 
dipping either NE/SW (29 data) or SE/NW (39 data) at the dip 
angle >60° (Supplementary Tab. 1). The subvertical bedding 
in the quarry indicate at least two generations of isoclinal folds 
(Fig. 6A) that are characterised by fold axes dipping either 
towards the SE (138°) or the SW (228°) at dip angles of 42° 
and 16°, respectively (Fig. 6A). If the fold generations are 
considered as second-order structures, they can be interpreted 
as related to a first-order folded structure that generally dips 
towards the N at an angle of >65°. 

The structural analysis encompassed 284 fractures (Fig. 
6B). Three representative fracture systems were delineated 
(Supplementary Tab. 2 and Fig. 6B). The Fs1 fracture system 
(59 measurements) includes NNE-SSW striking subvertical 
fracture sets that dip to either the ESE or the WNW. The Fs2 
fracture system counts 42 measured data. With a NNE-SSW 
strike similar to Fs1, this fracture system dips towards the ESE 
at an angle of 45°. The fracture system Fs3 (54 data), composed 
of two subsets, resembles two coupled subvertical fractures 
that dip either towards the NNE (22°) or the NNW (338°).

Faults and shear fracture analysis
Fault analysis focused on addressing the structural architecture 
and identification of the faults and shear fractures within the 
area. Due to heavily tectonised carbonate quarry faces and the 
active exploration of the quarry, 50 shear fractures/fault plane 
data were collected. Considering the stress field and kinematic 
criteria, three principal fault categories were identified and 
subdivided by fault groups and subsets (Fig. 6C and 
Supplementary Tab. 3).

Reverse fault planes (20 data; Figs. 6C and 7 and 
Supplementary Tab. 3) were separated into two fault sets (RFa 
and RFb). RFa subset shows an average SE dip direction (dip 

Figure 5. (A) Tectonised Triassic dolomites and dolomitised limestones in 
the BRQ at location 45.603°N, 17.272°E. Strata are steeply dipping towards 
the SW (So: 233/70) with a normal fault (198/60) at the base of carbonate 
beds. (B) Coupled fracture systems in the BRQ at location 45.606°N, 
17.273°E. Measured fracture systems dip towards the ESE (Fs2: 100/45), NW 
(Fs3: 338/73), W (Fs1b: 288/82). 
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Figure 6. (A) Stereonets of the bedding orientations (small black circles) in the BRQ. Their interpretation highlights the occurrence of generally two gen-
erations of folds (fold limbs are shown as small blue and red circles) characterised by different fold hinges (blue and red points). (B) Structural diagrams 
of the main fracture systems (black small circles) in the study area. The orientations of the representative fracture systems (FS) are reported in Supple-
mentary Tab. 2. They are obtained from the distribution of the measured discontinuities represented here as poles (black points). (C) Structural diagrams 
for the interpreted fault systems (RF - reverse fault group; NF - normal fault group; SSF-1 and SSF-2 - strike-slip fault groups). In all plots, N indicates the 
number of measurements.
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angle of 56°), whereas the RFb fault subset dips towards the 
WNW at an angle of 36°. Structural analysis and computation 
of the representative palaeostress field using the P–T axes 
method and derived synthetic structural focal mechanism 
show that the palaeostress compressional field was associated 
with a NW-SE trending P-axis (the T-axis is subvertical, 
steeply dipping towards the NNW), hence NW-SE 
compression. This compressional palaeostress field may have 
resulted in the formation of the fold generation dipping towards 
SE (138°; Fig. 6A) 

Normal fault planes (10 data; Supplementary Tab. 3 and 
Fig. 6C) showed orientations similar to the reverse faults. They 
were divided into two fault sets (NFa and NFb) characterised 
by NE‒SW striking fault planes dipping towards either the SE 
or the NW, at angles of 41° and 50°, respectively. Kinematic 
and stress analysis indicates that observed normal faults were 
formed due to a subvertical P-axis steeply dipping towards the 
NNE (P-axis orientation is 14/87) and subhorizontal T-axis 
trending NW‒SE. This stress field resulted in the NW–SE 
extension of the existing faulted structures. 

Besides the reverse and normal faults, 19 strike-slip fault 
planes were measured (Supplementary Tab. 3; Figs. 6C and 
7B). Measured data were separated based on geometry and 
kinematic compatibility into two fault systems (SSF-1 and 
SSF-2) and four group subsets. The SSF-1 group included 10 
measured dextral/sinistral faults (dip angle between 53° and 
73°) striking either NE–SW or NW–SE. The SSF-2 group 
incorporated conjugate fault pairs with NNE–SSW and 
SE-NW strike (dip angle between 66° and 71°). Mapped strike-
slip fault planes often showed structural reactivation with both 
dextral/sinistral motions. Similar orientations of two NW-SE 
striking fault subsets (SSF-1b and SSF-2b) indicate fault 
structural reactivation and reorientation of the principal stress 
axes σ1 and σ3 within a relatively short timeframe. Both 
strike-slip fault groups were formed in two slightly different 
palaeostress fields. The SSF-1 fault group indicates a 
palaeostress field associated with the NNE–SSW trending 

P-axis, whereas SSF-2 fault group indicates a palaeostress field 
associated with an ENE-WSW trending P-axis. This implies 
that both strike-slip fault groups were tectonically active 
within a general NE-SW transpressional stress field. 

4.2. Digital structural analysis of the DOM
The discontinuities digitalised in the selected sections of the 
DOM are shown in Fig. 8. The contour plots of the poles were 
used to identify the main sets of discontinuities in each section 
(Supplementary Tab. 4).

Quarry section 2 (length: 145 m, height: 17 m, represen-
ta tive dip direction and dip: 282/68) is located on the lowest 
level of the quarry. The DOM analysis reveals that three 
discontinuity systems crosscut the rock mass. The discontinuity 
system D1 is composed of two NE-SW striking subvertical 
discontinuities dipping at high angles (76° and 83°, respectively) 
toward the NW (D1a; 20 data) or ESE (D1b; 17 data). The D2 
system is divided into D2a and D2b sets (23 and 15 data, 
respectively) and includes predominantly NNW-SSE striking 
discontinuities dipping towards the WSW or W with dip 
angles of 53° and 57°, respectively. The D3 system (21 data) is 
characterised by discontinuities that are steeply dipping at 
high angles (≥87°) towards the W. 

Quarry face 3 is divided into sections A (length: 97 m, 
height: 30 m, representative dip direction and dip: 259/70) and 
B (length: 63 m, height: 31 m, representative dip direction and 
dip: 297/68). Analysis of the DOM in section 3A shows two 
discontinuity systems D1 and D2. The D1 system is 
characterised by two discontinuity sets (D1a and D1b; 132 and 
43 measurements, respectively) dipping towards the WNW 
with  dip angles of 68° and 83°. The D2 system comprises two 
sets dipping towards the WSW but at different dip angles. D2a 
(140 data) is steeply dipping towards the WSW at 75°, while 
set D2b (74 data) is gently dipping with a dip angle of 41°. The 
structural fabric of section 3B is similar to section 3A being 
deformed by two discontinuity systems (D1 and D2). The D1 
system is characterised by NE-SW striking discontinuity sets. 

Figure 7. (A) Fault plane (167/45) observable across most of the BRQ faces, at location 45.606°N; 17.273°E. Fault plane shows reverse kinematics with 
 indication of tectonic transport to the NW, while in the same time this fault plane experienced structural reactivation and tectonic inversion  characterised 
by NW-SE oriented extension. (B) Reverse fault planes with average orientation 142/30 (Fp). Besides NW tectonic transport, we observed subvertical 
bedding with average strata orientation 318/75. In the right section, a subvertical bedding plane (Fp2) was structurally reactivated as a dextral fault.
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Set D1a (124 data) dips towards the NNW (dip angle of 70°), 
whereas the D1b set (73 data) includes discontinuities that 
steeply dip towards the NW at a dip angle of 77°. The second 
discontinuity system (D2; 115 data) encompasses the NNW-
SSE striking discontinuities that dip steeply towards the WSW 
at an angle of 72°. 

Quarry face 4 (length: 108 m, height: 30 m, representative 
dip direction and dip: 290/66) is similar to quarry face 3 being 
deformed by two discontinuity systems D1 and D2. The D1 
system is characterised by two sets (D1a and D1b; 103 and 86 
data, respectively) steeply dipping towards the NNW or NW. 
The D2 system (89 measurements) includes predominantly 
NNW-SSE striking discontinuities steeply dipping towards 
the WSW (dip angle of 72°).

Quarry section 5 (length: 78 m, height: 18 m, representative 
dip direction and dip: 286/69) is deformed by two discontinuity 
systems (D1 and D2) that dip towards either the NW or W at 
angles of 71° and 72°, respectively. 

Two discontinuity systems D1 and D2 were delineated in 
the highest face of the quarry (section 6; length: 53 m, height: 
11 m, representative dip direction and dip: 298/65). The D1 
system includes the D1a and D1b sets (16 and 9 data, 
respectively), characterised by discontinuities steeply dipping 
towards the NNW with a dip angle of approximately 70°. The 
D2 system encompasses NE-SW striking discontinuities that 
are steeply dipping towards the W at an angle of 60° (D2a set; 
5 measurements) and 81° (D2b; 8 data), respectively.

Based on the structural analysis of the DOM, two 
subvertical systems (D1 and D2) of discontinuities can be 

distinguished. The D1 system generally dips toward the NW, 
while the D2 system shows a general NNW-SSE strike dipping 
towards the WSW. The section of the quarry QS3A (Fig. 4B) 
was selected for a detailed analysis of the discontinuity sets to 
derive the input parameters for the discrete fracture network 
(DFN) modelling. The high-resolution orthophotograph of the 
section was digitised in QGIS obtaining a shapefile of 
discontinuity traces, i.e. the intersections of the discontinuity 
planes with the quarry face (Fig. 9). Since the face dips 70° 
towards W, it intersects all the discontinuity systems identified 
in this sector of the quarry (Fig. 8). Sets D1a and D1b 
(subvertical in the orthophoto; red set in Fig. 9) differ by just 
20° in strike and it was impossible to separate them based on 
their traces on the orthophotograph. They were merged into 
one set (named set V). The traces of systems D2a and D2b (at 
medium and low angle in the orthophoto; green set in Fig. 9) 
show a continuous range of plunges, without a clear cutoff 
angle between them. The medium to low angle traces were 
therefore considered as a merged system (named set H). The 
parameters calculated for the two merged sets visible in section 
QS3A are listed in Supplementary Tab. 5. The merged sets 
show a dispersed distribution of their spatial orientation, as 
evidenced by the relatively low values of the Fisher K (13.53 
for set H and 18.83 for set V). Since section QS3A is subvertical, 
the length of the traces corresponds to fracture heights. The 
percentage of censored heights is 20% and 11.08% in sets V 
and H, respectively (Supplementary Tab. 5). A log-normal 
distribution best fits the distribution of the measured heights, 
accounting for censoring bias (Supplementary Fig. 1). The 

Figure 8. Structural diagrams of the main discontinuity systems in the different sections of the quarry (N: number of data). The orientations of the rep-
resentative discontinuity systems are reported in Supplementary Tab. 4. They are obtained from the distribution of the measured discontinuities in the 
DOM of BRQ here represented as poles (black hollow points). 



G
eo

lo
gi

a 
C

ro
at

ic
a

110 Geologia Croatica 77/2

cumulative fracture lengths were used to calculate the areal 
fracture intensity P21 being 0.47 and 0.37 for set H and V, 
respectively.

4.3. DFN modelling of the aquifer outcrop analogue
The results obtained from the DOM and QS3A virtual 
structural analyses were used to build the DFN model of the 
outcrop. The model size was 100×100×30 m (XYZ; Fig. 10A) 
corresponding to the length and height of the QS3A section. 
The input parameters used for the construction of DFN models 
in both the software DFNworks and Move are reported in 
Supplementary Tab. 6 including the P32 and aperture values 
obtained after the calibration procedure.

The calibration of P32 was based on the iterative building 
of DFNs in the DFNworks software, pointing to a ratio C1 (Eq. 
1) of 0.24 and 0.21 for set H and set V, respectively. These 
linear coefficients were used to calculate the P32 from the P21 
obtained through the digitalisation of the fracture traces in the 
QS3A section resulting in P32 values of 1.98 and 1.18 m2/m3 
for set H and set V, respectively.

The aperture was calibrated to fit the porosity (Φ) 
distribution in the DFN model with the Φ field measured 
during well logging of Dar 1 well. The analysis of the well log 
showed a large variation in the Φ ranging from 0.03 to 42% 
(average = 7.9%). The occurrence of outliers was indicated by 
the fact that the 10th and 90th percentiles of the distribution are 
0.9 and 17%, respectively, suggesting a narrower Φ field. A 
closer inspection of the caliper well log showed a variation in 
the diameter of the borehole from 35 to 45 cm (nominal 
diameter of the drill bit was 31.1 cm), with the high Φ occurring 
in the well sections with larger diameters. These data suggest 
that the wall of the well locally collapsed (most probably in the 
more fractured part of the reservoir), affecting the measurement 
of the Φ. The section of the well with both a smaller and more 
homogeneous diameter was selected to obtain a more realistic 
assessment of the Φ. These conditions should point to a more 
compact wall of the well, resulting in Φ values that should 
better reflect the Φ field in the aquifer. The selected section 
was located at a depth of 100-130 m showing a homogenous 

diameter between 35 and 36 cm. The Φ within this interval is 
between 0.03 and 9.1% with an average value of 2.7%. The 10th 
and 90th percentiles of the distribution are 0.2 and 6.3%, 
respectively, suggesting a more homogeneous distribution 
around the average than the whole Φ dataset. 

The Φ calibration was conducted testing values of the 
fracture aperture from 0.1 to 10 mm and combining them with 
the different approaches for assigning the aperture in the Move 
software. The modelling domain was discretised using a grid 
spacing of 0.5 m considering that the Φ in the Dar 1 well was 
calculated from the neutron log generally having a vertical 
resolution of 1 m and depth of investigation of 25 cm (LAI et 
al., 2024). The distributions of Φ and k obtained for the tested 
aperture values and employing the different methodological 
approaches are shown in Supplementary Figs. 2 and 3, 
respectively, while their statistical analyses are in 
Supplementary Tabs. 7 and 8. A general increase of both the 
Φ and k fields with the aperture was observed except for the 
minimum and 10th percentile of the distributions, which were 
always 0. This value is the outcome of choosing a small grid 
size since the software assigns null Φ/k to those cells that are 
not cut by any structure. Considering the same aperture, the 
highest values were obtained with the method “aperture 
proportional to length”, while the method “constant aperture” 
showed the lowest values. This discrepancy can be explained 
by the different methodological approaches for calculating the 
aperture. In the “aperture proportional to length” approach, 
long fractures have larger apertures than short fractures 
resulting in both higher Φ and k values. In the “constant 
aperture” approach, the same aperture is applied to all 
fractures diminishing the effect of long and potentially wider 
fractures on the hydraulic parameters. This effect is also 
visible by analysing the skewness and kurtosis values of the 
distributions. Skewness and kurtosis are higher than 0.9 and 
3.8, respectively, suggesting right-skewed and leptokurtic 
distributions. These data suggest a clustering of the datasets 
toward low values with a long right tail toward high values. 
The highest skewness and kurtosis were observed in the 
“aperture proportional to length” approach enforcing the 

Figure 9. Orthophotograph of section QS3A digitised in QGIS to vectorise the traces of the discontinuity systems. Traces are divided into two disconti-
nuity systems: subvertical (red; set V in Supplementary Tab. 5) and subhorizontal (green; set H in Supplementary Tab. 5).
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occurrence of high Φ/k values associated with wider fractures. 
It should be noted that a similar asymmetric distribution was 
depicted in the experimental Φ of the Dar 1 well. 

The statistical analysis of the Φ in the DFN models was 
further detailed to calibrate the aperture. A linear relationship 
(Fig. 10B) between the aperture and all statistical indexes is 
observed, except for the minimum and 10th percentile values. 
The slopes of the average values for the different methodological 
approaches were calculated to obtain the aperture fitting with 
the average Φ measured in Dar 1 well at a depth of 100–130 
m. The resulting apertures were 8.9, 5.1, and 4.1 mm for the 
constant, root length, and length approaches, respectively. The 
aperture values obtained with the second and third approaches 

seem more realistic and applicable for a fractured aquifer, 
while wider apertures could be more representative of karst 
aquifers. The model was run with an aperture of 4.1 mm and 
employing the “aperture proportional to the fracture length” 
approach. The resulting Φ ranged from 0 to 22.7%, but the 
statistical analysis showed that the Φ distribution (red dots in 
Fig. 10C) fits the experimental values at the depth of 100–130 
m (red lines in Fig. 10C) with only a minor discrepancy 
observed for the 75th percentile. The resulting k value ranged 
from 0 to 4.4×106 D and an average value of 2.7×105 D. The 
statistical distributions of both Φ and k are right-skewed and 
leptokurtic (skewness of 1.1 and 2.4, respectively, and kurtosis 
of 4.3 and 11.2, respectively) indicating a highly asymmetric 
distributions.

Figure 10. (A) DFN model obtained using the input parameters in Supplementary Tab. 5. The red and green discontinuities represent the vertical and 
horizontal discontinuity sets, respectively. (B) Mean (black lines) and maximum (red lines) porosity values obtained using different approaches for as-
signing the aperture to fractures in the DFN model (dotted lines: constant aperture; dashed lines: aperture proportional to the root of the length; full 
lines: aperture proportional to the length). (C) Porosity distribution (black lines) obtained using the “aperture proportional to length” approach. It was 
considered the best approach for fitting the experimental porosity distribution (dashed red lines) of the Dar 1 well at a depth of 100-130 m. The results 
obtained from the best model with aperture of 4.1 mm are shown as red dots suggesting a good fit with the experimental data.
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4.4. Interpretation of pumping and well tests
The pumping test in the Daruvar thermal field lasted approxi-
mately 12 h. It was conducted performing 3 steps (i.e., step-
drawdown test) with flow rates of 12.1, 13.4, and 7.2 L/s, 
respectively, lasting 1 h each (Fig. 11A). The pumping was 
stopped for 1 h measuring the recovery of the water level. 
Afterwards, a flow rate of 12.3 L/s was set for approximately 
7 h (i.e., constant test). The subsequent recovery of the water 
level was measured for 1.5 h reaching the initial water level. 
A maximum drawdown (Δ) of 0.59 m was observed in the 
Dar 1 well at the end of the second pumping step, while the 
highest Δ in the observation wells D 1 and DS 1 was measured 
during the constant test reaching 0.09 m (Fig. 11A). The water 
level in the Antunovo vrelo spring was slightly affected by the 
pumping showing a Δ up to 0.01 m.

The Δ values measured in Dar 1, D1, and DS 1 were used 
for determining the hydrogeological parameters of the aquifer 
using both the Theis-Hantush analytical solution for pumping 
tests. The solution was calculated using the data from the whole 
pumping test (i.e., step-drawdown and constant tests; Fig. 11B) 
and only from the constant test (Fig. 11C). The obtained 
parameters are summarised in Supplementary  Tab. 9. The results 
of the two methodological approaches are com parable. The 
transmissivity (T) is 3.82×10–2 m2/s and 3.46×10–2 m2/s, while 
the saturated thickness of the aquifer (b) is 61.5 and 68.4 m for 
the whole and constant tests, respectively. The saturated 
thickness value slightly corresponds to the length of the 
screened section of the Dar 1 well (53 m, and up to 59 m if a 
short part of casing between the two well screens is included).

Furthermore, the data measured in Dar 1 were used to 
assess the drawdown vs. flow rate curve of the well, the well 
efficiency (W), and the specific capacity (SC). The obtained 
results are summarised in Supplementary Fig. 4. The calculated 
drawdown vs. flow rate curve is:

 21 4.6   2186.6 Q Q∆ = +  (4)

W is between 33% and 48% and decreases by increasing 
the flow rate. Although W is low showing a poor efficiency, it 
is acceptable considering that the Dar 1 well is relatively old 
and it has practically never been used. The SC was calculated 
considering both the experimental and theoretical Δ showing 
minor differences. The resulting T values are 3.8×10–2 m2/s 
and 4.8×10–2 m2/s for the equations 2 and 3, respectively. 
Considering that these values are obtained using experimental 
relationships developed in geological and hydrogeological 
settings different from the Daruvar thermal field, the slight 
discrepancy with the T calculated from the pumping test 
approach is acceptable.

5. DISCUSSION
5.1. Integrated interpretation of field and virtual 
structural data
Fractures are the main f low path in fractured aquifers 
(FAULKNER et al., 2010; BENSE et al., 2013). Reconstructing 
the geometric characteristics of the fracture network and the 
stress field deforming the rock mass can be useful in 
determining the preferential flow paths fostering the conceptual 

Figure 11. (A) Drawdown measured in the wells Dar 1, D 1, and DS 1 and 
the Antunovo vrelo spring during the pumping test conducted in 2022. 
The flow rate is shown as a step plot with a dashed line. (B-C) Drawdown 
data for Dar 1 (black circle), D 1 (red cross), and DS 1 (blue square) fitted 
with the theoretical Theis curves (black, red, and blue lines for Dar 1, D 1, 
and DS 1, respectively) for the whole pumping test (B) and the constant 
flow rate test (C).
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model of the groundwater resource (SINGHAL & GUPTA, 
2010). Integrated structural mapping based on field mea-
surements and digital outcrop model (DOM) analysis was 
employed in this work to analyse the fracture network in the 
Batinjska Rijeka quarry (BRQ). The results of the field 
measurements indicate that the Mesozoic carbonate complex 
in the quarry is deformed by systems of folds and fractures 
being a representative outcrop analogue for the fractured 
carbonate reservoir of the Daruvar hydrothermal system. 
Folded structures in the BRQ are characterised by subvertical 
bedding (dipping either NE/SW or SE/NW; Fig. 6A) that have 
undergone extensive brittle deformation with the formation of 
three systems of fractures (Fs1 and Fs3 including fractures 
steeply dipping toward ESE or NNE, and Fs2 including low 
angle fractures dipping toward the ESE; Fig. 6B). The 
geometry, structural position, and subvertical orientation of 
these systems indicate a cogenetic relationship with the fold 
hinge zones that have an predominantly NE-SW and ESE-
WNW strike. Structural observations of shear fractures/fault 
planes (Fig. 6C) corroborate the results of the bedding and 
fracture system analyses, suggesting that the present-day 
fracture pattern observed in the BRQ results from the 
multiphase regional tectonics (KOSOVIĆ et al., 2024). 
Cretaceous-Palaeogene E-W (or NE-SW) compression rotated 
by 40º counterclockwise is observed on NNE-striking reverse 
fault planes associated with a NW-SE oriented P-axis 
(Supplementary Tab. 3 and Fig. 6C). NE-striking normal faults 
indicate a NW-SE oriented extension and clockwise rotation 
of the existing NNE-striking reverse fault due to a tectonic 
inversion. The observed extension may be related to the 
collapse of the hanging wall structures of the Cretaceous-
Palaeogene reverse faults due to either gravitational slip (e.g. 
TAVANI et al., 2012) or the initial extension of the PBS in the 
late Oligocene and Miocene (TOMLJENOVIĆ & CSONTOS, 
2001). The N-S (NE-SW) compressional/transpressional 
phase from the Pliocene-Quaternary is observed on strike-slip 
fault planes (Supplementary Tab. 3), showing polyphase 
structural reactivation and repeated movements in both a 
dextral and sinistral sense. Considering the cross-cutting 
relationships between SSF-1 and SSF-2 fault systems and 
mapped reverse/normal faults, it indicates that the strike-slip 
fault planes are younger and probably associated with the most 
recent Pliocene-Quaternary tectonic phase in the study area 
(e.g., TOMLJENOVIĆ & CSONTOS, 2001; SCHMID et al., 
2008). This NE-SW oriented stress field may also influence 
the bedding reorientation and the formation of a younger fold 
system that gently dips towards the SE (Fig. 6A).

Results of the DOM virtual structural analysis depicted 
two dominant subvertical systems (D1 and D2; Supplementary 
Tab. 4) of discontinuities. The D1 system generally dips toward 
the NW, while the D2 system dips towards the WSW. These 
results correspond well with the field observations (Supple-
mentary Tabs. 1 and 2). The D1 system has the same orientation 
as the bedding So3 and the fracture set Fs3b. Discontinuity 
system D2 has a similar orientation to the bedding So2 and 
fracture set Fs1b. Other sets of bedding and fractures observed 
by field measurements don’t clearly correspond with the 
discontinuity systems delineated in the DOM. Only the 
fracture set Fs1a (Supplementary Tabs. 1 and 2) could have an 

analogy with the discontinuity set D1b measured in quarry 
section 2 (Supplementary Tab. 4). However, this discontinuity 
set is depicted only in one section of the quarry and is obtained 
from a limited dataset, decreasing the reliability of its 
geometric characterisation in the DOM. The lack of correlation 
between field data and the DOM results could be associated 
with several factors. Fracture sampling in the DOM highly 
depends on the outcrop inclination and the fracture 3D spatial 
orientation (PRIEST, 1993; ZHANG & EINSTEIN, 1998; 
ZEEB et al., 2013). This difference significantly reduces the 
identification of potential fracture systems that are either 
parallel or steeply dipping in opposite directions to the quarry 
face during the DOM analysis. Furthermore, field investigations 
and virtual outcrop analysis have different resolution scales 
(TZIAVOU et al., 2018; MARTINELLI et al., 2020): disconti-
nuities at the centimetre scale can be measured in the field, 
while they are impossible to digitalise in decametre scale 
DOMs. Bearing in mind the different resolutions of the 
methods, only metre scale discontinuities were measured 
during the field investigations in the BRQ. Still, a discrepancy 
between the results occurred highlighting the intrinsic 
difference between the two methodological approaches. 
However, the digital outcrop analysis of the BRQ covered a 
relatively large area favouring: i) reconstruction of the 
discontinuity network in remote or inaccessible portions of the 
outcrop, and ii) collection of a large dataset that was used for 
a detailed statistical analysis of the geometric features of the 
main discontinuity sets. 

5.2. Hydrogeological parameterisation of the 
Daruvar thermal aquifer
Besides their primary role in the circulation of groundwater, 
networks of fractures can influence the distribution of the bulk 
permeability (k) and porosity (Φ) in fractured aquifers (e.g., 
FAYBISHENKO et al., 2000; SINGHAL & GUPTA, 2010; 
BENSE et al., 2013). 

In this study, both classical hydrogeological investigations 
and discrete fracture network (DFN) modelling were 
conducted for the hydraulic parameterisation of the Daruvar 
carbonate thermal reservoir. Several pumping and well tests 
have been conducted in the Daruvar thermal field to assess the 
transmissivity (T) of the aquifer (BOROVIĆ, 2015; BOROVIĆ 
et al., 2019; URUMOVIĆ et al., 2023). In particular, BOROVIĆ 
(2015) critically revised and reanalysed the results from old 
pumping tests (1971, 1980, 1982, 2009), providing a solid 
estimation of T. Here, the results of a recent pumping test 
(2022) were analysed using several methodological approaches 
(THEIS, 1935; HANTUSH, 1961a, b; KRUSEMAN et al., 
2000). The T values obtained in this work and from the 
literature range from 1.58×10-2 to 4.83×10-2 m2/s showing a 
good concordance among the different methods (Tab. 1). The 
average T was used to calculate the aquifer k value considering: 
i) the lower density and viscosity of the thermal waters due to 
their temperature and salinity, and ii) both the thicknesses of 
the dolomite aquifer and the fracture corridors in the Dar 1 
well (d and f, respectively; Tab. 1) and the saturated thicknesses 
calculated from the pumping test analysis (b; Tab. 1). The 
resulting average values of k (Tab. 1) are 16.4, 32.7, and 88.7 
D considering d, b, and f as the aquifer thickness, respectively. 
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These values show good consistency within the same order of 
magnitude and are within the range of k values for fractured 
and karst carbonate aquifers (FREEZE & CHERRY, 1979). 
The Φ of the aquifer was obtained through well logging of the 
Dar 1 well. Since the distribution of Φ values showed a large 
variability (Tab. 1), a section of the well with tight walls (depth 
of 100–130 m) was considered to obtain a narrower, more 
realistic, range of Φ. The average Φ for this section was 2.7% 
(Tab. 1) being within the range of Φ in carbonates (NG & 
SANTAMARINA, 2023).

The distribution of Φ at a depth of 100–130 m was used for 
the calibration of the DFN model of the BRQ outcrop analogue. 
The best fit of the model was obtained using an aperture of 4.1 
mm resulting in an average Φ of 2.7% and an average k of 
2.7×105 D. Although the Φ fits with the experimental values, 
the k value is 3-4 orders of magnitude higher than the measured 
k (Tab. 1). The reasons for this discrepancy could be that: i) the 
Φ used for the calibration corresponds to the total Φ, while 
effective Φ is relevant for the fluid flow, and ii) the size and the 
discretisation of the DFN model do not correspond to the area 
investigated by the pumping test and the hydrogeological 
representative elementary volume. In order to overcome these 
issues, a larger DFN model was conducted. The model size was 
increased to 700×700×150 m (XYZ; Fig. 12A) being more 
representative of the aquifer volume investigated by the 
pumping test. It was considered that the radius of influence of 
the pumping test was between the DS 1 and D 1 observation 
points and the Antunovo vrelo spring, because the experimental 
data showed variations of the water level in the observation 
wells (Figs. 3 and 11A). Therefore, the horizontal size of the 
model was calculated to be representative of twice the average 
distance between the exploitation well Dar 1 and the observation 
points (Dar 1 - D 1: 265 m, Dar 1 – Antunovo vrelo: 450 m; Fig. 
3). The vertical size was chosen to be representative of the 
maximum investigated thickness of the dolomite in the Daruvar 
area (d in Tab. 1). The model was conducted using the software 

Move and it was discretised using: i) a geocellular volume with 
a cell size as the DFN model of the outcrop analogue for 
generating the fracture network, and ii) a single cell (i.e., the 
whole volume) for the hydraulic parameterisation. This 
“double-sized” geocellular volume permits: i) construction of 
the fractures using the input parameters of the outcrop DFN 
model (Supplementary Tab. 6), and ii) calculation of the 
hydraulic parameters over a volume that is representative of the 
investigated section of the aquifer. Through this approach, the 
fracture geometry at the aquifer scale DFN is constrained using 
the geometric parameters obtained from the DOM virtual 
structural analysis, and the bulk hydraulic parameters are 
calculated obtaining an estimation at the scale of the pumping 
test. The model was run using the “aperture proportional to the 
fracture length” approach since it seemed more reliable for 
fractured aquifers. Different aperture values were tested 
obtaining a linear and power correlation with Φ and k (Figs. 
12B-C). The aperture of 4.1 mm (i.e., the best fit in the outcrop 
analogue DFN model) results in a Φ and k of 3.7% and 3.9×105 
D, respectively. These values are slightly higher than the results 
of the outcrop scale DFN model, probably due to the different 
geocellular volume used for the calculations. The linear relation-
ship between the aperture and Φ was used to recalibrate the 
aperture value fitting the average Φ at the depth of 100–130 m 
(Tab. 1). The resulting aperture of 3 mm was run in the model 
obtaining a k value of 1.5×105 D, which is 3–4 orders of magni-
tude higher than the experimental values. This result suggests 
once more that two different aperture values are needed for 
fitting the experimental Φ and k values. In particular, the hydra-
ulic aperture of the fractures, which is smaller than the mecha-
nical aperture (RENSHAW, 1995; POURASKARPARAST et 
al., 2024), should be used for reconstructing the k value in DFN 
models (e.g., SMERAGLIA et al., 2021). Furthermore, the 
effective Φ should be considered since fractured aquifers 
usually have dual porosity, with most of the storage volume 
being in the matrix and most of the flow being in the fracture 
network (WORTHINGTON et al., 2019). The Φ dataset used 
for the calibration of the DFN models was calculated from the 
neutron log and describes the total Φ of the Daruvar aquifer. 
Considering that effective Φ in carbonate rocks is at least one 
order of magnitude less than total Φ (WORTHINGTON et al., 
2019), the fracture aperture for obtaining a Φ of 0.27% (i.e., one 
order of magnitude lower than the average Φ at the depth of 
100-130 m; Tab. 1) was calculated and input to the model. The 
calculated fracture aperture was 0.3 mm resulting in a k value 
of 149.4 D, which is slightly higher than the experimental 
values. The effective Φ value was refined on the basis of the 
experimental Φ dataset, and the 10th percentile of the Φ 
distribution was tested (Tab. 1). The corresponding fracture 
aperture (0.22 mm) was input to the model resulting in Φ and 
k values of 0.2% and 60.5 D, respectively. The k value fits with 
the experimental values being in the range of the k calculated 
from f and slightly higher than the values obtained from d and 
b (Tab. 1).

The results of the conducted numerical investigations 
highlight the importance of employing a “dual aperture” 
approach for fitting both experimental Φ and k values in DFN 
models. This approach is necessary since fractured aquifers 
are a dual continuum medium where the groundwater is 

Table 1. Hydrogeological parameterisation of the Daruvar thermal aquifer 
obtained from: i) the interpretation of pumping and well tests in this study, 
ii) the well logging of Dar 1 well, and iii) the literature (BOROVIĆ et al., 2019; 
URUMOVIĆ et al., 2023).

Average 
value

Minimum – 
Maximum

10th – 90th 
percentile

Investigated thickness 
of dolomite

d (m) 130 – –

Saturated thickness b (m) 65 61.5 – 68.4 –

Thickness of fracture 
corridors

f (m) 24

Transmissivity T (m2/s) 3.5e-2 1.6e-2 – 4.8e-2 2.5e-2 – 4.3e-2

Storativity S (–) 1.6e-3 1.1e-3 – 2e-3 –

Hydraulic conductivity 
anisotropy ratio

Kz/Kr (–) 1.3e-2 6.8e-3 – 2e-2 –

Permeability from d k d (D) 16.4 7.4 – 22.7 11.8 – 20.3

Permeability from b k b (D) 32.7 14.8 – 45.3 23.6 – 40.6

Permeability from f k f (D) 88.7 40 – 122.8 63.8 – 109.9

Porosity Φ (%) 7.9 0.03 – 42 0.9 – 17.4

Porosity at depth 
100-130 m

Φ* (%) 2.7 0.03 – 9.1 0.2 – 6.3
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mostly stored in the rock matrix, affecting the total porosity of 
the aquifer, while the fluid flow occurs in the fractures, being 
influenced by their hydraulic aperture and the effective 
porosity of the aquifer. This difference should also be 
considered for the analytical interpretation of pumping tests. 
Here, a generally well accepted analytical method reproducing 
the aquifer as an equivalent porous medium was used 
(SINGHAL & GUPTA, 2010), but it provides only a rough 
estimation of the k value. The estimation of k in dual porosity 
media requires more sophisticated field investigations (i.e., 
flowmeter and quantitative visual logging, tracer tests) and 
analytical methods for modelling the pumping test results (i.e., 
MOENCH, 1984).

6. CONCLUSIONS
This paper describes the results of an integrated approach for 
reconstructing the network of fractures and quantifying the 

hydraulic parameters in fractured aquifers. Structural and 
hydrogeological investigations were conducted in the Daruvar 
thermal area and its hinterland detailing the structural 
architecture and the hydraulic parameterisation of the 
carbonate thermal aquifer. The results obtained through field 
and virtual structural analyses were used as input parameters 
to construct discrete fracture network models at different 
scales to estimate the aquifer properties. The modelling results 
were compared with the results of hydrogeological field 
investigations obtaining a good correlation. These results 
permit the quantification of the impact of the fracture network 
on the permeability field of the Daruvar thermal aquifer as 
observed in fractured aquifers.

The results obtained in the investigation of the Daruvar 
thermal area demonstrate that an integrated approach is 
invaluable in investigating and modelling fractured media. 
The utilisation of such an integrated approach permits a 

Figure 12. (A) Aquifer scale DFN model obtained using the input parameters in Supplementary Tab. 5. The red and green discontinuities (1% of the 
generated discontinuities is shown) represent the vertical and horizontal discontinuity set, respectively. (B-C) Porosity and permeability values (black 
dots) obtained from the aquifer scale DFN using different fracture apertures. The results of the best model (aperture of 0.22 mm) are shown as red dots 
pointing to a good fit with the experimental data (dashed lines).
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quantitative structural and hydrogeological reconstruction of 
the aquifer and the network of fractures favouring the fluid 
flow accounting for the advantages of both techniques. Field 
analysis can be used to determine the geological relationship 
among structures and the stress field developing the dis conti-
nuities. Remote sensing photogrammetry allows the construc-
tion of a 3D digital model of the outcrop favouring the 
collection of large datasets for a detailed quantitative 
description and statistical analysis of geological objects' 
geometry and their spatial relationships (HODGETTS, 2013; 
BISTACCHI et al., 2015; MARTINELLI et al., 2020). Field 
research can add a conceptual link to the results of the data 
analysis in the DOM obtaining a more comprehensive 
geological interpretation. Furthermore, the obtained results 
highlight the importance of correlating the results from 
structural and hydrogeological investigations. Structural data 
can be used to construct discrete fracture network models of 
the fractured aquifer that need to be calibrated using the data 
from hydrogeological investigations. Depending on the 
available experimental dataset of hydrogeological properties, 
the model calibration needs to account for the dual porosity of 
fractured aquifers and the difference between the mechanical 
and hydraulic aperture of the fractures. 
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Supplementary Table 1. Average orientations of the measured carbonate beds with computed fold axes.

Strata orientation Data Dip direction (°) Dip angle (°) Strike
Fold axis orientation

Dip direction (°) Dip angle (°)

So1
29

57 80 147-327
138 42

So2 226 88 136-316

So3
39

310 66 40-220 228 16

So4 138 88 48-228

Supplementary Table 2. Average orientation of the three fracture sets in BRQ.

Fracture system Data Dip direction (°) Dip angle (°) Strike

Fs1a 31 113 81 23-203

Fs1b 28 288 82 18-198

Fs2 42 100 45 10-190

Fs3a 32 22 85 112-292

Fs3b 22 338 73 68-248

Supplementary Table 3. Mean geometrical properties of the observed fault planes with calculated kinematic indicators and parameters. Fault planes 
(Fault types: R – reverse; N – normal; SSF – strike-slip were grouped following their geometrical properties. Orientations of the P- and T-axes are based on 
constructed synthetic structural beach-ball diagrams (Fig. 6).

Fault 
group

Subset Data
Dip 

direction (°)
Dip 

angle (°)
Pitch 

(°)
Striation P-axis T-axis

Trend (°) Plunge (°) Trend (°) Plunge (°) Trend (°) Plunge (°)

RF
RFa

20
128 56 72 115 43

128 12 336 76
RFb 289 36 76 261 66

NF
NFa

11
153 41 81 126 65

14 87 325 11
NFb 319 50 79 211 68

SSF-1
SSF-1a

10
150 52 24 78 20

13 17 275 23
SSF-1b 45 73 17 308 16

SSF-2
SSF-2a

9
113 66 18 67 11

252 1 345 30
SSF-2b 211 71 19 124 17

Supplementary Table 4. Average orientations of the main discontinuity sets in the quarry sections  
(QS2-QS6) and amount of data constituting the sets.

Quarry section Set Data Dip direction (°) Dip angle (°) Strike

QS2

D1a 20 315 76 45-225

D1b 17 116 83 26-206

D2a 23 248 53 158-338

D2b 15 277 57 137-317

D3 21 272 87 2-182

QS 3A

D1a 132 304 68 34-214

D1b 43 285 83 15-195

D2a 140 241 75 151-331

D2b 74 240 41 150-330

QS 3B

D1a 124 329 70 59-239

D1b 73 303 77 33-213

D2 115 258 72 168-348

QS 4

D1a 103 328 70 58-238

D1b 86 304 69 34-214

D2 89 254 72 164-344

QS 5
D1 182 308 71 38-218

D2 115 267 72 177-357

QS 6

D1a 16 331 70 61-241

D1b 9 313 72 43-223

D2a 5 270 60 0-180

D2b 8 265 81 175-355
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Supplementary Table 5. Results of statistical analysis for the horizontal (H)  
and vertical (V) discontinuity network.

Discontinuity set - H Fracture network - V

Total number 
of fractures

352 260

% censored 11.08 20

Data Fit Data Fit

Mean 3.5306 3.8836 3.6673 5.0660

Median 2.0381 2.3812 1.8787 2.4461

Mode 0.2029 0.8952 0.3225 0.5703

B5 0.5387 0.4680 0.4375 0.3361

B95 12.4790 12.1160 13.1371 17.8025

Std 4.5250 5.0036 4.5258 9.1879

Var 20.4755 25.0358 20.4825 84.4173

Supplementary Figure 1. Statistical distribution of the heights of the horizontal (H) and vertical (V) fracture network (Quarry Section - 3A). Statistical 
analysis of the main geometrical parameter (height) was performed by using FracAbility.

Supplementary Table 6. Input parameters used for the construction of 
the DFN model of the QS3A section. The measurement units of the param-
eters are reported in brackets. The obtained model is shown in Fig. 10.

Parameter Set - H Set - V

Dip direction 240.86 295.86

Dip 64.92 74.79

Fisher K 13.53 18.83

Height – mean (m) 3.88 5.06

Height – STD (m) 5.00 9.18

Length/Height ratio 0.25 0.25

Sum of fractures heights (m) 1244.96 961.19

P21 (m/m2) 0.47 0.37

P32 (m2/m3) 1.98 1.18

Aperture (mm) 4.15 4.15
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Supplementary Figure 2. Distributions of porosity (Φ) obtained for the tested aperture values and employing the different methodological approaches.
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Supplementary Figure 3. Distributions of permeability (k) obtained for the tested aperture values and employing the different methodological 
 approaches.
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Supplementary Table 7. Statistical distributions of the porosity (Φ) in the DFN models conducted considering different methodological approaches for 
assigning the fracture aperture and using different aperture values.

Aperture (mm) Porosity – Φ (%)

Mean Median
Standard 
deviation

Min Max Skewness Kurtosis 10th perc. 25th perc. 50th perc. 75th perc. 90th perc.

Co
ns

ta
nt

0.1 0.03 0.03 0.02 0.00 0.24 0.91 3.85 0.00 0.01 0.03 0.05 0.06

0.2 0.06 0.05 0.05 0.00 0.47 0.91 3.85 0.00 0.02 0.05 0.09 0.13

0.5 0.15 0.13 0.12 0.00 1.18 0.91 3.85 0.00 0.05 0.13 0.23 0.32

1 0.30 0.26 0.25 0.00 2.37 0.91 3.85 0.00 0.11 0.26 0.45 0.64

2 0.61 0.51 0.49 0.00 4.73 0.91 3.85 0.00 0.22 0.51 0.90 1.29

5 1.52 1.28 1.23 0.00 11.83 0.91 3.85 0.00 0.55 1.28 2.25 3.21

10 3.04 2.56 2.46 0.00 23.65 0.91 3.85 0.00 1.10 2.56 4.50 6.43

Ro
ot

 s
qu

ar
e 

le
ng

th

0.1 0.05 0.05 0.04 0.00 0.43 0.97 4.00 0.00 0.02 0.05 0.08 0.11

0.2 0.11 0.09 0.09 0.00 0.86 0.97 4.00 0.00 0.04 0.09 0.16 0.23

0.5 0.27 0.23 0.22 0.00 2.14 0.97 4.00 0.00 0.09 0.23 0.40 0.57

1 0.53 0.46 0.44 0.00 4.28 0.97 4.00 0.00 0.18 0.46 0.79 1.14

2 1.07 0.91 0.88 0.00 8.57 0.97 4.00 0.00 0.36 0.91 1.59 2.28

5 2.67 2.29 2.21 0.00 21.42 0.97 4.00 0.00 0.91 2.29 3.97 5.70

10 5.34 4.57 4.42 0.00 42.84 0.97 4.00 0.00 1.81 4.57 7.94 11.41

Le
ng

th

0.1 0.07 0.05 0.06 0.00 0.53 1.09 4.34 0.00 0.02 0.05 0.10 0.14

0.2 0.13 0.11 0.11 0.00 1.07 1.09 4.34 0.00 0.04 0.11 0.20 0.29

0.5 0.33 0.27 0.28 0.00 2.67 1.09 4.34 0.00 0.10 0.27 0.49 0.72

1 0.65 0.55 0.57 0.00 5.35 1.09 4.34 0.00 0.19 0.55 0.98 1.44

2 1.31 1.09 1.14 0.00 10.69 1.09 4.34 0.00 0.39 1.09 1.95 2.88

5 3.27 2.73 2.85 0.00 26.73 1.09 4.34 0.00 0.97 2.73 4.88 7.19

10 6.54 5.47 5.70 0.00 53.46 1.09 4.34 0.00 1.93 5.47 9.75 14.38

Supplementary Table 8. Statistical distribution of the permeability (k) in the DFN models conducted considering different methodological approaches 
for assigning the fracture aperture and using different aperture values.

Aperture (mm) Permeability – k (D)

Mean Median Standard 
deviation

Min Max Skewness Kurtosis 10th perc. 25th perc. 50th perc. 75th perc. 90th perc.

Co
ns

ta
nt

0.1 2.5e-1 2.2e-1 2.e-1 0.00 1.9 0.85 3.69 0.00 9.3e-2 2.2e-1 3.8e-1 5.3e-1

0.2 2 1.7 1.6 0.00 1.5e1 0.85 3.69 0.00 7.4e-1 1.7 3 4.3

0.5 3.2e1 2.7e1 2.5e1 0.00 2.3e2 0.85 3.69 0.00 1.2e1 2.7e1 4.7e1 6.6e1

1 2.5e2 2.2e2 2.e2 0.00 1.9e3 0.85 3.69 0.00 9.3e1 2.2e2 3.8e2 5.3e2

2 2.e3 1.7e3 1.6e3 0.00 1.5e4 0.85 3.69 0.00 7.4e2 1.7e3 3.e3 4.3e3

5 3.2e4 2.7e4 2.5e4 0.00 2.3e5 0.85 3.69 0.00 1.2e4 2.7e4 4.7e4 6.6e4

10 2.5e5 2.2e5 2.e5 0.00 1.9e6 0.85 3.69 0.00 9.3e4 2.2e5 3.8e5 5.3e5

Ro
ot

 s
qu

ar
e 

le
ng

th

0.1 1.6 1.2 1.5 0.00 1.4e1 1.28 4.99 0.00 3.8e-1 1.2 2.3 3.6

0.2 1.2e1 9.8e 1.2e1 0.00 1.1e2 1.28 4.99 0.00 3.1 9.8 1.9e1 2.9e1

0.5 2.e2 1.5e2 1.8e2 0.00 1.7e3 1.28 4.99 0.00 4.8e1 1.5e2 2.9e2 4.5e2

1 1.6e3 1.2e3 1.5e3 0.00 1.4e4 1.28 4.99 0.00 3.8e2 1.2e3 2.3e3 3.6e3

2 1.2e4 9.8e3 1.2e4 0.00 1.1e5 1.28 4.99 0.00 3.1e3 9.8e3 1.9e4 2.9e4

5 2.e5 1.5e5 1.8e5 0.00 1.7e6 1.28 4.99 0.00 4.8e4 1.5e5 2.9e5 4.5e5

10 1.6e6 1.2e6 1.5e6 0.00 1.4e7 1.28 4.99 0.00 3.8e5 1.2e6 2.3e6 3.6e6

Le
ng

th

0.1 3.8 2.2 4.8 0.00 6.1e1 2.40 11.22 0.00 4.7e-1 2.2 5.4 9.7

0.2 3.1e1 1.7e1 3.8e1 0.00 4.9e2 2.40 11.22 0.00 3.8 1.7e1 4.3e1 7.8e1

0.5 4.8e2 2.7e2 6.e2 0.00 7.7e3 2.40 11.22 0.00 5.9e1 2.7e2 6.7e2 1.2e3

1 3.8e3 2.2e3 4.8e3 0.00 6.1e4 2.40 11.22 0.00 4.7e2 2.2e3 5.4e3 9.7e3

2 3.1e4 1.7e4 3.8e4 0.00 4.9e5 2.40 11.22 0.00 3.8e3 1.7e4 4.3e4 7.8e4

5 4.8e5 2.7e5 6.e5 0.00 7.7e6 2.40 11.22 0.00 5.9e4 2.7e5 6.7e5 1.2e6

10 3.8e6 2.2e6 4.8e6 0.00 6.1e7 2.40 11.22 0.00 4.7e5 2.2e6 5.4e6 9.7e6



G
eologia C

roatica

125Kosović et al.: Hydrogeological parameterisation of the Daruvar thermal aquifer: integration of fracture network analysis and well testing

Supplementary Figure 4. Interpretation of the step-drawdown test results conducted in the Dar 1 well.

Supplementary Table 9. Hydrogeological parameters obtained from the 
interpretation of the pumping test using Dar 1 as exploitation well and D 
1 and DS 1 as observation wells. The estimated parameters are: transmis-
sivity (T), storativity (S), hydraulic conductivity anisotropy ratio (Kz/Kr), and 
saturated thickness (b).

Parameter Whole test Constant test

T (m2/s) 3.82e-2 3.46e-2

S (-) 2.05e-3 1.14e-3

Kz/Kr (-) 6.81e-3 1.98e-2

b (m) 61.53 68.42
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6. DISCUSSION 

To achieve the objectives of the research, four hypotheses were tested using the described 

multidisciplinary methodology. According to the set hypotheses, the synthesis of the results is 

presented and discussed below.  

 

Hypothesis #1: Regional and local geological and structural-geological influence on the 

development of DHS. 

Detailed reconstruction of the geological and tectonic settings is crucial to determine the 

processes favoring the circulation of thermal waters and influencing the renewability of the 

geothermal resource and the sustainability of its exploitation (MAGRI et al., 2010; FAULDS 

et al., 2013; SCHECK-WENDEROTH et al., 2014; BREHME et al., 2016; POLA et al., 2020; 

TORRESAN et al., 2021). The geo-tectonic reconstruction of a certain area is generally 

conducted by integration of field investigations and geophysical data, at regional and local 

scales. While field investigations enable the reconstruction of the surficial geometry of 

geological formations and fractures and the assessment of the kinematics of the principal faults, 

geophysical data can add crucial subsurface constraints to the surficial geological 

reconstruction. Geological and geophysical datasets can be integrated to construct a 3D 

geological model of the subsurface (e.g., PAVIČIĆ et al., 2018; OLIEROOK, 2020; JIA et al., 

2021; PANZERA et al., 2022). As a result, 3D modeling in geological and hydrogeological 

applications provides a useful tool for interpreting and visualizing the impact of geological 

structures on the development of hydrothermal systems. 

The study area (Figure 1) is located along the western margin of Mount Papuk, which is 

part of the Slavonian Mountains. Its structural architecture was significantly influenced by the 

proximity of the Sava suture zone, which was the Cretaceous-Paleogene regional suture zone 

between the Tisza block toward NE and the Adria microplate block toward SW (e.g., SCHMID 

et al., 2020), and the development of the Pannonian basin system (PBS), which was affected by 

a Miocene-Quaternary polyphase extension, compression, and tectonic inversion (e.g., BALEN 

et al., 2006). The complex structural pattern of generally E-W striking thrust faults (i.e., Voćin 

fault, Gradina fault, Dežanovac fault, and Daruvar fault) and multi-folded structures gently 

dipping towards both NNW and SSE or ENE and WSW suggests a polyphase evolution of the 

study area which onset with the regional Cretaceous-Paleogene E-W contraction (KOSOVIĆ 

et al., 2024a). This contraction formed an initial pattern of NW-SE striking faults and NNW 

and SSE dipping folds (Figure 7A). A counterclockwise regional rotation of approximately 40° 
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towards NE occurred during the Paleogene (TOMLJENOVIĆ & CSONTOS, 2001; 

USTASZEWSKI et al., 2008) resulting in the final structural emplacement of existing faults 

and folds, reoriented as E-W striking thrust faults and ENE and WSW dipping fold system. The 

Neogene was characterized by a regional E-W extension with the formation of dominantly 

normal faults, but inherited faults/fold systems experienced only partial tectonic stretching and 

gravitational sliding in the study area. The Pliocene-Quaternary regional N-S 

compression/transpression promoted continuous shortening and re-folding processes of 

existing structures coeval with the formation of dextral/sinistral faults (e.g., Toplica fault), 

which locally displaced existing E-W striking thrust faults (Figure 7A). The final structural 

architecture of the study area and its evolution, assessed through the results of field geological 

investigations, are in line with the regional polyphase tectonic history of the Croatian part of 

the PBS (e.g., JAMIČIĆ, 1995; PRELOGOVIĆ et al., 1998; LUČIĆ et al., 2001; 

TOMLJENOVIĆ & CSONTOS, 2001; SAFTIĆ et al., 2003). 

Geological relationships at the surface and subsurface of the study area were described in 

detail using constructed composite geological profiles reaching an investigation depth of 

approximately 2.5 km (KOSOVIĆ et al., 2024a). Here, the DHS-3 geological profile from 

KOSOVIĆ et al. (2024a) is used as an example to describe the geological units, tectonic styles, 

and structures since it is located in the central part of the study area (Figure 7B). 
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Figure 7. (A) Simplified geological map of the Daruvar area (from KOSOVIĆ et al., 2024a; modified 
from JAMIČIĆ et al., 1989; ŠOLAJA, 2010). Fault acronyms: DF, Daruvar fault; DeF, Dežanovac fault; 
GF, Gradina fault; PF, Pakrac fault; TF, Toplica fault; VF, Voćin fault. Topographic peaks are denoted 
by white triangles. White polygons indicate larger settlements and towns. The black line in the figure 
represents the trace of the geological profile. (B) Composite geological profile investigating the central 
part of the study area (modified from KOSOVIĆ et al., 2024a). It shows the Daruvar anticline deforming 
the subsurface in the vicinity of Daruvar. The horizontal and vertical scale is 1:1. 
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Structurally, two domains can be distinguished (Figure 7B). The NW domain covers the 

area of the Lonja-Ilova subdepression, filled by Neogene-Quaternary sediments that are up to 

1.5 km thick, while the pre-Neogene basement is composed of Permian-Triassic sedimentary 

units and pre-Permian crystalline rocks (MALVIĆ & VELIĆ, 2011). The Permian-Triassic 

sedimentary complex is generally following the pre-Permian basement paleorelief. From NW 

towards SE, the Permian-Triassic complex is shallowing reaching the surface in the vicinity of 

the Daruvar city. N-S striking normal faults (e.g., Munije 1 and Munije 2) pinpoint the Neogene 

extension in the PBS and the opening of accommodation space (Figure 7B). Furthermore, 

differential thicknesses of the Neogene deposits in the fault’s hangingwall/footwall suggest 

structural reactivation and tectonic inversion (e.g., Dežanovac fault). The pre-Neogene complex 

of the Lonja-Ilova subdepression crops out forming the western slopes of Mount Papuk. Here, 

the contact between the Neogene-Quaternary sediments and the pre-Neogene rock complex is 

mainly transgressive, but dozens of mapped tectonic contacts indicate NW-SE contraction. 

Reverse faults are generally associated with cogenetic asymmetric folds characterized by gently 

inclined NW limbs and steeper and shorter SE limbs. This peculiar geometry suggests structure 

tectonic transport towards N-NW. Daruvar anticline is an example of a gentle asymmetric 

anticline associated with the Daruvar-Gradina reverse faults. It generally resembles a 

remobilized pre-Permian structural high that was transgressively covered by Permian-Triassic 

sediments and faulted afterward. In this context, the subvertical Toplica fault could be 

interpreted as a tensional fracture system developed in the hinge zone of the Daruvar anticline 

that was probably later reactivated as a dextral strike-slip fault zone (KOSOVIĆ et al., 2023, 

2024a). 

The SE parts of the constructed profile reflect the structural architecture of the western 

margin of the Slavonian mountains (Figure 7B). Here, the tectonic uplift of the crystalline 

basement resulted in overall exposure of pre-Permian basement due to the erosion of the 

Permian-Mesozoic cover, while at the local scale, we could find patches of transgressively 

deposited Neogene sediments. The structural architecture of this area is cogenetic with two 

principal reverse low angle faults, i.e., NNE striking Voćin and Gradina faults which 

accommodated regional N-S compression.  

Following the principal structural discontinuities, the structural framework of the Daruvar 

hinterland can be divided into three structural domains separated by regional E-W or NE-SW 

striking reverse faults: i) Dujanova kosa, ii) Petrov vrh, and iii) Sirač. Mesozoic carbonates (i.e., 

the main thermal aquifer) extensively crop out in all these domains representing potential 

recharge areas of the DHS. Due to their peculiar architecture, these domains can be considered 
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as separated hydrogeological compartments. The Sirač and Dujanova kosa domains were 

excluded as potential recharge areas due to their morphological, geological, and 

hydrogeological settings affecting the lateral continuity of the aquifer or reducing the potential 

pressure drive for the fluid flow. In the conceptual model of DHS proposed during this research 

(KOSOVIĆ et al., 2024a), the recharge area of the system is located in the Petrov vrh domain 

in accordance with the conceptual model proposed by BOROVIĆ et al. (2019). The geological 

and structural architecture of Petrov vrh is characterized by the regional NNE-SSW striking 

Daruvar asymmetric anticline formed in the hangingwall of the SE dipping Daruvar reverse 

fault and the connected E-W striking Gradina thrust fault (Figure 7B). This structure favors 

both the extensive outcropping of the Mesozoic carbonate rock complex in the recharge area 

and the fracturing of the bedrock. The elevation of the Petrov vrh recharge area (average value 

of 400 m a.s.l.; maximum value of 613 m a.s.l.) is higher than the elevation in the Daruvar 

outflow area (value of approximately 160 m a.s.l.) promoting the development of a 

topographically driven groundwater flow system (FOSTER & SMITH, 1998). Furthermore, it 

should be pointed out that the elevation in Petrov vrh is higher than the elevation in both 

Dujanova kosa and Sirač domains (average value of 397 and 349 m a.s.l. in Dujanova kosa and 

Sirač, respectively; maximum value of 570 and 552 m a.s.l. in Dujanova kosa and Sirač, 

respectively). This promotes a higher hydraulic drive provided to the DHS by the Petrov vrh 

recharge area than other potential recharge areas. Since the distance between the recharge and 

the outflow areas is from 4 to 8 km, the DHS can be considered as an intermediate groundwater 

system following the seminal work of TOTH (1963). 

 

 

Hypothesis #2: Fracture networks are preferential flow paths in the DHS. 

Fracture networks and fault damage zones represent preferred flow paths in fractured 

aquifers due to their higher permeability and porosity fields than the surrounding host rock with 

low permeability and porosity (e.g., CAINE et al., 1996; BENSE et al., 2013). The spatial 

distribution of deformation structures and stress orientation of the youngest tectonic events are 

often conditioned by pre-existing discontinuities that represent weakened zones in the 

subsurface. The constant deformation keeps the fracture open, prevents the sealing of the 

fracture by deposition of minerals, and can lead to the widening of the existing damage zone 

and the secondary sets of fractures and folds. The combination of these processes promotes the 

permeability/porosity of the fracture locally increasing the permeability/porosity of the aquifer 

and acting as a preferential flow path for the fluid flow (FAULKNER et al., 2010).  
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Structural data analysis of strata orientation, fracture systems, and fault systems presented 

in this study corroborates the complexity of the tectonic evolution in the Daruvar area 

(KOSOVIĆ et al., 2024a). Cogenetically with the formation of folded and refolded structures, 

the Mesozoic carbonate complex experienced extensive brittle deformation. Measured fractures 

resembled N-S (locally NNE-SW, NNW-SSE) and subordinately E-W striking subvertical 

tensional fractures that were subparallel with the observed fold hinge zones. N-S striking 

fracture systems show shear reactivation features (e.g., slickenside overgrowths) characterized 

by dextral/sinistral motions. This reactivation is connected to the Pliocene-Quaternary N-S 

oriented P-axis (HERAK et al., 2009). On the other hand, E-W striking discontinuities are less 

frequent and generally without indications of structural reactivation suggesting that E-W 

striking folded structures are less affected by ongoing tectonic deformation due to their 

structural position and the low regional strain rates (<1–2 mm/y; GRENERCZY et al., 2005; 

HERAK et al., 2009). 

The influence of fault and fracture systems on the fluid flow in DHS was highlighted in the 

hydrogeological conceptual model proposed during this research (KOSOVIĆ et al., 2024a). 

Structural analysis conducted in the recharge area of Petrov vrh (Figure 8) revealed two sets of 

steeply dipping fractures that generally strike E-W (NE-SW) and N-S (NW-SE). Due to the 

recent N-S oriented stress field, the N-S discontinuities could have a wider and highly deformed 

damage zone connected to their reactivation. The E-W discontinuities are less frequent, but they 

may be affected by a local transtensional regime in the hinge zone of the currently deformed E-

W oriented folds. These observed structural relations in the Petrov vrh area are favorable for 

the high permeability of the bedrock resulting in a high effective infiltration in the recharge 

area. The low permeability pre-Permian crystalline rocks and the Permian sedimentary units 

act as aquitards beneath the Mesozoic aquifer, both preventing the deeper infiltration of the 

waters and channeling the fluid flow (e.g., DOMENICO & SCHWARTZ, 1998). Dissolution 

processes in the Mesozoic carbonates could add to the fracturing enhancing their permeability 

field (e.g., GOLDSCHEIDER et al., 2010). This permeability contrast prevents a deep 

infiltration of the meteoric waters that are more prone to flow in the carbonate aquifer. In 

addition, the dipping of the aquitard units toward W channels the fluid flow favoring the 

westward circulation of the infiltrated waters. Finally, the E-W fractures could act as 

preferential regional flow paths.  
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Figure 8. Stereonets of the bedding and fracture orientations in the eastern, central, and western sections 
of Petrov vrh (modified from KOSOVIĆ et al., 2024a). Interpretation of bedding highlights the 
occurrence of two generations of folds (thick blue and red circles) with different fold axes (blue and red 
points) corroborating a polyphase tectonic evolution with processes of refolding. The orientations of the 
representative fracture systems (Fs) in the Petrov vrh domain are obtained from the distribution of the 
measured discontinuities (contour plot using a rainbow color ramp) represented here as poles (black 
points; N: amount of data). The fracture sets are compatible with the observed folding and its 
reactivation.  

 

 

Hypothesis #3: Extensive tectonized fault zones in the Daruvar area allow the rising of 

thermal waters. 

The thermal waters flow in the Mesozoic aquifer and reach the town of Daruvar where 

natural thermal springs occur (Antunovo vrelo, Blatna kupelj, and Ivanovo vrelo springs; Figure 

4). The subsurface architecture is affected by the NNE-SSW striking Daruvar asymmetric fold 
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cogenetically formed in the hangingwall of the SE dipping Daruvar reverse fault (Figure 9A; 

KOSOVIĆ et al., 2024a). The polyphase tectonic evolution of the Daruvar anticline 

considerably affected the structural framework of the area which favored continuous 

Paleogene-Quaternary fracturing of the bedrock. Considering well-established conceptual 

models of the stress regime in fault-related folds (FREHNER, 2011; LI et al., 2018; NABAVI 

& FOSSEN, 2021), a localized extensional regime is expected in the topmost section of the fold 

hinge zone increasing the fracture aperture and the permeability field (KOSOVIĆ et al., 

2024a,b). Field observations and core samples from the thermal wells showed that the Mesozoic 

aquifer is characterized by a uniform background fracture network with localized corridors 

showing a higher frequency of fractures. The thermal waters rise to shallow depths in the 

damage zone of the Daruvar fault and cogenetic fractures that are deforming the hinge of the 

Daruvar anticline. In this context, the subvertical N-E striking dextral Toplica fault, which is a 

structurally reactivated and tectonically inverted tensional fracture system, could act as a 

preferential flow path for the quick rise of the thermal waters with a minor loss of temperature 

from the deeper part of the aquifer (Figure 9A; KOSOVIĆ et al., 2023, 2024a). The Toplica 

fault could be the fault F5 in the local scale model of the Daruvar spring area obtained through 

shallow geophysical investigations (Figure 9B; KOSOVIĆ et al., 2023). This fault borders the 

Daruvar thermal field westwardly, and together with an E-W striking fault to the S (F1 in Figure 

9B) accommodated the uplift of the Mesozoic thermal aquifer to shallower depths. The 

geophysical investigations furthermore highlighted that the main outflow of the Daruvar 

thermal waters occurs within the interaction zone of local scale faults/fractures resulting in four 

thermal springs with temperatures between 38 and 50 °C. Interaction zones between faults and 

fracture systems are preferential locations for the occurrence of thermal springs since the 

kinematic transfer between the faults increases the rock fracturing and enhances the 

permeability field (CUREWITZ et al., 1997; FAULDS et al., 2013). 
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Figure 9. (A) Schematic conceptual model of the structural assemblage in the subsurface of the Daruvar 
area (from KOSOVIĆ et al., 2024a, modified from FREHNER, 2011 and LI et al., 2018) affecting the 
upwelling of the Daruvar thermal waters. The NNE-SSW striking Daruvar anticline structurally forms 
in the hangingwall of the Daruvar reverse fault. In the hinge zone, cogenetic tensional fractures were 
structurally reactivated during the Pliocene-Quaternary and tectonically inverted as a strike-slip fault 
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zone (i.e., Toplica fault). The localized extensional regime in the topmost part of the hinge zone and its 
polyphase deformation increase the fracturing of the bedrock and the permeability field favoring the 
outflow of the thermal waters in the Daruvar spring area. (B) Fi Three stratigraphic units and four faults 
were identified.  

 

 

Hypothesis #4: Hydrogeological parameters in dolomite aquifers can be determined 

through numerical modeling of fracture systems 

The assessment of the hydrogeological properties of fractured aquifers is generally 

conducted through discrete fracture network (DFN) numerical modeling or well testing and 

logging. Remote sensing photogrammetry allows the construction of a 3D digital model of the 

outcrop favoring the collection of large datasets for a detailed quantitative description and 

statistical analysis of geological object's geometry and their spatial relationships (HODGETTS, 

2013; BISTACCHI et al., 2015; MARTINELLI et al., 2020). Through the constraining of the 

digital outcrop model (DOM) with field measurements of the geometrical features of the 

fracture network, the results can be used as input parameters of DFN modeling for the 

hydrogeological parametrization of the rock mass. DFN models reproduce each fracture as a 

discrete object with peculiar hydraulic properties surrounded by an impermeable matrix (LEI 

et al., 2017; MEDICI et al., 2023), and they are profitably used to determine the permeability 

of fractured carbonates (e.g., ANTONELLINI et al., 2014; KORNEVA et al., 2015; 

ZAMBRANO et al., 2016; GIUFFRIDA et al., 2019; ROMANO et al., 2020; SMERAGLIA et 

al., 2021). The distribution of the hydrogeological parameters obtained from the DFN modeling 

can be constrained using the results of field hydrogeological and geophysical investigations like 

pumping tests and well logging. In pumping tests, the hydraulic properties (mostly 

transmissivity and hydraulic conductivity) of the aquifer are assessed by modeling the 

variations of the drawdown in observation wells due to the extraction of groundwater using 

analytical solutions (e.g., KRUSEMAN et al., 2000). Well logging is used to image the 

distribution of lithologies and fractures in the well and to quantitatively assess the distribution 

of several petrophysical parameters in the subsurface (LAI et al., 2024).  

In this research, both structural and hydrogeological investigations were conducted in the 

Daruvar thermal area and its immediate hinterland and combined to assess the porosity (Φ) and 

permeability (k) of the carbonate thermal aquifer (KOSOVIĆ et al., 2024b). Structural 

measurements and photogrammetric imagining were conducted in the Batinjska Rijeka quarry 

(BRQ), which provides an extensive outcrop of the Mesozoic carbonate rock complex and can 

be considered as an outcrop analog of the Daruvar thermal aquifer. The results of the DOM 
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virtual structural analysis depicted two dominant subvertical systems (D1 and D2) of 

discontinuities that reflect bedding and fracture systems from field investigations. A section of 

the quarry (QS3A in KOSOVIĆ et al., 2024b) was selected for a detailed analysis of the 

geometrical features of the discontinuity sets (set V and H corresponding to D1 and D2, 

respectively) deriving the input parameters for the DFN modeling (Table 1). The geometrical 

features of these systems (i.e., dip direction, dip angle, Fisher K, mean height, height standard 

deviation, total height, length/height ratio, P21, Table 1) obtained from the DOM were used as 

input parameters used for the construction of DFN models. DFN models were constructed at 

different scales resembling: i) the outcrop investigated with the virtual structural analysis 

(XYZ: 100×100×30 m), and ii) the thermal aquifer in Daruvar investigated through the 

pumping test of Dar 1 well (XYZ: 700×700×150 m; Figure 10A). The parameters P32 and 

aperture of the fractures were required by the software to complete the DFN models and were 

estimated after a calibration procedure. The calibration of the P32 (volumetric intensity) was 

conducted using the outcrop scale DFN starting from the P21 (areal intensity) obtained from 

the DOM analysis, while the calibration of the aperture was conducted iteratively to fit the Φ 

and k values from hydrogeological investigations using both DFN models. 

 

Parameter Set - H Set - V 

Dip direction 240.86 295.86 

Dip 64.92 74.79 

Fisher K 13.53 18.83 

Height – mean (m) 3.88 5.06 

Height – STD (m) 5.00 9.18 

Length/Height ratio 0.25 0.25 

Total height (m) 1244.96 961.19 

P21 (m/m2) 0.47 0.37 

P32 (m2/m3) 1.98 1.18 
Aperture for Φ (mm) – 

outcrop scale DFN 
4.15 4.15 

Aperture for Φ (mm) – 
aquifer scale DFN 

3 3 

Aperture for k (mm) – 
aquifer scale DFN 

0.22 0.22 

Table 1. Input parameters used for the construction of the DFN models conducted at the outcrop and 
aquifer scale (modified from KOSOVIĆ et al., 2024b). The measurement units of the parameters are 
reported in brackets. The values of P32 and aperture were obtained after a calibration. In particular, a 
“dual aperture” approach was used for the calibration of the fracture aperture with experimental porosity 
(Φ) and permeability (k) values. The obtained model for the aquifer scale DFN is shown in Figure 10. 

 

Hydrogeological investigations in the Daruvar area have been conducted since the 1970s 

consisting in well loggings and pumping and well tests to assess the transmissivity (T) of the 
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aquifer (BOROVIĆ, 2015; BOROVIĆ et al., 2019; URUMOVIĆ et al., 2023). Within this 

research, the results of the pumping test conducted exploiting the Dar 1 well in 2022 were 

analyzed (KOSOVIĆ et al., 2024b). The dataset of T from the different sources was used to 

calculate the aquifer k resulting in values from 7.4 to 122.8 D considering different thicknesses 

of the aquifer obtained from the stratigraphic log of Dar 1 well (Table 2). The Φ of the aquifer 

was obtained through a neutron log conducted in Dar 1. Since the distribution of Φ values 

showed a large variability due to local collapses of the walls in the well, a section with tight 

walls (depth of 100–130 m) was considered to obtain a more realistic Φ. The average Φ for this 

section was 2.7% (Table 2) being within the range of Φ in carbonates (NG & SANTAMARINA, 

2023). 

Different values of fracture aperture were tested in the DFN models obtaining a linear and 

power correlation with Φ and k, respectively (Figures 10B and 10C, respectively). Considering 

the Φ at a depth of 100-130 m, the calibrated aperture values were 4.1 and 3 mm for the outcrop 

and aquifer scale DFN, respectively. These values are slightly different due to the different grid 

sizes used for the discretization of the modeled volumes. The resulting average k values were 

2.7×105 and 1.5×105 D for the outcrop and aquifer scale DFNs, respectively, being 3-4 orders 

of magnitude higher than the measured k (Table 2). This discrepancy was interpreted as 

connected to the fact that the fracture aperture was calibrated using the distribution of Φ 

obtained from the neutron log of the Dar 1 well, which determines the total Φ of the aquifer. 

However, fractured aquifers usually have a dual porosity with most of the storage volume being 

in the matrix and most of the flow being in the fracture network (SINGHAL & GUPTA, 2010). 

Therefore, the fluid flow is influenced by the effective Φ that can be at least one order of 

magnitude less than total Φ in fractured carbonate aquifers (WORTHINGTON et al., 2019). 

The difference between total and effective Φ was accounted in the conducted DFN models 

using a “dual aperture” approach and was tested in the aquifer scale DFN. Using the linear 

relation between the aperture and Φ, the fracture aperture for obtaining a Φ of 0.27% (i.e., one 

order of magnitude lower than the average Φ at the depth of 100-130 m; Table 2) was calculated 

and input to the model. The calculated fracture aperture was 0.3 mm resulting in a k value of 

149.4 D, which is slightly higher than the experimental values. The effective Φ value was 

refined on the basis of the experimental Φ dataset, and the 10th percentile of the Φ distribution 

was tested (Table 2). The corresponding fracture aperture (0.22 mm) was input to the model 

resulting in k value of 0.2% and 60.5 D, respectively. The k value fits with the experimental 

values being in the range of the k calculated from f (total thickness of fracture corridors in Dar 
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1 well) and slightly higher than the values obtained from d and b (saturated thickness from 

pumping test and investigated thickness of dolomites in Dar 1, respectively; Table 2).  

 

  Average value 
Minimum - 

Maximum 

10th - 90th 

percentile 

Investigated thickness 
of dolomite 

d (m) 130 - - 

Saturated thickness b (m) 65 61.5 – 68.4 - 

Thickness of fracture 
corridors 

f (m) 24   

Transmissivity T (m2/s) 3.5e-2 1.6e-2 - 4.8e-2 2.5e-2 - 4.3e-2 

Storativity S (-) 1.6e-3 1.1e-3 – 2e-3 - 

Hydraulic conductivity 
anisotropy ratio 

Kz/Kr (-) 1.3e-2 6.8e-3 – 2e-2 - 

Permeability from d k d (D) 16.4 7.4 - 22.7 11.8 - 20.3 

Permeability from b k b (D) 32.7 14.8 - 45.3 23.6 - 40.6 

Permeability from f k f (D) 88.7 40 - 122.8 63.8 - 109.9 

Porosity Φ (%) 7.9 0.03 - 42 0.9 - 17.4 

Porosity at depth 
100-130 m 

Φ* (%) 2.7 0.03 - 9.1 0.2 - 6.3 

Table 2. Hydrogeological parameterization of the Daruvar thermal aquifer obtained from: i) the 
interpretation of pumping and well tests in this study, ii) the well logging of Dar 1 well, and iii) the 
literature (BOROVIĆ et al., 2019; URUMOVIĆ et al., 2023). 

 

The obtained results highlight the importance of employing both structural and 

hydrogeological approaches in the investigation of fractured aquifers. Still, the integration 

between these two disciplines is limited due to different methods and investigation scales (e.g., 

BENSE et al., 2013). However, structural data can be used to determine the architecture of the 

network of fractures and discontinuities in the rock mass, while hydrogeological investigations 

supported by numerical modeling calibrated from structural results can provide a solid 

hydrogeological parametrization of the aquifer (e.g., SINGHAL & GUPTA, 2010; MEDICI et 

al., 2023). 
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Figure 10. (A) The aquifer scale DFN model was obtained using the input parameters in Table 1. The 
red and green discontinuities (1% of the generated discontinuities is shown) represent the V and H 
discontinuity sets, respectively. (B-C) Porosity and permeability values (black dots) were obtained from 
the aquifer scale DFN using different fracture apertures. The results of the best model (aperture of 0.22 
mm) are shown as red dots pointing to a good fit with the experimental data (dashed lines).  
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7. CONCLUSION 

The sustainable exploitation of a geothermal resource for its long-term utilization is related 

to both the water demand and the geological and hydrogeological characteristics of the 

geothermal field. Detailed geological modeling is a key factor for estimating the potential of a 

geothermal resource. Highly fractured Mesozoic carbonate rocks form the main reservoir for 

many geothermal resources in northern Croatia. One of the most significant thermal 

manifestations in this region is the thermal springs area in the Daruvar city with water 

temperatures ranging from 38 to 50°C. These springs are part of the Daruvar hydrothermal 

system (DHS), an intermediate scale, tectonically controlled, system hosted within a Mesozoic 

carbonate rock complex. 

This research focused on the reconstruction of the geological framework and the tectonic 

evolution of western Papuk and the geological impact on the development of the Daruvar 

hydrothermal system (DHS) and its geothermal resource. The objectives were to: i) assess the 

influence of the regional and local structural-geological setting on the development of DHS, ii) 

determine the main preferential flow paths in the DHS, iii) quantify the impact of tectonized 

fault zones on the rising of thermal waters in the Daruvar area, and iv) obtain a solid 

hydrogeological parametrization of the fractured carbonate aquifer.  

Here, the reconstruction of the geological assemblage allowed: i) the detailing of the 

geometries of the reservoir and the regional and local scale fault and fold systems, and ii) the 

assessment of geological impact on the fluid flow and the water/rock interaction in the DHS. 

The field investigations dataset was integrated with geological and geophysical data to develop 

composite geological profiles and a 3D geological model of the study area. Results display a 

pattern of generally N-S and E-W striking folds and cogenetic fracture systems with 

orientations parallel to the fold axes, where E-W striking fracture systems are regional flow 

paths that enable infiltration of meteoric water to 1 km depth and the heating by the local 

geothermal gradient.  

In the Daruvar area, anticline and fault/fracture systems accommodated the uplift of the 

carbonate reservoir to shallow depths, promoting the bedrock fracturing and increase of the 

permeability field. The polyphase tectonic evolution affecting the study area suggests Pliocene-

Quaternary structural reactivation of the Daruvar anticline favoring the continuous fracturing 

of the bedrock. A localized extensional regime was identified in the topmost section of the fold 

hinge zone which increases the fracture aperture and the permeability field of the Daruvar 

thermal spring area. Accordingly, the thermal waters rose to shallow depths in the damage zone 
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of the Daruvar and Toplica faults and their cogenetic fractures that deformed the hinge of the 

Daruvar anticline. In this context, the subvertical N-E striking dextral Toplica fault, which is a 

structurally reactivated and tectonically inverted tensional fracture system, could act as a 

preferential flow path for the quick rise of the thermal waters with a minor loss of temperature 

from the deeper part of the carbonate reservoir. The results of the geophysical investigations 

combined into a 3D geological model highlighted that the main outflow of the Daruvar thermal 

waters occurs within the interaction zone of local scale subvertical N-S and E-W trending 

faults/fractures.  

Besides the geological and structural investigations of the regional and local geological 

assemblage, hydrogeological investigations were conducted in the Daruvar thermal area and 

combined with the results of detailed local scale structural investigations to detail the 

hydrogeological setting of the Daruvar thermal aquifer and its hydrogeological parametrization. 

Structural investigations were conducted in an outcrop analog of the thermal aquifer (i.e., 

Batinjska Rijeka quarry), employing both a classical field approach and the virtual quantitative 

structural analysis of the discontinuity network through a 3D digital outcrop model. The 

assessment of the hydrogeological properties of fractured aquifers was conducted through 

discrete fracture network numerical modeling or well testing and logging. The main geometric 

features of the discontinuity network and their statistical distributions were employed to 

construct discrete fracture network models at both the outcrop scale (approximately 100 m) and 

the aquifer scale in Daruvar (approximately 700 m). Calibration of the input parameters allowed 

the modeling of porosity and permeability values that reproduce the field values assessed 

through pumping tests, well tests, and well logging.     

A multidisciplinary and multiscale methodological approach was used in this research for 

the geological reconstruction of the study area, the proposal of a new hydrogeological 

conceptual model of the DHS, and the hydrogeological parametrization of the fractured 

carbonate reservoir. This approach combined structural, geophysical, and hydrogeological 

investigations conducted at regional and local scales. The results of this research demonstrate 

the applicability of integrating different methodologies in the hydrogeological characterization 

of fractured carbonate aquifers. Beside classical hydrogeological investigations, structural 

investigations can provide insights into the reservoir geometry and the main discontinuity 

systems that are preferential paths for the fluid flow. In the context of the exploration of 

geothermal systems, the regional geological setting, the architecture of the aquifer, and the main 

flow paths influence the thermal and hydrochemical features of the connected geothermal 

resource. The integration of multidisciplinary investigations can provide a comprehensive 
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overview of the impact of geological processes favoring the development of detailed plans for 

the sustainable exploitation of the resource. The approach used in this research can be applied 

to similar geothermal systems in carbonate rocks that represent one of the main thermal aquifers 

in northern Croatia and the Pannonian basin area. This aquifer hosts several local scale 

hydrothermal systems that flow out in thermal springs but are not explored by wells. The 

proposed approach can provide a first insight into the hydrogeological properties of the aquifer, 

which can be used for planning the exploration of the geothermal resource. Furthermore, the 

used approach can be extended to the hydrogeological investigations of carbonate aquifers that 

are valuable groundwater resources in the whole Mediterranean area.   
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